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ABSTRACT

Magnetic and magnetoelastic properties of a series of M-substituted cobalt ferrites,
CoM,Fe;O4 (M=Mn, Cr, Ga; x=0.0 to 0.8) and Ge-substituted cobalt ferrites
Co1xGexFer0x04 (x=0.0 to 0.6) have been investigated. The Curie temperature T¢ and
hysteresis properties were found to vary with substitution content x, which indicates that
exchange and anisotropy energies changed as a result of substitution of those cations for Fe.
The maximum magnitude of magnetostriction decreased monotonically with increase in
substitution contents x over the range x=0.0 to 0.8. However, the rate in change of
magnetostriction with applied magnetic field (d\/dH) showed a maximum value of 5.7 x 10
A'm at x = 0.1 Ge sample, which is the highest value among recently reported cobalt ferrite
based materials. The slope of magnetostriction with applied field dA/dH is one of the most
important properties for stress sensor applications because it determines the sensitivity of
magnetic induction to stress (dB/dc). The results of Ga- and Ge-substituted cobalt ferrite
were compared with those of Mn- and Cr-substituted cobalt ferrites, and it was found that the
effect of the substituted contents x on magnetic and magnetoelastic properties was dependent
on the ionic distribution between two possible interstice sites within the spinel structure:
Mn*" and Cr’" prefer the octahedral sites, whereas Ga®" and Ge*" prefer the tetrahedral sites.
Temperature dependence of the absolute magnitude of the magnetic anisotropy constant
| K, | of Ga-substituted cobalt ferrites CoGaxFe».Os (x=0.0 to 0.8) was investigated based on
the law of approach to saturation and the results were compared with those of

magnetostriction measured at the same temperatures. Based on the results, it was considered



that there was a change in sign of K; around 200 K for Ga-substituted cobalt ferrites.
Comparison of the results between Ga- and Ge-substituted cobalt ferrites showed that
substitution of Ge'" ions for Fe made more pronounced effects on magnetic and
magnetoelastic properties at room temperature than that of Ga’ ions. Especially the
enhanced value in dA/dH by Ge-substitution suggests that adjusting Ge content substituted
into cobalt ferrite can be a promising route for controlling critical magnetic properties of the

material for practical sensor applications.



INTRODUCTION

In this study, the magnetic and magnetoelastic properties of some partially substituted
cobalt ferrite materials (CoMnyFe; xO4, CoCryFe, <04, CoGasFer.xO4, CoixGexFer 0404 x =
0.0 - 0.8) have been investigated. The main objective of this study was to increase the
sensitivity of magnetostriction to applied magnetic field (dA/dH), which is a critical issue in
magnetomechanical sensor applications, and eventually to understand the mechanisms of
how the magnetoelastic behaviors are inter-related with magnetic exchange interaction and
magnetic anisotropy, both of which are expected to be adjusted by the substitutions of some

cations in the cobalt ferrite based materials.

The crystal structure of cobalt ferrite is cubic spinel structure, whose unit cell
contains 8 Co*", 16 Fe**, and 32 O” ions, the chemical formula being CoFe,04. The oxygen
ions form close-packed face centered cubic structure, which makes 64 tetrahedral and 32
octahedral lattice sites per unit cell. Co and Fe ions may occupy one of these two kinds of
lattice sites and the magnetic properties vary with the distribution of cations. Especially,
compared with other type of ferrite materials, high magnitudes of magnetic anisotropy and
magnetostriction observed for cobalt ferrite were known to be caused by the Co®" ions
located in the octahedral sites (Table I and II) [1]. With respect to this, substitution of some
cations for Co or Fe ions in the cobalt ferrite spinel structure was expected to show some
interesting change in magnetic properties depending on the composition because both the
magnetic exchange interaction and the anisotropy should be changed by cation substitution.

For exchange interaction, which originates from the indirect coupling through oxygen ions in



spinel structure, according to the Heisenberg exchange interaction energy (see section 2.1.1)
the magnitude and sign are determined by the magnetic moments of the cations and their
relative distance and angle, all of which can be adjusted by cation substitution. For magnetic
anisotropy, which is determined by orbital magnetic moments, and their interactions with
spin magnetic moments (spin-orbit coupling) and lattice (orbit-lattice interaction), ionic
distribution in the lattice should be a major factor that determines the anisotropy. Therefore
the magnetoelastic properties, which should be closely inter-related with exchange
interaction and magnetic anisotropy, are also expected to change as a result of cation

substitution.

Substitution of transition elements for Fe** ions in magnetite (Fe;O4) has been tried
for a long time. Barth and Posniak [2] first proposed the inverse spinel structure in ferrites in
1932, in which half of the trivalent ions occupy the tetrahedral sites and the remaining
trivalent ions plus the divalent ions occupy the octahedral sites whereas all the trivalent ions
occupy octahedral sites in normal spinel structure. Since then the magnetic structures of
various ferrites have been discovered; Zn and Cd ferrites were identified to have normal
spinel structure, whereas Mn, Fe, Co, Mg, Cu, and Ni ferrites have inverse spinel structure
[3]. Developments in various techniques, such as neutron diffraction and ferromagnetic
resonance spectroscopy, have made it possible to measure various physical properties for
each ferrite. It has been found that cobalt ferrite has high magnetic anisotropy and
magnetostriction compared with other types of ferrites (Table I and II). However, cobalt
ferrite did not receive much attention in the early days of ferrites applications because
magnetostriction was found to have adverse effects on the normal functions of ferrites when

they were used for transformers or inductors, which were the major applications of ferrites at



that time. So the earlier research on ferrites was usually directed towards on developing

materials with high permeability and therefore low magnetostriction.

Table I. Magnetic anisotropy constants K; and K, for selected materials [1].

(T=4.2 K) (RT)
Ky K, K4 K,
3d Metals
Fe 5.2x10° -1.8x10° 4.8x10° -1.0x10°
Co" 7.0x10° 1.8x10° 4.1x10° 1.5x10°
Ni -12x10° 3.0x10° -4.5x10* 2.3x10*
NigoFezo -3><103
F€50C050 b-1.5><105
4f Metals
Gd" -1.2x10° 8.0x10° 1.3x10°
Tb" -5.65x10° -4.6x107
Dy" -5.5%x10® -5.4x107
Er* 1.2x108 -3.9x107
Spinel Ferrites
Fe;0,4 2x10° -0.9x10°
NiFe,0,4 -1.2x10° -0.7x10°
MnFe,Oy4 ~ 4x10° ~3x10° -3x10*
CoFe,0, 10’ 2.6x10°
Garnets
YIG 2.5x10% 1x10*
GdIG 2.3x10°
Hard Magnets
BaOg-Fe 05" 4.4x10° 3.2x10°
Sm“Cos 7x10’ 1.1-2.0x10®
Nd"Cos -4.0x10® 1.5x10®
FesNd,B" -1.25x10% 5%10’
Sm,Co17" 3.2x107
TbFe, -7.6x107

*Uniaxial materials are designated with a superscript u and their values K,; and K, are listed

under K, and K respectively.
bDisordered; K, = 0 for ordered phase
‘Net moment canted about 30° from [001] toward [110]



Table II. Magnetostriction constants Ajoo and Ajp; (% 106) for selected materials [1].

T=42 K Room Temperature
L10o(A1?) Mn(A*?) L100(A1?) An(A*?)  Polyerystalds
3d Metals
BCC-Fe 26 -30 21 21 -7
HCP-Co" ®-150 *45 °-140 *50 *-62
FCC-Ni -60 -35 -46 -24 -34
BCC-FeCo 140 30
“FesoBao 48 32
*Fe40Niz0Bao 14
*CogoBao -4
4f Metals/Alloys
Gd" ®-175 *105 °-10 0
Tb" b8700 b30
TbFe, 4400 2600 1753
Tbo;Dyo.7Fes 1600 1200
Spinel Ferrites
Fe;04 0 50 -15 56 40
MnFe,0," *.54 *10
CoFe,04 -670 120 -110
Garnets
YIG -0.6 -2.5 -1.4 -1.6 -2
Hard Magnets
Fe4Nd,B"
BaOg-Fe;04" °13

“Some polycrystalline room-temperature values are also listed. The prefix * designates an

amorphous material. "For uniaxial materials (superscript u) where Aio(A"?) or Ai1(A*?) was

reported.



In the early 1970's, rare earth based giant magnetostrictive materials, such as SmFe,,
TbFe,, DyFe,, were developed (As= ~2000 ppm) and these highly magnetostrictive materials
were considered for various applications, such as actuators and sensors [4]. For the sensor
applications, however, it was found that their high magnetic anisotropy (K > 10° J/m’) caused
low sensitivity to stress which restricted their usage in magnetomechanical sensor
applications. With respect to this, one of the major concerns with rare earth based
magnetostrictive materials was reducing the magnetic anisotropy. A major technological
breakthrough was achieved by a development of Terfenol-D (TbgsFe,7Fe,) material which
has low magnetocrystalline anisotropy combined with high magnetostriction. However, low
anisotropy with high magnetostriction could be obtained in the samples fabricated by
directional solidification along <112> direction, which required a high cost fabrication
process. The easy axes of Terfenol-D are <111> directions, however, directional solidification
along <111> directions has not been successful. In addition, oxidation of rare earth alloys
was problematic for applications. For these reasons, finding substitutes for this material has
recently been carried out and several promising results have been reported on cobalt ferrite

based materials [5-10]

Cobalt ferrite based composites have high magnetostriction A, high sensitivity of
magnetic induction to applied stress dB/dc, are chemically very stable and generally of low
cost. These factors make these materials attractive for use in magnetoelastic sensors [5, 6].
Chen et al have recently reported the superiority in sensitivity of magnetostriction to applied
magnetic field (dA/dH) of cobalt ferrite composite over Terfenol-D composite (Fig.1.).

However, to enable practical applications a family of materials was needed, in which the



magnetoelastic response, magnetic properties, and their temperature dependences could be
tailored by a well defined "control variable" such as chemical composition or ionic
distribution between tetrahedral and octahedral sites. When it comes to the ionic distribution,
Fig.2 summarizes the calculated and observed site preference energies for various cations in
some binary spinel ferrites [11]. However, the preference of each cation between tetrahedral
and octahedral sites are not easy to predict because there are various factors involved in site
selection, such as cation size, crystalline electric field, valence, etc. Moreover, it has been
reported that the order of site preference determined based on the results of binary spinels
was not applicable to ternary or higher cation spinels [12]. Regarding this aspect, it therefore
becomes an interesting subject to investigate how the site preference changes from binary to

ternary spinel ferrites.

Based on data shown in Fig. 2, a series of Mn-and Cr-substituted cobalt ferrite
CoMnyFe; <04, CoCriFerx04, (wWhere x=0.0 to 0.8) samples were recently studied to
investigate the effect of their octahedral site occupancy on the magnetic and magnetoelastic
properties [7-10]. The results showed that substitution of Mn or Cr for Fe in cobalt ferrite
reduced the Curie temperature, and that the effect was more pronounced for Cr than Mn.
Substitution of either element caused the maximum magnetostriction to decrease and the rate
of change was higher in Cr-series. The maximum strain derivative (dA/dH)m.x, however, was
higher for both series than that for pure cobalt ferrite. From the results of Mossbauer
spectroscopy measurements it was interpreted that Cr has an even stronger octahedral site
preference than Mn, which caused more of the Co ions to be forced to occupy tetrahedral

sites [8, 10].



In the present study, a family of Ga- and Ge-substituted cobalt ferrite CoGayFe;xO4
(where x=0.2 to 0.8), Co+xGexFer2x04 (Where x=0.1 to 0.6) samples have been investigated.
Ga’" and Ge*" were expected to prefer the tetrahedral sites [11, 12]. Therefore the results
were expected to be different from those of Mn- and Cr-substituted cobalt ferrites. Systematic
measurements of magnetic and magnetoelastic properties for each composition were
performed under various conditions and the results were compared with those of Mn- and Cr-
substituted cobalt ferrites. More significant changes in magnetic and magnetoelastic
properties caused by Ga- and Ge-substitutions were observed than those by Mn- or Cr-

substitutions, which was analyzed in terms of the change in anisotropy and exchange energy.
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2. BACKGROUND

2.1 Fundamentals of magnetism
2.1.1 Ordered magnetic structures

Just like periodicity in arrangement of atoms constituting a crystal structure, there
can be ordering of magnetic moments to make a magnetic structure. Common forms of
magnetic ordering include ferromagnetism, ferrimagnetism, antiferromagnetism and
helimagnetism. The fundamental cause of order in magnetic structures is exchange
interaction among magnetic moments, which tends to maintain the ordering against the
thermal disturbance. Thus at the magnetic phase the material undergoes a transition at a
critical temperature above which the ordering in magnetic moments is broken so that the
material becomes paramagnetic. It is well known that the exchange interaction varies with
distance between magnetic moments, therefore the atomic arrangements of magnetic
elements in a crystal structure are closely related with the alignment of magnetic moments.
With respect to this, the periodic unit in a magnetic structure is sometimes called the
“magnetic lattice”. The Heisenberg exchange interaction energy [14] is generally used to
describe the magnetic ordering among magnetic moments within a domain, in which the first
nearest neighbor exchange energy of a magnetic element, 1, interacting with its j nearest

neighbors is given by,

Eex:_27NNZJi'Jj (1)

i.j

where ynn is the exchange interaction coefficient between nearest neighbors, and J;, J; are

total angular momentum at ith and jth sites.
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When the exchange interaction constant yny 1S positive the magnetic moments tend to align
parallel, thus the material shows ferromagnetic ordering. On the other hand, when yny is

negative, the magnetic moments align antiparallel to each other so that the material shows

antiferromagnetic (Zm = O) or ferrimagnetic ordering (Zm > O).

Some kinds of materials show helimagnetism in which the magnetic moments within the
same plane align parallel within the plane, however, those in successive planes align at an
inclined angle.
2.1.2 Molecular field theory

In 1905 Langevin [15] developed a theory of paramagnetism by using statistical
thermodynamics to explain the magnetic behavior. In this theory he treated the magnetic
response of independent molecular magnets to a magnetic field following the Maxwell-
Boltzmann statistics, however, the calculated classical magnetostatic field was too weak to
explain the magnetic ordering, from which he concluded that there must be another strong
magnetic interaction among magnetic elements. This idea was formulated by Weiss [16]
when he introduced the concept of a large “molecular field” to describe the temperature
dependence of magnetic saturation below Curie temperature. In this so called “Weiss
molecular field theory”, he extended the Langevin theory of paramagetism by adding the
strong internal coupling field acting on the site of one magnetic moment produced by the
interaction with its the neighboring moments, so that the cooperative behavior of magnetic
moments resisting the thermal fluctuation effect could be explained. Later, the nature of this
internal field was treated in a microscopic way and identified by Heisenberg to be due to the

quantum mechanical pairwise interaction between spins on different sites.
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2.1.3 Langevin and Brillouin functions
The magnetic potential energy U of an atomic magnetic moment m is

U =—u,mHcos (2)

where 0 is the angle between the magnetic moment (T ) and applied magnetic field (H).
By applying the Maxwell-Boltzmann distribution function the number (Np) of atomic

moments pointing inclined 8 angle with respect to magnetic field can be expressed as

— ttomH cos 6/
kT

eXp
—tgmH cos 0 (3)

z exp kT
0

N,=N

where N is the total number of atomic moments.

Then the total magnetization (M) along the field direction can be given by

— tomH cos 9/
kT

exp

M:chos@-N

—pomH cos @
6 Z exp 4T
0

—ugmH COSE/
Z mcosfexp kT
=N

4
—pomH cos 4
Zexp tomH %T ( )
4

—pomH cos 6

J-m cos Q[exp kT }dQ

—uomH cos @
Ho 4T dQ

=N
fexp

where dQ=sin0d0d¢.

By substituting s=-piomH/kgT and x=cos6 the equation (4) becomes
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1

_[expSX xdx
M=Nm-

Jl.exp *dx

-1

o M1
=Nm—In| | exp™ dx
0s I P }

-1

)

0s S

:ngln ©~¢ }

_ Nm| € +e 1
et—e’ s

= Nm[coth S— lj = NmL(s)
s

The actual magnetic moment m can be determined from the total angular momentum of the
isolated atom which should be obtained by vector sum of the orbital and spin angular

momenta of electrons given by,

m =g I +1) (6)

where g is the Bohr magneton and g is the Landé-splitting factor which is equal to

JI+1)+S(S+1)-L(L+1)
21(T+1)

g=1+ (7)

in which S, L, J are the spin, orbital, and total angular moment quantum numbers
respectively.

If this quantized component of magnetic moment in the field direction m=gJug replaces the
classical term mcosH, then the total magnetization along the field direction can be derived by
summations of magnetic moments over discrete angles ( —J ... +J). The resultant expression

for the total magnetization is the so called Brillouin function [17] which is given by,
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glugpoH
M = Nglu,B (—J
B k,T

where 3
B, (x) = (2J+1jcoth{(2J+l)x}_(choth(ij
2] 2] 2] 2]

Using this equation the temperature dependence of spontaneous magnetization within a

domain can be calculated. Substituting the Weiss molecular field HypptaM (where Hypp and o
are the applied magnetic field and the molecular field coefficient respectively) for the
effective magnetic field H and applying high temperature limitation (x«1) results in the

famous Curie-Weiss law;

H M
when x ((1 where x= gl (H+ oM)
kT
cothx ~ l+§ ©)
x 3
therefore,

N [2J+1j{ =l +(2J6+JI)X}_%{%+%H

J(0+1
—NgJuB[ ) }

3J°
Ng*J(J + Dugp, (H+oM)
3k, T
M Npgppd(+1) (10)
TH T3k, T - aNpyg2n2d(J +1)
where T, = aNp,g*upJ(J +1)

3k, T
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2.1.4 Curie temperature determination

In practice, in order to determine the ordering temperature at which spontaneous
magnetization occurs, it is necessary to make the sample single domain and to align all
magnetic moments along the applied field during the measurement. This sometimes requires
huge fields and the saturation magnetization does not vanish just above the ordering
temperature due to the short-range ordering of the moments. One of the simplest methods to
determine Curie temperature Tc¢ from the magnetization vs temperature curve is linear
extrapolation from the region of maximum slope (usually this region corresponds to the
inflection point of the magnetization curve) down to the temperature axis. This is appropriate
for soft magnets with low anisotropy field Hx. When it comes to hard magnets with high
anisotropy field, however, high magnitude of applied magnetic field may influence the shape
of M vs T curve especially in the vicinity of the Curie temperature, and that, in some cases, it
is impossible to saturate the sample. In these cases, it would be useful if we can identify the
location of T¢ from the magnetization curve M(H, T) even in very weak applied magnetic
field. With respect to this, the method of “Arrott plots” [18] is one of the most frequently

used methods satisfying these conditions.
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2.1.4.1 Arrott plots
Under assumption that M is very small, the magnetic contribution to the free energy

in the presence of a magnetic field H can be expressed by the Landau expansion,

G(M)=3M2+%M4+---—HOMH (11)

where a and b are positive functions of temperature.
The equilibrium magnetization can be given by the free energy minimum condition as
follows,

dG(M)
dM

=aM+bM’ +---—u ,H=0 (12)

By neglecting the higher orders terms in M the equation is simplified to be

M? = K H_a (13)
bM b

For local moments, the coefficient a is given by

a=Eo(T-T,.), (14)

C

whereas for itinerant magnets, it can be expressed as

aocT?-T.. (15)
Therefore the equation (13) can be written as

n n MO H
M? =—C(T" -T¢ )+ -2 — 16
e (16)

where C is a constant and n=1 for local moments and 2 for itinerant magnets [1].
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Based on this equation, various plots of M” versus H/M can be made using experimental data
giving straight lines obtained at various temperatures. Among these plots one specific line for
T=T¢ should intercept the axes at M*=0.
Even though the method of “Arrott plots” is one of the most frequently used methods in
determining Curie temperature, there still remains a uncertainty in the validity of the use of
Landau expansion applying for various kinds of magnetic materials. There is also a question
over the applicability of the mean field (“Weiss molecular field”) approach, which can work
well in specific cases but is not completely general in its validity.
2.1.5 Exchange interaction and molecular field theory

Magnetic “domain” is a volume within which there exists a directional alignment of
magnetic moments parallel (ferromagnetism), antiparallel (antiferromagnetism or
ferrimagnetism), or with a specific angle (helimagnetism). The fundamental reason for this
directional alignment is the exchange interaction among magnetic moments, which is
difficult to explain in terms of classical physics. When it comes to the empirical treatment of
exchange interaction, one of the methods to measure the strength of the exchange interaction
is the analysis of temperature dependence of the saturation magnetization or the Curie
temperature. Qualitatively, it seems obvious that ordering temperature is indicative of a
measure of the strength of the exchange interaction. For quantitative analysis, however,
various variables need to be considered such as the range of exchange interaction on each
magnetic moment. A number of approximations have been suggested for this purpose [19-
23], however, the basic concept is based on the “Heisenberg model”, of which exchange
interaction energy can be interrelated with empirically measurable quantities, such as

magnetization or Curie temperature T¢ as follows,
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El = —2}/“2:]i -J; ==2p,Hi; -m, =3k, T, (for isotropic materials) (17)
]

; 7i; = the exchange interaction constant between magnetic moments in 1 and j sites
Ji, J; = total angular momentum at 1 and j sites respectively
Heffi = molecular field acting on the magnetic moment at i site
kg=Boltzmann constant.
2.1.6 Magnetic anisotropy
The magnetic anisotropy represents the preference of the magnetic moments to lie in
a particular direction in a sample. In other words, the total magnetic energy of a material at
equilibrium state is a function of direction. There are various possible origins to cause the
magnetization to have directional preference, such as sample shape, crystal symmetry, stress,
or directed atomic pair ordering. Sometimes magnetic anisotropy can be classified variously
as shape anisotropy, magnetocrystalline anisotropy, stress anisotropy, or induced anisotropy
based on these physical origins. Of these, only magnetocrystalline anisotropy is an intrinsic
property of the material.
2.1.6.1 Magnetic anisotropy energy
Akulov [24] showed that the dependence of internal energy on the direction of
spontaneous magnetization can be expressed in terms of an expansion involving even powers
of direction cosines of magnetization relative to the crystal axes.
For the simplest case of uniaxial magnetic anisotropy, the internal energy can be expressed

by expanding in a series of powers of sin’0:

E,=K,sin’0+K_,sin*0+K_,sin°0-- (18)
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where 0 is the angle between the c-axis and the magnetization vector, and K, are the
anisotropy constants.

Generally the order of magnitude of the number of terms involved in this polynomial very
rapidly decreases when their power increases, thus a one constant approximation is possible

as follows;

E, =K, sin’0. (19)

According to this equation the shape of the energy surface is dependent on the sign of Ky;;
when K,; > 0, an oblate spheroid in which the lowest energy is located along the c¢ axis
(6=nm), whereas, when K,; <0, a prolate spheroid extended along the c axis having minimum
energy in the x-y plane (6=n+ &t /2).

In the case of cubic anisotropy when the other higher-order terms are negligibly small
compared to the K; term a one-constant anisotropy equation can also be approximated from

the series of polynomials

E, =K,(cos’ 0, cos’ 0, +cos’ 0, cos’ 0, +cos’ 0, cos’ 0,) + K, (cos” 0, cos* 0, cos” 0,)

+K,(cos 0, cos’ 0, +cos’ 0, cos” 0, +cos” 0, cos” 0,) -+
to be

E, =K, (cos* 0, cos’ 0, +cos’ 0, cos’ 0, +cos’ 0, cos’ 0,) (20)

where 01, 0, 05 are the angles between magnetization vector and the three cubic axes (X, y, z)
respectively.
Based on this one-constant anisotropy equation, <100> directions become the easy axes

when K| is positive, while <111> directions become the easy axes when K, is negative.
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2.1.6.2 Law of approach to saturation

For crystalline ferromagnetic materials, where the spontaneous magnetization is
oriented along the easy axis due to the anisotropy energy, the rotation of the magnetization
under applied magnetic field can be examined by finding the equilibrium angle of
magnetization with respect to the applied field (H) where the total energy becomes a
minimum;

2
%:0 andd—E;‘t>0. 21
do do

where 0 is the angle between magnetization and the applied magnetic field (H).
Assuming that the total magnetic energy is only the sum of anisotropy energy (E.,) and
Zeeman energy (Ezeeman), the total energy can be expressed as

E,=E, +E

=K, (cos’ 0, cos’ 0, +cos’ 0, cos’ 0, +cos’ 0, cos’ 0,) + M-, H.

tot Zeeman

(22)

The equilibrium angle 6 can be obtained from the equation

dEtOt dEan 1
s =0= 7 -p,M Hsin0. (23)

If 6 is very small, the equation becomes

dE
= - M HO=0.
(de j o )

Therefore, 0 can be obtained by
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(dEan J
do ), (25)

HoMH

e:

Since the component of magnetization in the direction of the applied magnetic field (H) is
given by

M =M, cos0. (26)

In the high field region the magnetization approaches saturation. Provided the effects of
defects and localized inhomogeneities are sufficiently small, the magnetization in the high

field region can be expressed as

2
M:Mscos6=MS£1—%+---J. (27)

Therefore substituting equation (25) for small 6 in equation (27) results in,

((dEan /de)Q:O ]2
M =M(I- “ONQSH roy.

(28)

For cubic anisotropy, since the magnetization rotates along the maximum gradient of the

anisotropy energy in the vicinity of H,

2 2 2
dE OB 1 (0E
[ a“} :|grad E,, ’ :( a“j +— = (29)
de /., 00 sin“ 0\ 0O

where (0, ¢) are the polar coordinates of the magnetization at equilibrium state under applied

magnetic field (H).

By using the relationships of
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cosO, =sinfOcosp, cosO, =sinBsing, cosO, =cosO

(30)
and
OE,, [ OE, 0cos0, N ¢E,, |0cosH, N CE,, |0cos0,
00 0cos0, 00 0cosH, 00 0cos 0, 00 .
1 OB, [ OE, 0cos0, N ¢E,, |0cosH, N OE,, |0cos0, G1)
sin® oo 0cosO, )sinB0p | 0cosB, Jsin@0p | OcosO, )sinBop
the equation (29) becomes
2 2 2
|grad Ean|2 _ aEan n aEan i aEan
0cos0, 0cos0, 0cos 0,
& > (32)
- £ |cosO, + Z— |cos0, + Z— |cos 0,
0cos0, 0cos0, cos 0,
Let each term be replaced by the relationships of
OE
@ = 2K, cos 91(1 —cos’ 91)
0cos0,
OE
an__ — 2K, cosB,(1—cos’ 6 33
Ocos0, : 2( 2) (33)
OE
m__ = 2K, cos 63(1 —cos’ 63)
0cosH,
then the equation can be simplified to be
lgrad E,,|” = 4K? {(cos® 0, +cos® 6, +cos®0,)
—(cos® 0, +cos® 0, +cos® 0,) (34)

4 4 4 4 4 4
—2(cos” 0,cos" 0, +cos” 0,cos” 0, +cos” 0, cos” 0,)}.

For a randomly oriented polycrystalline sample, the average value of each term inside the

parenthesis can be calculated to be
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2 3 3 3 16
=4K}{Z-=-2——t=—K]
1{7 9 105} 105" (35)

Substituting this equation (35) in equation (28) results in

HoMgH .
2 (36)

(dE,, /d6),., j

M_Ms(l—(

This resultant equation shows the relationship between magnetization and the anisotropy
constant K; of the polycrystalline samples with cubic symmetry, however, this formula is
only applicable under an assumption that the grains in the polycrystalline material have no
texture in orientation and would not interact magnetically with each other.
2.1.7 Magnetostriction

Magnetostriction is the change in dimension of a solid that accompanies the change in
magnetic state. Conversely, the magnetic structure of the material may vary with the
mechanical state.
For materials with ordered magnetic structures, magnetostriction can be classified into
spontaneous magnetostriction and field induced magnetostriction. The former is
accompanied by the formation of domains below the ordering temperature, whereas the latter
arises from the reorientation of domains. The field induced magnetostriction was first
discovered by Joule in 1842 thus sometimes being called as Joule magnetostriction or
anisotropic magnetostriction.

Magnetostriction is usually expressed as A, the fractional change in length /
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A= (37)

to make a distinction from the mechanical strain €. The response of A to applied magnetic
field can be either positive or negative depending on the material. A schematic diagram

illustrating the various magnetostriction modes is shown in Fig. 3.

20
Spontaneous A /
Q Q Anisotropic A

Above ordering Below ordering <0
temperature temperature
(My=0) (H=0)

Fig. 3. Schematic diagram illustrating the various magnetostriction modes

The magnetostrictive strain at saturation relative to the length in the demagnetized state is
called saturation magnetostriction As, which corresponds to the difference in strain of
between the right ellipsoid and middle sphere in Fig. 3. For the purpose of comparison
among materials, A is usually used as a characteristic value of magnetostrictive properties
because it is an intrinsic property of the material.

For isotropic materials or for randomly oriented polycrystals, if volume conservation is

assumed, the magnetostriction can be expressed as a function of 6 by,
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A0)= %ks(cosz e—%j (38)

where 0 is the angle between the measurement direction and the magnetization direction.
For the measurement of A, the magnetostriction parallel to the applied field direction A, and
the magnetostriction perpendicular to the field direction A,, are measured and the difference

is taken as follows,

- zk(900):%ks(cosz 90° —%}:—7”5 (39)

Fig. 4 shows the magnetostriction curve from the demagnetized state. For isotropic samples,
which is given by Fig. 4 (a), Ay = -2\, because the demagnetized state is isotropic. In the
cases of Fig. 4 (b) and (c), however, the shapes of magnetostriction curves of A, and A, are
entirely dependent on the preferred magnetization direction in the demagnetized state, on

which various external factors, such as stress, can make an effect.

. - 2 . .
For these reasons, saturation magnetostriction [Xs = E(K y =My )j is usually taken in order to

eliminate the uncertain effect of the initial state.
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Fig. 4. Schematic diagram illustrating the parallel and perpendicular magnetostriction curves
from the various demagnetized states of (a) isotropy (b) easy axis parallel to the measurement
direction (c) easy axis perpendicular to the measurement direction.
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2.1.7.1 Cubic materials
The generalized version of the equation for saturation magnetostriction of single

crystal cubic materials is given by [25]

A :%}‘100[0%2[312 +0‘§B§ +O‘§B§ _%)

+37\.1“((110L2[31[32 +o,05B,B; + a3oc1[33[31)

(40)

where Ajo0 and A;;; are the saturation magnetostrictions measured along the <100> and
<111> directions respectively, and (a;, o2, a3) and (1, B2, B3) are the direction cosines of the
magnetization and strain measurement directions respectively, with respect to the cubic
crystal axes.

Under the assumption that the saturation magnetization is parallel to the applied magnetic
field and strain measurement direction, and by replacing (Bi, B2, B3) with (o, an, a3), the
above expression reduces to

Mg =Rigg +3(}‘111 _7“100)((112(15 +(1§OL§ +OL§OL]2). (41)
For polycrystalline cubic materials with randomly oriented crystallites the following formula

can be considered a good approximation [26]:

Ao = Gl + (1= s c= g, L=t (42)

where c is a coefficient that can be calculated by averaging the deformation in each crystallite
over different crystal orientations, and r, is a measure of elastic anisotropy of the cubic

material.
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A simpler expression with ¢=2/5 can be obtained when r,=1, which is valid for materials with
isotropic elastic properties.
2.2 Ferrite
2.2.1 Spinels

The spinel ferrites are a large group of oxides which possess the structure of the
natural spinel MgAl,O4. More than 140 oxides and 80 sulphides have been systematically
studied [27].
Fig. 5 and 6 show the unit cell and its projection on the base plane of the cubic spinel
structure, in which two types of subcells alternate in a three-dimensional array so that each
fully repeating unit cell requires eight subcells. Two kinds of subcells are indicated, one of
which is a tetrahedral site in the body center (green) and the other one of which is an
octahedral site (red). Each A atom in a tetrahedral site has 12 nearest B atoms and each B
atom in an octahedral site has 6 nearest A atoms, which is shown in Fig. 7. In the case when
both A and B atoms are magnetic elements, there is an exchange interaction between A and
B atoms and the number of nearest neighbor exchange interactions for each site should be
also different for each site. This difference in number of exchange interactions, depending on
the crystallographic position of each magnetic element, may give physically important
meaning for interpreting the magnetic properties of this material because exchange
interactions among magnetic elements are the fundamental reason for magnetic ordering of
magnetic materials. For this reason, the magnetic properties of cubic spinel ferrites are
known to be strongly related to the cation distribution between tetrahedral and octahedral

sites. The general chemical formula of spinel structure is given by
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(AXBI—X b'[Al—XBHx 10, (43)

where cations inside the parenthesis “( )” are indicated to be in tetrahedral sites and those
inside the bracket “[ ]” are in octahedral sites. x varies from 0 to 1 depending on the
materials; When x=1 the material is called normal spinel. When x=0 the material is called

inverse spinel. When 0<x<1 the material is called mixed spinel.
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Fig. 5. Unit cell of cubic spinel crystal structure of AB,O4
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Fig. 6. Projection of the spinel ionic positions on to a cube face, for a perfect system where
the oxygen parameter u=3/8. Numbers give the ion positions perpendicular to a cube face as
a fraction of the cube edge.
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Fig. 7. Schematic diagram illustrating the local atomic arrangements for (a) tetrahedral site
and (b) octahedral site in spinel structure.

2.2.2 Magnetic moments of inverse spinels

Once the cations' distribution between tetrahedral and octahedral sites is identified we
can predict the magnetic moments of the formula unit. Because the thermal disturbance of
the magnetic moments will lower the net magnetic moment, the theoretical values of
magnetic moments are generally referred to the value at absolute zero or 0 K. For practical
application to experimentally measured data the saturated magnetic moment is usually
determined by extrapolation to 0 K of the measured data at very low temperatures.
In the general chemical formula unit of spinel ferrite expressed in (43), the magnetic

moments of cations in tetrahedral sites are oppositely directed to those in octahedral sites.
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If My and Mg are the magnetic moments of A and B ions then the saturation magnetic

moment per formula unit at 0 K can be calculated by

M= [(1- XM, + (14 XM, |- (X0, +(1-X)M, ). )

In the case of cobalt ferrite, if it has a completely inverse spinel structure, the formula unit is

(Fe3+ )o .[Co*Fe* 10,. (45)

The spin magnetic moments for Fe’" and Co*" are 5 pg and 3 pg respectively. Based on these
values the magnetic moments per formula unit of cobalt ferrite can be calculated as follows,

M =((5+3)-5]u,

1 (46)

However, the experimentally measured values of cobalt ferrites have been reported to be
~3.94 pup [28, 29], which is due to a contribution from the orbital magnetic moment of cobalt
ion Co®" remaining unquenched by the crystalline field. Specific details regarding orbital
magnetic moment will be discussed at the following sections. Experimental results indicate
that cobalt ferrite is neither fully normal spinel nor fully inverse spinel [30, 31], because the
cobalt atoms are distributed among both the A sites and the B sites. Moreover, the directions
of the magnetic moments in A and B sites may not be completely antiparallel, in other words,
they may be canted [32]. Therefore calculation of the saturation magnetic moment of cobalt

ferrite needs to be performed after taking these factors into consideration.
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2.2.3 Single ion anisotropy

For cubic spinel ferrites, as previously mentioned, there are two kinds of interstitial
sites inside the close-packed oxygen lattice. The tetrahedral sites are surrounded by four
nearest neighbor O ions, and the octahedral sites are surrounded by six O® ions. The sizes
of all of the metal ions in the third and fourth periods in the periodic table, which are of
interest at this study, are small enough to occupy these lattice sites. Cobalt ferrite has the
composition C02+Fe3+204, and in its inverse spinel form one Fe** would occupy the
tetrahedral site, while the other Fe’" and the Co®" would occupy the two octahedral sites.
Strictly speaking, the site occupation for Fe’” and Co®" ions is known to vary with fabrication
processes [30, 31], however, for simplicity an inverse spinel structure of cobalt ferrite is
assumed here. Generally, the energy levels of d-electrons which are degenerate in the free ion
state are split into doubly degenerate dy levels (dx.y2, d,2) and triply degenerate de levels (dxy,
dy,, dx,) when they are located in a cubic crystal field of octahedral symmetry (Fig. 8). This
energy shift is due to the electrostatic interaction between the differently shaped electron
clouds of d orbitals in metal ions and that of p orbitals of neighboring oxygen atoms. More
specifically, the dy wave function stretches along a cubic axis on which the nearest neighbor
O” ion is located, so that because of the Coulomb interaction between the negatively charged
electron and the O ion, the energy level of dy is increased; while the de wave function
stretches between two cubic axes and avoids the O ions, so that the Coulomb energy is
relatively small and the energy of the de level is lowered. In addition to this, the second
nearest neighbor metal ions surrounding an octahedral site are arranged symmetrically about
the trigonal axis, so that they produce a trigonal field which causes the three de states to

recombine to form three new orbitals compatible with trigonal symmetry. In consequence,
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the triply degenerate de levels are split into an isolated lower single level, which corresponds
to the wave function being concentrated along the trigonal axis and the doubly degenerate
higher levels which correspond to the wave functions stretching perpendicular to the trigonal
axis. The schematic diagram for the energy level splitting of 3d electrons inside cubic lattice
is shown in Fig. 9.

According to Hund’s rule, five electrons out of seven in the Co®" ion in an octahedral site fill
up the + spin levels, while the remaining two electrons occupy the — spin levels; this high
spin state is valid only when the stabilization energy of Hund’s rule is greater than that of
crystal field splitting, which is generally valid in the case of 3d ions [33]. The last electron
which occupies one of the doubly degenerate levels can alternate between the two possible
wave functions, thus realizing a circulating orbit. The orbital magnetic moment L interacts
with the total spin moment S of the Co>", which is the so called “spin-orbit” coupling, the
general form being given by

w=kL-S (47)

where k is the spin orbit coupling coefficient.

Since the number of electrons in a Co®" ion is more than half the number required for a filled
shell, L is parallel to S (by Hund’s rule), and k < 0. When, therefore, S has a positive
component parallel to the trigonal axis, L points in the + direction of this axis. When S is
rotated so that it has a negative component, L is reversed. Therefore the interaction energy in
this case is given by

W=kLS|cos0| (48)

where 0 is the angle between L and S directions.
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In cubic crystals there are four <111> axes. If Co”" ions are distributed equally on octahedral

sites with different <111> axes, the anisotropy energy produced by equation (48) becomes

E, = %NkLSQcos 61| + |cos 62| + |cos 93| + |cos 64|) (49)

where 0;, 0,, 03, and 04 are the angles between S and the four <I111> axes and N is the
number of Co*" ions.

By Fourier expansion, |cosf)| is reduced to

|cos@1| =§COS29—%COS49+H-

=§(200829—1)—%(800549—8(;0529+1)+,_, (50)

18

= cos26—8—ncos46+---
15

Therefore equation (49) becomes

1 18
E, =ZN1<LS[1—5”{(OL12 tal+ad) (el vl —ad) (el —al +ad)’ +(-al vl +al)’)
1
- ori(@l o3 rad) (e} ved mad) H(af a3 rad) H(af vad rad)] (D)
32xn

= —ENkLS(afocg +osa; Hosar)

Since k < 0 (by Hund’s rule), the anisotropy constant in equation (51) is positive. This
explains the fact that while many ferrites have negative K;, but the addition of Co tends to
make K; positive. In the case of metal ions other than C02+, the orbital moment L is induced
through the LS coupling, and this induced L gives rise to magnetic anisotropy through the LS

coupling.
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Ce': free ion state

inside a cubic field inside a trigonal field

Fig. 9. Schematic diagram illustrating the splitting of energy levels of 3d electrons by
crystalline fields with different symmetry.
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2.2.4 Two sublattice magnetizations

Neel [34] postulated the two separate sublattice model as an explanation of
ferrimagnetism (and antiferromagnetism). In this model it was assumed that each sublattice
possesses its own spontaneous magnetization so that the total magnetization is the vector
superposition of the two sublattice magnetizations.
The formation of spontaneous magnetization in ferrites can be explained as in ferromagnetic
materials by using the Weiss molecular field theory. An important difference in Neel’s two
sublattice model was, however, that the total effective molecular field acting on each
magnetic moment was assumed to be resulting from the superposition of the two different

intra- and inter-sublattice molecular fields given by,

A A B
Hy =a,,M" —a,zM

(52)
H?ff = (X‘BBMB - (XABMA

where aaa, 0gg, and oap are intra-sublattice molecular field constants for sublattice A and B
respectively, and inter-sublattice molecular field constant between sublattice A and B.

The field-dependent and temperature-dependent magnetization in each sublattice can be then
described by a Brillouin function with different effective fields on each sublattice H.i and

He B being variables, as follows [1],

Jh H+H J* H+a, M*-a,,MP
MA(H,T)zMgBJ g MBHO( eff) =N$gJAMBBJ g “Buo( A aa O )
kT kT

B B B B A
MB(H’T)=M?B{gJ “BHIS(I;wLHeff)}:N3gJBuBBJ[gJ “B”‘)(H’LzBIjFM ~ oM )J
B B
M(H,T)=M®(H,T)-M*(H,T) (53)

where

B,(x)= (2‘]2; 1] coth[(ZJ;DX} - (21.1) coth[sz)
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At temperatures above the Curie temperature, using the high temperature approximation to

equation (9), we have

NAG2 M (I + 12, (H+ 0 M* —a,;MP)

M* =
3k,T
P NAE TP (1% + 12, (H + oggM® — o, s M)
3k,T
NA ZJA JA 1 2 NB ZJB JB 1 2
letC, =8 UARa) TP and C, = & "+ )”B“O, then (54)
3k, 3k,
M* = CA(H_QABMB)
T-C,a,,
ME = CB(H_aABMA)
T-Cyopy

Solving these simultaneous equations results in

{CAT _CACB(aBB + A pp )}H

M* =
T _(CAO“AA +Cpllpy )T+CACB(G‘AAOLBB _aiB)
ME = {CBT_CACB(GAA +a‘AB)}H
T2 _(CAO“AA +CBOLBB)T+CACB(OLAAOLBB _aiB) (55)
M=MA*+ME = CA(T_CBG‘BB —Cpo,p )H+CB(T_CAO(‘AA —C, 0, )H
T _(CAOLAA +Cyllpg )T+CACB(O(‘AAOLBB _OLZAB)
— (CA +CB)T_CACB(GAA + Olgg +20‘AB) H
T _(CAaAA +Cy0lpp )T+CACB(aAAaBB _a“zAB)
This equation can be simplified to
1_H_ T —(Caan +CBaBB)T+CACB(aAAaBB _aiB)
x M (CA +CB)T_CACB((XAA +0pp +20LAB)
__r Ca0an +Cp0ps —2C,Chotyg (56)
Ca+Cy (Cp+Cy)’
Cc,C 1
_A{CA (O‘AA + aAB)_CA(aAA +O(‘AB)}2 :

CACB(O‘AA + aBB)_ 2C,Cho,p
(CA + CB)

C,+Cy T—

At Curie temperature, 1/¢y=0, so that we have [35]
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2 2
T _(CAG‘AA +CBaBB)TC +CACB((X‘AA(X’BB _(X‘AB): 0 (57)

Solving this equation with respect to Tc results in

1
T :E(CAO'AA +CBaBB)i\/(CAa’AA —Cpogy )2 +4CACBaiB (58)

Since

1 2
[E(CA(XAA +Cypy )} ( (CA(XAA —Cyog )2 +4CACBOLiB (59)

the positive value of T¢ is given by

1
T :E(CAQAA +CBG‘BB)+\/(CAOLAA —Cpopy )2 +4C,Cpalg (60)

This resultant equation shows the dependence of T¢ on the molecular field constants aaa, 0gs,
and oap.
2.2.5 Exchange energy in a two sublattice structure

Based on the nearest-neighbor exchange interaction approximation, the intra- and
inter-sublattice exchange interaction energy can be expressed as [35]

1 1 2
EgcA = _JAANQZAAJA Ja = _EMOGAAMf\ = _EMOQAA(NégJAuB)
BB B 2 1 2 1 B >
Eo = JumNyZyli = _E“‘OGBBMB = _EHOO(‘BB (NVgJBuB) (61)
AB A+B 1 1 A B
Eo =—JaNy Zgl, - Js = _EMOG‘ABMAMB = _EHOG‘AB(NVgJAH'BXNVgJBMB)
where EeXAA, EeXBB, EexAB are indicating of exchange energy densities from A-A, B-B, and A-

B nearest exchange interactions respectively.
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From these equations we can obtain the molecular field constants in terms of the exchange

interaction constants as

Oan = 2Z§AJ£AA2
BoNyg 1y
2733 s
Olpy = ——DB-BB_
o HON\B/gZMZB (62)
Ol ap :%
e NyNygpg

By substituting these equation to equation (55), the magnetization curve M(H, T) of
ferrimagnets can be described in terms of the exchange interaction constants.
2.3 Thermodynamics of magnetostrictive materials

A mathematical statement of the first law of thermodynamics is as follows,

dU=8Q+5W+5W’ (63)

where dU is the change in the state function U (the internal energy) for an infinitesimal step
in the process, and 6Q, oW, and W’ are incremental quantities of heat, mechanical work,
and all other kinds of work done on the system.

When it comes to magnetic materials under applied magnetic field, we need to consider
magnetic contribution to the internal energy U; change in magnetic energy poHdMV, and
change in magnetostrictive energy —omMAV, where H, M, oy, A, and V are applied magnetic
field, magnetization, magnetoelastic stress, magnetostriction, and volume. Thus the change in
internal energy on magnetizing a magnetostrictive material can be written as

dU = TdS - PdV+(ueHdM-—oyA)V (64)

The Gibbs free energy is
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G = U+(P+oe-poHM)V-TS

dG = dU+PdV+VdP+(oydritAdoyrtroHdM+poMdH) V-TdS-SdT (65)

Substituting equation (64) into equation (65) gives

dG = Tds-PdV+( },L()HdM- c M)\,)V-FPdV‘I-VdP‘F(G MA+AdoM- uoHdM-
oMdH)V-TdS-SdT (66)

= -SdT+VdP-(uoMdH-Adoy)V

Important relations follow from the partial derivatives of the free energy;

a_G] i
8GM T,P.H
1_4G = (@j = d(piezomagnetic coefficient)
AY4 6H8(5M TPo oH T,P,onm
) i (67)
_Gj = u,MV =BV
aH T,P,opm
1.4 j = [6_Bj = g(piezomagnetic coefficient)
V dc,,0H _— 0G -
By Maxwell’s relations, for small displacements,
1 oG _ 1 oG 68
V 0Hoo,, - V 0Oc,,0H - (68)
and therefore
).~ (@)
oH T.P.oy 6GM T,p,H

The resultant equation is an important result because it indicates that materials with a high

strain derivative (dA/dH), will show high stress sensitivity (dB/doy)u.
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3. EXPERIMENTAL PROCEDURE

3.1 Preparation of samples

A series of polycrystalline Mn-, Cr-, and Ga- Ge-substituted cobalt ferrite samples
with compositions of CoMyFe,O4 (where M=Mn, Cr, Ga and x= 0.0 to 0.8) and
Co1xGexFer.0x04 (Where x=0.0 to 0.6) were prepared by standard powder ceramic techniques

using Fe,03;, M,03; (M=Mn, Cr, Ga) or GeO,, and Co3;04 powder as precursors.

Stoichiometrically blended powder was calcined at 1000°C for 24 hours, ball milled,
and sieved to sizes <30 um using a 400 mesh screen. After repeating the calcining procedure
the powder was cold pressed at up to 15000 pound ram force using a 0.75 inch diameter die.
The cold pressed “green state” samples were sintered at 1350°C for up to 24 hours and

subsequently furnace cooled to room temperature.

3.2 Crystal/micro structure and chemical composition analysis

X-ray powder diffraction analysis of the samples with various compositions
indicated that, within experimental error, they have single phase cubic spinel structure. The
lattice parameter of each sample was determined by Rietveld refinement based on the X-ray
powder diffraction data. Microstructures of the sintered samples were investigated using a
JEOL 5910 scanning electron microscope (SEM) and quantitative compositional analysis

was performed using energy-dispersive spectroscopy (EDS).

3.3 Magnetic properties measurement

Magnetic properties were measured using a vibrating sample magnetometer (VSM)
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and a superconducting quantum interference device (SQUID). For the measurements of the
Curie temperature, Tc, the VSM was used to measure the magnetization (M) versus
temperature (T) curve in the high temperature region from ambient temperature (nominally
300 K) up to 873 K under a field of 7.96 kA/m (100 Oe). The Curie temperature, Tc, was
determined from the M vs. T curve by linear extrapolation from the region of maximum slope
to the temperature axis. The temperature dependent magnetization at low temperatures was
measured by SQUID in the temperature region from 10 K up to 400 K under a field of
3978.9 kA/m (50 kOe). For the measurements of temperature dependence of the first-order
cubic anisotropy constant K;, major hysteresis loops were measured at selected temperatures
from 10 K up to 400 K under applied magnetic fields up to 3978.9 kA/m (50 kOe) and the

closed parts of the major hysteresis loops were fitted by the law of approach (Eq. (36)).

Surface magnetic domain structures were observed by scanning probe magnetic
force microscope and Kerr effect microscope for small (40 pm x 40 um) and large (300 pm x

300 um) areas respectively.

3.4 Magnetostriction measurement

Magnetostriction (A) was measured by the strain gauge method. Measurements were
carried out under applied fields up to 5570.4 kA/m (70 kOe) at selected temperatures from 10
K up to 400 K using a Quantum Design Physical Property Measurement System (PPMS).
The magnetic field was applied parallel to the direction of strain measured (A/). A “half
bridge” configuration was used to compensate the effects of temperature and field on the
strain gauge resistance, in which the second “dummy” gauge was attached to a copper

reference sample. The strain gauges used for the measurements were Vishay Measurements
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WK-06-031CF-350 model; gauge length = 0.79 mm, grid width = 1.57 mm, grid
resistance=350.0+0.4 % ohm. M-bond 610 adhesive was used for bonding the strain gauge
on the surface of samples and then the assembled samples were annealed at 1500C for 1 hour

to cure the bond.

3.4.1 Half bridge configuration

Fig. 10 shows the basic Wheatstone bridge circuit with a half bridge configuration
which is composed of four resistors, among which R; and R, were resistances of 350 ohm
from Precision Resistive Product INC (GP1/4 model with 0.1 % resistance tolerance at 298
K), and R3 and R4 were resistances of the strain gauges (Vishay Measurements model WK-
06-031CF-350) attached on the copper reference and the sample respectively. There are two
kinds of methods to excite the circuit; one is applying a constant excitation voltage and the
other is applying a constant excitation current. The conversion equation from the output data

to strain depends on the excitation method, which will be discussed as follows.

Fig. 10. Basic Wheatstone bridge circuit
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3.4.1.1 Measurements under constant excitation voltage
Under a constant excitation voltage (E) applied, the output voltage (ey) varies with the

relative resistances of four resistors (R, R, R3, Ry).

Specifically, output voltage actually depends on the resistance ratios R;/R, and R4/R3;

EA:EI—L, E,=E|1- R,
R, +R; R, +R,

R R
e =E, -E.=E L 4 70
0 AT (1{1+1{2 R4+RJ (70)

¢ [ RJ/R, R,/R,
E |R/R,+1 R,/R,+1

where

R;, Ry= resistance of balancing resistors in a nominal state (for example, at 298 K under

H=0)
Rs= resistance of strain gauge on the copper reference sample
R4= resistance of strain gauge on the active test sample.

Since the resistances of the two balancing resistors R; and R; are the same (R;/R; = 1) the

output voltage e(/E is determined by the resistance ratio (R3/R4);

e_oz[ R,/R, _1]

E ((R,/R,)+1 2

®, R+ o
[ R /Ry 1
(merga-i)

where

Rc, = resistance of strain gauge on the copper reference copper sample
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Rt = resistance of active strain gauge on the test sample.

Since the magnetostriction of copper is negligibly small compared with that of the test
sample (Acy, = 0 at all field strengths) it follows that R¢,(H=0) = Rcy(H=H) so that only the
resistance of the strain gauge attached on the test sample varies significantly with magnetic
field H due to magnetostriction in the test sample, Rt(H=H) = R(H=0) + ARy(H), so that

equation (71) becomes,

eo:( Re, (H)/R;(H) 1}

E|(Re, (H)/R(H)+1 2
R, (H=0)
R, (H=0)+AR (H=H) 1 (72)
R (H=0) )

+1

R, (H=0)+AR (H=H)
If the resistances of the strain gauges attached on Cu and the test sample are the same
(Rco(H=0)=R1(H=0)=R) then the above equation can be simplified to

R R
e,  R+AR(H) 1 R+AR,(H) 1

So oo _1
E R, 2 2R+AR,(H) 2

R +AR,(H) R+ AR, (H)
R 11 1
C2R+AR.(H) 2, AR;(H) 2 (73)
R
1 1 Fe
T 2+Fe 2 4+2F.¢
- Fge
T4

AR
where Fg is known as the “gauge factor” of the strain gage, F; =A (where € =strain).
€

This dimensionless parameter normally has a value of about 2.
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This resultant equation shows the relationship between the output voltage ey and the strain of

the test sample € under fixed excitation voltage E;

4 e,
8=§'E(H)- (74)

This is the equation for the strain gauge bridge when it is operating under conditions of

constant voltage.

3.4.1.2 Measurement under constant excitation current

Under a fixed excitation current (I) applied, the output “resistance” (eo/I) varies with
the relative resistances of four resistors (R;, Ry, R3, R4). The current I; flowing through
resistors R3; and R4 should be different from the current I, flowing through resistors R; and R,

of the Wheatstone bridge (Fig. 10), depending on the resistances of the four resistors as

follows,
I=1,+1,
I_l_ R, +R, (75)
I, R,+R,’

Therefore the current flowing in each arm (I; and I,) can be expressed in terms of resistances
given by,
R, +R,
' R,+R,+R,+R,

— R3+R4
R, +R,+R;+R,

(76)

2

Since the output voltage (eo) is
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¢, =E, —Eg
=I,R,-LR, o
— (Rl +R2)R4 _ (R3 +R4)R1 I

R, +R,+R;+R, R, +R,+R;+R,

therefore the out of balance voltage divided by the constant current supplied to the bridge
(eo/I) can be expressed as

S _ (R +Ry))R, —(R; +R )R,

I R,+R,+R,;+R,

- R, R, —R;R,
R,+R,+R,+R,

(78)

When R3=R¢,(H), R4=R1(H), and R;=R,=R, the equation (78) becomes

- IR, 1R, ) .

2R+R,(H)+R, (H) '
This can be compared with equation (72).

Using the same assumption previously shown, Rcy(H=0)=Rcy(H=H)=R, and Iletting

Rr(H=H)=R+AR+1(H), the equation (79) can be expressed as,

[{R +AR . (H)}-R]
4R + AR (H)

__R-AR,(H)

" 4R + AR, (H)

€, R
T(H) =

Assuming small changes in resistance 4R+ARt(H)=4R

R ART(H)

4R
AR, (H) (80)
AR

€ ~
T(H) ~

Since the gage factor (Fg) is
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AR/R
F; = / (81)
€
therefore the output resistance becomes
€, F,R
—(H)= ‘€. 82
(== (82)

This resultant equation shows the relationship between the measured value (e¢/I) and the

strain of the test sample € under fixed excitation current I;

4 e,

E=——

FR 'T(H)' (83)

This is the equation for the strain gauge bridge when it is operating under conditions of
constant current. This is not the usual familiar equation for the out of balance condition of the
bridge but is needed in the present work because the PPMS is configured to measure the
strain gauge bridge output in this way rather than in the more conventional constant voltage

configuration.
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4. RESULTS AND DISCUSSION

4.1. Experimental results for Ga-substituted cobalt ferrite
4.1.1. X-ray diffraction analysis

The X-ray diffraction patterns of Ga-substituted cobalt ferrite CoGaxFe2-xO4 (x=0.0,
0.2, 0.4, 0.6, 0.8) samples are shown in Fig. 11, in which it is confirmed that all the samples
have a cubic spinel structure. The typical spinel ferrites have a space group of Fd3m and the
lattice parameter varies from 8.3 to 8.5 A depending on the metal ions [36]. Fig. 6 shows the
“idealized” closed packed cubic spinel structure assuming all the ions are perfect spheres. In
this ideal structure the oxygen parameter u; which is the distance between the oxygen ion and
the face of the cube edge along the cube diagonal of the spinel subcell, is theoretically equal
to 3/8. However, the actual ionic positions in the spinel lattice are not perfectly regular as
shown in Fig. 6 because the tetrahedral sites are often too small for the metal ions so that the
oxygen ions around the tetrahedral sites must deviate from the theoretical positions to
accommodate them, which also causes the oxygen ions around the octahedral sites to move
to accommodate the expansion in tetrahedral sites. Consequently the actual ionic positions
and the resulting lattice parameters should depend on the distribution of different metal ions
between tetrahedral and octahedral sites. Generally the actual u parameters of ferrites are

slightly larger than 3/8.
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Fig. 11.

X-ray diffraction patterns of Ga-substituted cobalt ferrites CoGayFe;<O4
(where x = 0.0 to 0.8).
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4.1.2. Lattice Parameter

The lattice parameter of each sample was determined by Rietveld refinement based
on X-ray diffraction data. Fig. 12 shows the observed and calculated powder diffraction
patterns of CoGaggFe;404. The resultant variation in lattice parameter with substituted
gallium content is shown in Fig. 13, which does not appear to be a simple linear function.
Based on the fact that the radius of Ga>* ions in tetrahedral and octahedral sites (ry = 0.047
nm, ry; = 0.062 nm) [37] is small compared to that of high spin Fe’™ ions in each site (ry =
0.049 nm, ry; = 0.0645 nm) [37] the lattice parameter was expected to decrease as the
substituted gallium content x increases assuming that it follows Vegard’s law [38]. In fact,
however, non-linear behavior was observed, in which lattice parameter increases from x=0
up to x=0.4 and then decreases as the gallium content increases from x=0.4 up to x=0.8,
making a local maximum at x~0.4. Similar non-linear behavior in lattice parameter has been
reported for the Si-substituted cobalt ferrites Coj+xSixFe; 2xO4 [39], in which the maximum
value of lattice parameter was observed at the sample of x ~ 0.2 Si content. It was mentioned
[39] that this non-linear behavior had been reported for systems which were not completely
normal or inverse, however, the reason for this non-linear behavior has not been clearly
explained so far. One possible explanation for this phenomenon may be the following. As
mentioned before the Co>" ions should be distributed between tetrahedral and octahedral sites
in pure cobalt ferrite, with the actual site occupancy depending on the details of the
fabrication process. Thus some of the tetrahedral sites were initially occupied by Co®" ions.
Since the radius of Co”" ions in tetrahedral sites (rjy = 0.038 nm) [37] is small compared to
that of Ga®' ions in tetrahedral sites (rv = 0.047 nm) [37] the lattice parameter should

increase as the substituted Ga® ions replaced the Co”" ions in tetrahedral sites. After all of
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the Co®" ions in tetrahedral sites were replaced by Ga®* ions then Fe** ions would be replaced
by further substituted Ga’" ions, whether Ga®" ions substitute into tetrahedral or octahedral

sites, which could cause the lattice parameter to decrease with the content of Ga®* ions.
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Fig. 12. Observed and calculated x-ray diffraction patterns of CoGaggFe; 4Oa4.
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Fig. 13. Lattice parameters of CoGayFe,4O4 (where x=0.0 to 0.8).
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4.1.3. SEM and EDX analysis

The comparison of target and final compositions of sintered samples is shown in
Table. III. The final composition was determined from the measurements at more than 5
different positions in each sample. Scanning electron microscopy (SEM) investigations
showed that all the sintered samples had a homogeneous microstructure with similar grain

sizes of the order of 10 um (Fig. 14)

Table III. Target compositions of a series of Ga-substituted cobalt ferrite samples, and the
final compositions determined by energy-dispersive x-ray spectroscopy (EDX) in an SEM

Final composition by EDX
Target composition

Fe Co Ga
CoFe; 004 2.05 0.95 —
CoGay,Fe; 304 1.81 1.00 0.19
CoGag4Fe; 604 1.55 1.04 0.41
CoGageFe; 404 1.33 0.98 0.69

COGao_gFeLzOz; 1.15 1.04 0.81
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Fig. 14. SEM images of Ga-substituted cobalt ferrites CoGaxFe».<O4 (where x=0.2 to 0.8).



54

4.1.4. Curie temperature

The temperature dependent magnetizations of Ga substituted cobalt ferrite
CoGayFe, cO4 samples are shown in Fig. 15 (a). From the M vs T curves, it was evident that
the Curie temperature Tc was reduced by substitution of Ga for Fe (Fig. 15 (b)). This is
considered to be due to reduction in exchange interaction caused by Ga substitution. A
similar effect has been observed when substituting Mn or Cr for Fe in cobalt ferrite [7, 9]. In
fact, T¢ decreases at a greater rate with Ga substitution than with Mn or Cr substitution. This
can perhaps be understood based on the fact that tetrahedral sites have a higher number of
nearest neighbor cations than octahedral sites (Fig. 7). Thus the change in interaction energy
caused by substitution at the tetrahedral site may be expected to be larger than at the

octahedral sites.
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Fig. 15 (a) Temperature dependent normalized magnetization relative to value of 340 K and
(b) Curie temperatures T¢ of CoGayFe,<O4 samples as a function of the substituted content x.
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4.1.5 Hysteresis curve

Fig. 16 and 17 show the variation in M vs H with gallium content measured at
various temperatures from 10 K to 400 K. As temperature increased the hysteresis curves for
all the samples with various gallium contents altogether became softer over the whole range
of temperatures. Both the magnetic remanence ratio Mg/Mg and coercive force He decreased
with temperature as shown in Fig. 18 (a) and (b) respectively. For a selected temperature
samples with higher gallium content x showed lower Mgr/Mg and Hc except for those at 200
K. Interestingly the x=0.6 and 0.8 Ga samples showed a local maximum in H¢ only at this
selected temperature. The saturation magnetization Mg and the absolute magnitude of the
first-order cubic anisotropy constant | K| were determined by fitting the hysteresis loops
based on the law of approach to saturation (see section 2.1.6.2). For the fitting process
magnetization curves with fields higher than 1 T (796 kA/m) were used for the high
temperature range above 150 K. For low temperature range below 150 K, only the parts of
the magnetization curves with higher than 2.5 T (1990 kA/m) were used for the fitting. The
resultant values of Mg and K, as a function of temperature for the samples with various
gallium contents are shown in Fig. 15 (c) and (d) respectively. The saturation magnetization
Mg of all samples on a whole decreased as temperature increased. The small increase in Mg
below 150 K with temperature for the pure cobalt ferrite and x=0.2 Ga samples is considered
due to the fact that even the highest field of 5 T in these measurements could not saturate the
samples. This can also explain the similar behavior in K; below 150 K for pure cobalt ferrite
and that below 50 K for x=0.2 Ga sample. For fixed values of temperature, even though there
was still existing inaccuracy in values below 150 K due to non-saturation, it looks that x=0.2

and 0.4 Ga samples showed higher values of Mg than pure cobalt ferrite, which is consistent
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with the expected Ga®* ion’s preference for tetrahedral sites. For x=0.6 and 0.8 Ga samples
the values of Mg are very close each other comparing with those of x=0.2 and 0.4 Ga samples
which have much higher values of Mg over the whole temperature range. There are two
possible explanations for this. The first is that as the content of Ga®" ions increased, Ga®" ions
occupied tetrahedral sites up to x=0.4, above which Ga’* ions started to substitute into
octahedral sites rather than tetrahedral sites. The other explanation is that the substitution of
Ga’" ions changed the exchange interactions among A-A, B-B, and A-B sub-lattices so that
as the content of Ga®" ions increased the directions of the magnetic moments in A and B sites

may have changed.

The calculated ‘Kl ‘ plotted as a function of temperature also showed very similar
behavior with Mg. Just like the results of Mg, the values of K; of two pairs of x=0.2 and 0.4
Ga samples and x=0.6 and 0.8 Ga samples were very close to each other respectively,
however, there existed a big difference in behavior of ‘Kl ‘ with temperature between the
two pairs. This can be explained by the same interpretation for the results of lattice parameter
variance with x (Fig. 13), from which abrupt change between the two pairs of samples was
considered to be related to cations distribution between tetrahedral and octahedral sites.
Using the same assumption that the substitution of Ga>" ions on tetrahedral sites up to x=0.4
causes more of the Co®" ions to be located at the octahedral sites, the enhanced values of K;
for the x=0.2 and 0.4 Ga samples can be understood based on the single ion anisotropy theory

(see section 2.2.3).

As observed in the He vs T curves a sudden change in | K, | for the x=0.6 and 0.8 Ga

samples was observed between 150 K and 200 K. This change in behavior around 200 K was



57

also observed more clearly in the results of magnetostriction measurements. As will be
discussed in the following chapter this phenomena is considered to be caused by the change
of sign in K; around 200 K. Considering the fact that only the absolute magnitude of 1K, |
can be obtained by using law of approach to saturation the abrupt change in |K,| around

200 K calculated by this method might be an indicative of the change in sign of K; near that

temperature.
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Fig. 16. Magnetization (M) vs magnetic field (H) curves for CoGasFe,.xO4 samples (where
x=0.0 to 0.8) measured at 10 K, 50 K, 100 K, and 150 K.
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Fig. 17. Magnetization (M) vs magnetic field (H) curves for CoGasFe, \O4 samples (where
x=0.0 to 0.8) measured at 200 K, 250 K, 300 K, and 400 K.
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Fig. 18. (a) Magnetic remanence (Mgr/Ms) and (b) coercive field (Hc) as a function of
temperature for CoGayFe, 4 O4 samples (where x=0.0 to 0.8). Temperature dependences of (¢)
the saturation magnetization Mg and (d) the absolute magnitude of first-order cubic
anisotropy constant | K| were determined by fitting the major hysteresis loops based on the
law of approach to saturation.



60

4.1.6. Magnetostriction
For polycrystalline cubic materials with randomly oriented crystallites the saturation
magnetostriction Ag as discussed in section 2.1.7.1 can be expressed by,

2 3
}\’s :gxloo +§7‘*111 (84)

assuming that the materials have isotropic elastic properties. Even for the materials with
isotropic elastic properties this equation is valid only when the materials are in a
magnetically saturated state. There has been no general formulated equation reported for the
magnetostriction of non-saturated magnetic state. For the cobalt ferrite based materials, as
shown previously in the hysteresis loops (Fig. 16 and 17), the anisotropy energy was too
large to saturate even under the highest magnetic field of poH=5 T using our experimental
equipment. With respect to this it was necessary to create some terminologies to determine
the magnitudes in magnetostriction of the samples in non-saturated states. Fig. 19 shows the
magnetostriction (A) vs magnetic field (H) curve of pure cobalt ferrite CoFe,O4 sample
measured at 10 K. The values of magnetostriction were determined by selecting the first
measured data point under zero field (H=0) as the initial state (strain=0). Since the
magnetostriction even at zero applied magnetic field (H=0) can vary because of the various
possible domain structures even in the demagnetized state (see section 2.1.7) new
terminologies were created as Amax, Amin, and Agrem, Which are indicated by arrows in Fig. 19,
to quantify the values of magnetostriction conveniently. Using these characteristic values of

strain it was possible to compare the magnetoelastic properties for different samples.
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Fig. 19. Magnetostriction (Ax) vs magnetic field (H) of cobalt ferrite CoFe,O4 measured at 10
K. Inset is an enlarged part of the low magnetic fields region. The measured strains were
plotted with the relative values from the starting data point as zero strain. Data points
corresponding to the defined terminologies Amax, Amin, and Agrem are indicated by arrows.
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Fig. 20 and 21 show the Ay-Amin Vs magnetic field (H) curves for CoGaxFe, O4 samples
(where x=0.0 to 0.8) measured at the same temperatures that were selected for hysteresis
loops measurements. Gallium substitution was found to have a strong effect on
magnetostriction. Generally the magnitude of magnetostriction decreased with increasing Ga
content from x=0.2 to 0.8 over the whole range of temperatures. The magnetostriction for
low values of x (x = 0.0, 0.2 and 0.4) showed negative magnetostriction over the entire
temperature range, while that of high values of x (x=0.6 and 0.8) showed complicated
behavior as temperature changes. This is indicative of different signs for the two cubic
magnetostriction coefficients (Aj9o and A;;;). For pure cobalt ferrite it was well known that
Moo < 0 and A7 > 0, and that the absolute magnitude is |Ajo| > |A111| [30]. Positive value of
K, for cobalt ferrite have been explained by single ion anisotropy theory (see chapter (2.2.3).
Therefore the negative magnetostriction for low values of x samples can be understood by
the same reasoning.

For x = 0.6 and x = 0.8 samples the signs of the magnetostriction changed with temperature.
At the low temperature region below 200 K, the slope of magnetostriction dA/dH changed
from negative to positive as field increased, which is indicative of positive K; (<100> easy
axes) in this temperature range (Fig. 22) assuming that the signs of Ajgo0 and A;;; were not
changed by the Ga-substitution. At the high temperature range above 200 K, however, the
slope dA/dH changed from positive to negative as field increased, which indicates that the
anisotropy constant K; changed its sign to be negative so that the <111> directions became
the easy axes (Fig. 23). These results are consistent with those of magnetization
measurements, in which there observed a sudden change in Hc¢ and K; around 200 K too

(Fig. 18).
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Fig. 20. Magnetostriction (Ag-Awvin) vs magnetic field (H) curves for CoGayFe, k04 samples
(where x=0.0 to 0.8) measured at 10 K, 50 K, 100 K, and 150 K.
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Fig. 21. Magnetostriction (Ag-Amin) vs magnetic field (H) curves for CoGayFe, <04 samples
(where x=0.0 to 0.8) measured at 200 K, 250 K, 300 K, and 400 K.
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With respect to the sensor application Agen should be an important characteristic value
of materials because the remanence magnetic state should probably be the most useful
magnetic state of the material in real applications. For this reason, the values of Ay-Arem Were
taken from the magnetostriction curves of various Ga contents x and compared to each other
by plotting those in the same graphs as shown in Fig. 22 and 23. At the temperature range
below 200 K the maximum magnetostriction was observed in the pure cobalt ferrite (x=0.0),
however, at temperatures above 200 K the maximum magnetostriction was observed in x=0.2
Ga sample. Considering that the conventional applications should usually happen at room
temperature (~300 K) this enhanced magnitude in magnetostriction by Ga-substitution
measured at 300 K is a promising result. Moreover, it is worth mentioning the notable result
that the values of strain derivative d(Ag-Arem)/dH, which is one of the most important factors
in sensor applications (see section 2.3), were also increased by a small amount of Ga-
substitution for Fe (e.g. CoGag,Fe;304) at 300 K as shown in Fig. 24 and 25. Similar
behavior of enhanced strain derivative d(Ag-Arem)/dH has been observed in recent studies of
Mn- and Cr-substituted cobalt ferrites CoMnyFe; O4 and CoCryFe, 04 [7, 9]. The systematic

comparison among these materials will be discussed in the following chapters.
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Fig. 22. Magnetostriction (Ag-Arem) Vs magnetic field (H) curves for CoGayFe, xO4 samples
(where x=0.0 to 0.8) measured at 10 K, 50 K, 100 K, and 150 K.
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Fig. 23. Magnetostriction (Ag-Arem) Vs magnetic field (H) curves for CoGayFe, xO4 samples
(where x=0.0 to 0.8) measured at 200 K, 250 K, 300 K, and 400 K.
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Fig. 24. Magnetostriction derivatives d(Ag-Arem)/dH vs magnetic field (H) curves for
CoGayFe, xO4 samples (where x=0.0 to 0.8) measured at 10 K, 50 K, 100 K, and 150 K.
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In order to investigate the variation in maximum values of (Ag— Arem)Max and its derivatives
[d(At — Arem)/dH]Mmax With temperature these values were plotted as a function of temperature
as shown in Fig. 26 and 27. For low values of x (x = 0.0 and 0.2) the behaviors in
[A — Arem|Mmax Were similar to each other over the whole temperature range except for at
150 K where x=0.2 Ga sample showed abrupt decrease in magnitude. Based on the fact that
the total magnetostriction is determined by the relative values of Ajg0 and A;;;, and each
magnitude should have different temperature dependence, it can be deduced that any of these
two magnetostriction coefficients (or both of them) changed significantly at 150 K. Similar
behavior was also observed in the maximum slope of magnetostriction as shown in Fig. 27,
in which the smallest magnitude of 0.9 in

[d(Ati — Arem)/dH]Mmax Was observed at 150 K. In the case of x=0.6 and 0.8 Ga samples both
samples showed the change in sign of magnetostriction from positive to negative values as
temperature increased from 200 K to 250 K. Since the magnetostriction curves of these
samples look saturated in this temperature range (200 K and 250 K) the change in sign of the
maximum magnetostriction should be due to the change in the magnitude of A;pp and Ay
- |Ai00] <1.5 |Ai11] at low temperatures and [Ajgo] >1.5 |Ai11| at high temperatures - because
equation (84) should be valid in the saturated state for these samples. The temperature
dependence of [d(Ay — Arem)/dH]max for x=0.6 and 0.8 was not included in Fig. 27 because the

sign of the slope was changed with field even at fixed temperatures for these samples.
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4.2. Experimental results for Ge-substituted cobalt ferrite
4.2.1. X-ray diffraction analysis

The X-ray diffraction patterns of Ge-substituted cobalt ferrite CojixGexFer.2xOq
(x=0.0, 0.1, 0.2, 0.4, 0.6) samples are shown in Fig. 28, in which it is confirmed that all the
samples have a cubic spinel structure. The observed and calculated powder diffraction
patterns of Coj ¢GeosFeosO4 are shown in Fig. 29. The lattice parameter of each sample was
determined by Rietveld refinement based on X-ray diffraction data and the results are shown
in Fig. 30. Comparing the results with the Ga-substituted cobalt ferrite, which showed a local
maximum in lattice parameter at x~0.4 (Fig.13), Ge-substituted cobalt ferrite samples
showed monotonic decrease in lattice parameter as Ge content increase up to x=0.6. This
indicates, based on the same simple interpretation used for the Ga-series, that substitution of
Ge*" ions into tetrahedral sites caused the reduction in lattice parameter because the radius of
Ge*" ions in tetrahedral sites (rrv = 0.039 nm) [37] is small compared with that of Fe¥* (rv=

0.049 nm) [37] in tetrahedral sites.
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Fig. 28. X-ray diffraction patterns of Ga-substituted cobalt ferrites Co;xGexFer.0x04
(where x = 0.0 to 0.6)
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4.2.2. SEM and EDX analysis
The comparison of target and final compositions of sintered samples is shown in
Table. II. Scanning electron microscopy (SEM) investigations showed that all the sintered

samples had a homogeneous microstructure with similar grain sizes of the order of 10 um

(Fig. 31.)

Table IV. Target compositions of a series of Ge-substituted cobalt ferrite samples, and the

actual final compositions determined by energy-dispersive x-ray spectroscopy (EDX) in an
SEM.

Final composition by EDX
Target composition

Fe Co Ge
CoFe; 04 2.05 0.95 —
Co1.1Gep 1Fe; 304 1.77 1.11 0.12
Co1.2GegaFe; 604 1.57 1.21 0.22
Co13GepsFe; 404 1.29 1.33 0.38
Co,.4Geg4Fe; 204 1.10 1.43 0.47

CO1.6G60.6F80,804 0.70 1.63 0.67
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Fig. 31. SEM images of Ge-substituted cobalt ferrites Co;xGexFer.2x04 (Where x=0.0 to 0.6)
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4.2.3. Curie temperature

The temperature dependent magnetizations of Ge substituted cobalt ferrite samples,
Co1+xGexFey.0404, are shown in Fig. 32. From the M vs T curves, it was evident that the
Curie temperature T¢ was reduced by substitution of Ge for Fe, which is a similar result to
that observed in the Ga-series (Fig. 15). This is considered to be due to reduction in exchange

interaction caused by Ge substitution.
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Fig. 32 (a) Temperature dependent normalized magnetization relative to value of 340 K for
Co1xGexFer 0504  samples (where x=0.0 to 0.6) (b) Curie temperatures T¢ of
Co1+xGexFer.0x04 (Where x = 0.0 to 0.6) as a function of the substituted content x.
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4.2.4 Hysteresis curve

Fig. 33 shows the variation in M vs H and coercive force Hc with germanium
content measured at room temperature. Compared with M vs T of pure cobalt ferrite, those of
Ge-substituted cobalt ferrites show softer magnetic behavior (lower Hc) as the germanium

content increases from x=0.1 to 0.6.
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Fig. 33. Normalized magnetization (M) vs magnetic field (H) curves measured at room
temperature for Co;+xGexFe, 2404 samples (where x=0.0 to 0.6). Inset: Coercive field (Hc)
versus germanium content x.
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4.2.5. Magnetostriction

Fig. 34 shows show the Ay-Arem Vs magnetic field (H) curves for CojGegFer.0x04
samples (where x=0.0 to 0.6) measured at room temperature. As shown in Fig. 34 the
magnitude of magnetostriction decreased with increasing Ge content for x up to 0.6, which is
similar with the results of Ga-series measured at 300 K (Fig. 23). While the magnitude of
magnetostriction monotonically decreased with Ge content x, the magnitude of maximum
strain derivative [d(Ag-Arem)/dH]max significantly increased for all the samples with Ge
content from 0.1 to 0.6 as shown in Fig. 35. Compared with Ga-series (Fig. 24 and 25), Ge-
substituted cobalt ferrite shows much higher magnitude of [d(Ay-Arem)/dH Jmax 5.7x10° A’m
which is the highest value among recently reported cobalt ferrite based materials. In the case
of Ga-series, x=0.6 and 0.8 Ga samples showed a change in sign of magnetostriction from
positive to negative values as field increased at 300 K, which should be an indicative of
negative K;. On the other hand, for Ge-series, there was no change in sign of

magnetostriction even for the sample with the highest value of Ge content of x=0.6.
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Fig. 35. Magnetostriction derivatives d(Ag-Arem)/dH vs magnetic field (H) curves for
Co1xGexFer.0x04 samples (where x=0.0 to 0.6) measured at room temperature.
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4.2.6. Domain images

Fig. 36 and 37 show the surface magnetic domain images of Co;33GagssFe; 2904
observed by Kerr effect microscopy and scanning probe magnetic force microscopy for large
(300 pm x 300 um) and small (40 um x 40 um) areas respectively. As shown in these figures
various patterns and sizes of domains were observed at different locations on the surface,
which usually occurs for polycrystalline magnetic materials with high magnetic anisotropy
energy because the distribution of easy axes near the surface should be determined by the
distribution in orientations of crystallites. Moreover, various external effects such as residual
stresses, could be influencing the surface domain structure. For these reasons, investigating

intrinsic domain structure should be done with single crystal samples with high quality.

Fig. 36. Surface magnetic domain image of Co;33Gag3sFe; 2004 observed by Kerr effect
microscope.
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Fig. 37. Surface magnetic domain image of Co; 33Gag 3sFe; 29004 observed by scanning probe
magnetic force microscope (MFM).
4.3 Comparison of experimental results of Mn-, Cr-, Ga-, and Ge-substituted cobalt
ferrites
4.3.1 Lattice parameter

Composition dependent lattice parameters of Mn-, Cr-, Ga-, Ge-substituted cobalt
ferrites were determined by Rietveld refinement based on X-ray diffraction data, which is
shown in Fig. 38. In order to compare the relative sizes of cations included in these ferrite
materials the effective radii of Cr, Mn, Fe, Co, Ga, and Ge ions at various conditions are
listed in Table. V [37]. Supposing that all the magnetic elements have high spin state, the
relative ionic sizes at the two possible interstitial sites in spinel structure are given by,
Tetrahedral site: Co>’<Ge*'<Ga®'<Fe’"<Fe*"<Mn*"

. + + + + + + 2+ 2+ 2+ 2+ 2+
Octahedral site: Ge*'<Co>'<Cr’'<Ga’'<Mn**, Fe’'<Co*'<Fe*'<Cr*'<Mn*'<Ga*".
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For Ga- and Ge-substituted cobalt ferrites the reduction in lattice parameter with substitution
content x can be understood by the smaller ionic sizes of Ga>" and Ge*" ions than Fe** ions in
tetrahedral sites because these two ions are known to prefer tetrahedral site [11, 12].
However, in the case of Cr- and Mn- substituted cobalt ferrites, the behavior in lattice
parameter with x can not be clearly understood. According to the relative ionic sizes in Table
I1I, the size of Cr’* ion is smaller than that of Mn®" ion thus the lattice parameter of Cr-
substituted cobalt ferrite was expected to be higher than that of Mn-substituted cobalt ferrite
because both cations are known to prefer octahedral site [11]. Various possible hypotheses
can be made to explain this phenomenon, such as existence of mixed valences in Cr or Mn

ions, however, additional data need to be obtained for this analysis.
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Fig. 38. Lattice parameters of CoMyFe, <O4 (M=Mn, Cr, Ga) and Co;xGexFe;.2x04 samples
with various cation contents.
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Table V. Effective ionic radii of some elements in 4™ period. Effective ionic radii are based
on the assumption that the ionic radii of O (CN6) is 1.4 A and that of F* (CN6) is 1.33 A
[37].

Condition Radius (A)

cr?t Octahedral site, low spin 0.73
Octahedral site, high spin 0.80

cré* Octahedral site 0.615
Tetrahedral site, high spin 0.66

Mn?* Octahedral site, low spin 0.67
Octahedral site, high spin 0.83

M Octahedral site, low spin 0.58
Octahedral site, high spin 0.645

Tetrahedral site, high spin 0.63

Fe®* Octahedral site, low spin 0.61
Octahedral site, high spin 0.78

Tetrahedral site, high spin 0.49

Fe®* Octahedral site, low spin 0.55
Octahedral site, high spin 0.645

Tetrahedral site 0.38

Co®* Octahedral site, low spin 0.65
Octahedral site, high spin 0.745

3+ Octahedral site, low spin 0.545
co Octahedral site, high spin 0.61
Ga* Octahedral site 1.20
Ga™ Tetrahedral site 0.47
Octahedral site 0.62

Get* Tetrahedral site 0.39

Octahedral site 0.53
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4.3.2 Curie temperature

The variation in Curie temperature T¢ of Mn-, Cr-, Ga-, and Ge-substituted cobalt
ferrite samples, CoMnyFe; 04, CoCriFe; 04, CoGayFe, 04, CoixGexFer k04 with
substituted content x are shown in Fig. 39. From the graph, it is evident that the Curie
temperature Tc was reduced by substitution of any of the four elements of Mn, Cr, Ga, and
Ge for Fe. This is considered to be due to reduction in exchange interaction caused by the
substitution. In fact, T¢ decreased at the greatest rate with Ge substitution compared with
those of Ga, Cr, and Mn substitutions, which are listed in the order of decreasing rate. This
can be understood based on the fact that Ge and Ga prefer tetrahedral sites while Cr and Mn
prefer octahedral sites, and that tetrahedral sites have a higher number of nearest neighbor
cations than octahedral sites (Fig. 7). If the exchange interaction energy is mainly determined
by the number of nearest neighbor exchange interactions then the change in interaction
energy caused by substitution at the tetrahedral site should be larger than at the octahedral

sites.
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Fig. 39. Curie temperatures Tc of CoMnyFe; 04 CoCryFe, 04, CoGayFe, 04 and
Co1xGexFer.0x04 samples (where x = 0.0 to 0.8) as a function of the substituted content x.
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4.3.3 Hysteresis curves

Fig. 40 shows the variation in M vs H with substitution content x of CoMnyFe;<Os,
CoCryFe; 404, CoGayFe, O4 and Coy+xGegFer 2xO4 samples measured at room temperature.
The general behavior was that as substitution content x increased the magnetization curves
became magnetically softer for all samples. In order to compare the rate in magnetic softness
among the samples coercive fields Hc for each series of samples were plotted as shown in
Fig. 41. This result is considered to be due to the reduction in anisotropy energy, which
should also influence the coercive field Hc. As shown in Fig. 41, the greatest rate in
reduction of Hc with x was observed in the Ge-series. It should be mentioned that similar
behavior was observed in T¢ measurements (Fig. 39), which indicates that Ge-substitution
was more efficient in reducing both the exchange interaction and anisotropy energies than the
other three elements substitutions. For the Mn-series, which had been fabricated several years
ago, each composition of sample was not fabricated under the same condition because the
optimum condition for the fabrication process, such as sintering temperature or time, were
not known at that time. Thus the coercive fields of Mn-series samples might be affected by
the different fabrication processes used for different samples. In the case of the other three
series, however, all the samples were fabricated under the same conditions and procedures.
Therefore the differences in behavior of coercive field for these samples can be interpreted as

due to intrinsic reasons.



88

1o CoMnFe, .0, ] LOF CoCr Fe, O,
T 05} / 1 E 05t g
o f o
g/ 0.0 g/ 0.0
E x=0.0 E ; x=0.0
@ 05 x=0.2 ] @ 05l / x=0.2-
s x=04 s x=04
x=06 x=0.6
1.0k x=0.8 | 1.0k x=081
400 300 200 100 0 100 200 300 400 400 300 200 100 0 100 200 300 400
H (kA/m) H (kA/m)
Lor CoGaFe, O, g i LoF i
T 05t 1 E o05f E
o o
Q‘?‘,/ 0.0 g,;/ 00
x=0.0
E x=0.0 E x=0.1
T o5t x=024 T -osf x=0.2-
s x=04 s x=0.3
x=0.6 x=0.4
1.0} x=0.81 10 x=0.6

1 1 1
-400 -300 -200 -100

0

1 1 1
100 200 300 400

1 1 1
-400 -300 -200 -100

0

1 1 1
100 200 300 400

H (kA/m)

H (KA/m)

Fig. 40. Magnetization (M) vs magnetic field (H) curves for CoMnyFe, <04, CoCriFe;<Os,
CoGayFe, cO4 and Co;xGexFer.2x04 samples (where x = 0.0 to 0.8) as a function of the
substituted content x measured at room temperature.
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Fig. 41. Coercive fields Hc¢ of CoMnyFe;Os, CoCryFe, 04, CoGayFe;xOs and
Coi+xGexFer.0x04 samples (where x = 0.0 to 0.8) as a function of the substituted content x
measured at room temperature.
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4.3.4 Magnetostriction

For reversible processes under small applied field and stress there is a thermodynamic
relationship which relates (dA/dH), to the stress sensitivity of induction (dB/do)y
(see section 2.3). The strain derivative can therefore be used as a predictor of the stress
sensitivity of magnetic induction to stress or torque when selecting materials for stress or
torque sensor applications. In this respect, the strain derivatives d(Ag-Arem)/dH for
CoMn,Fe; Oy, CoCryFey.x0y4, CoGayFe; 104 and Co14xGexFernO4 samples
(where x = 0.0 to 0.8) measured at room temperature were compared as shown in Fig. 42.
Generally the maximum magnitude in the strain derivative decreased as the substitution
content x increased except for the Cr-series, which showed maximum slope of
2.2 x 10° A'm at x=0.4 Cr sample. Among all the samples investigated, the maximum
magnitude magnitude of [d(Ag-Arem)/dH ]Max 5.7x10° A'm was observed in the x=0.1 Ge
sample, which is the highest value among recently reported cobalt ferrite based materials. For
Mn- and Ga-series, the maximum magnitudes of 2.7x10° A'm and 2.8x10” A'm were
observed in x=0.2 Mn and Ga samples respectively. Actually the value of strain derivative
was different for the two cases of magnetostriction curves; when H was increasing and
decreasing. The calculated strain derivatives shown in Fig. 42 were obtained from the latter

case.
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5. CONCLUSIONS

The magnetic and magnetoelastic properties of a series of Ga- and Ge-substituted
cobalt ferrites have been investigated and the results showed that by such substitutions it is
possible to control the magnetic and magnetoelastic properties of the materials over a wide
range. Substitution of Ga and Ge for Fe was found to decrease the Curie temperature at a
greater rate than Mn or Cr substitution, which is consistent with the assumption that Ga’" and
Ge"*" ions prefer the tetrahedral sites (number of nearest neighbor cations = 12), whereas
Mn”" and Cr’" prefer the octahedral sites (number of nearest neighbor cations = 6). The room
temperature hysteresis curves were more easily changed to lower coercivity by Ga or Ge
substitution than Mn or Cr substitution, which indicates that the anisotropy energy decreased

more rapidly by Ga or Ge substitution than by Mn or Cr substitution.

The absolute magnitude of the first-order cubic anisotropy constant |K,| for Ga-
substituted cobalt ferrites decreased as temperature increased, especially at the temperature
range around 150-200 K there being an abrupt change in ‘Kl ‘ Similar behavior was
observed at that temperature range in magnetostriction curves. There was also a rapid change
in the maximum magnetostriction [Ag-Arem|max and maximum magnetostriction derivatives
[d(A-ARem)/dH]Max around 150-200 K, which was not observed in pure cobalt ferrite. More
evidence was observed in the slope of magnetostriction with magnetic field dA/dH for the
high content of x=0.6 and 0.8 Ga samples; dA/dH changed from negative to positive as field
increased for the temperature range below 200 K, while dA/dH changed from positive to

negative as magnetic field increased for the temperature range above 200 K. Based on these
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results, it is considered that there was a change in sign of anisotropy constant K; at around

200 K for Ga-substituted cobalt ferrites.

At room temperature, the maximum magnitude of magnetostriction of Ga- and Ge-
substituted cobalt ferrites decreased at about the same rate as was observed with Cr-
substitution, however, the maximum strain derivative (dA/dH)uax of 5.7x10° A'm for the x =
0.1 Ge sample, and 2.8x10” A'm for the x = 0.2 Ga sample were greater than any of the
Mn- or Cr-substituted samples. This enhanced (dA/dH)max implies high stress sensitivity,
which suggests that adjusting Ge or Ga content substituted into cobalt ferrite can be a
promising route for controlling critical magnetic properties in sensor applications. For
comparison between Ga- and Ge-substituted cobalt ferrites, both Ga®* and Ge'" ions are
known to prefer tetrahedral sites, the higher ionic valence of Ge** ions seems to increase the

magnetoelastic coupling between the magnetic ions and the lattice more than Ga®" ions.
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Magnetic and magnetoelastic properties of a series of Ga-substituted cobalt ferrites, CoGa,Fe, 0,
{(x=0.0-0.8), have been investigated. The Curie temperature T\~ and hysteresis properties were
found to vary with gallium content (x), which indicates that exchange and anisotropy energies
changed as a result of substitution of Ga for Fe. The maximum magnitude of magnetostriction
decreased monotonically with increasing gallium content over the range x=0.0-0.8. The rate of
change of magnetostriction with applied magnetic field (dh/dH) showed a maximum value of
3.2:10°7 A=t m for x=0.2. This is the highest value among recently reported cobalt ferrite based
materials. Tt was found that the dependence of magnetic and magnetoelastic properties on the
amount of substituent (x) was different for Mn, Cr, and Ga. This is considered to be due to the
differences in cation site occupancy preferences of the elements within the spinel crystal structure:
Mn** and Cr** prefer the octahedral (B) sites, whereas Ga*' prefers the tetrahedral (A) sites. © 2007

American Institute of Physics. [DOL 10.1063/1.2712941]

I. INTRODUCTION

Cabalt ferrite based composites have high magnetostric-
tion A and high sensitivity dB/do of magnetic induction to
applied stress and are chemically. These factors make these
materials attractive for use in magnetoelastic sensors.' How-
ever, to enable practical applications a family of materials is
needed, in which the magnetoelastic response, magnetic
properties, and their temperature dependences can be tailored
by a well defined “control variable” such as chemical com-
position. Substituted cations can oceupy tetrahedral or oeta-
hedral sites in the spinel structure. Mn® and Cr™ are re-
ported to prefer the octahedral sites.”™ A series of Mn-
and Cr-substituted cobalt  ferrite  CoMn, Fe, ,0; and
CoCr,Fe, 0, (where x=0.0-0.8) samples was recently
studied to investigate the effect of change in chemical com-
position and crystallographic site occupancy on the magnetic
and magnetoelastic properties. Promising results were ob-
tained, showing that Curie temperature and magnetic aniso-
tropy could be decreased, and di/dH increased without
causing much loss of 111:1@161.(}sl.ricl.iun.s ¥ Mossshauer spec-
troscopy investigations confirmed that the Mn** ions and the
Cr** ions substitute preferentially into the octahedral sites in
cobalt ferrite.”’” In the present study, a family of Ga-
substituted cobalt ferrite CoGa,Fe,_ 0, samples has been in-
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vestigated. Ga** is known to prefer the tetrahedral sites, 12

therefore the results were expected to be different from those
of Mn- and Cr-substituted cobalt ferrites.

Il. EXPERIMENTAL METHODS

A series of polycrystalline Ga-substituted cobalt ferrite
samples with compositions of CoGa,Fe, 0, (where x
=0.0-0.8) was prepared by standard powder ceramic
tcchniquu::ss using Fe,05, Ga,0;, and Co;04 powders as pre-
cursors. Samples were caleined twice, sintered at 1350 °C
for 24 h, and were subsequently furnace cooled to room tem-
perature. The final compositions of the sintered samples were
found to be close to the target composition, as shown in
Table 1. All the samples had a cubic spinel structure which

TABLE I. Target compositions of a senies of Ga-substituted cobalt ferrite
samples and the final compositions determined by energy-dispersive x-ray
spectroscopy (EDX) in a SEM.

Final composition by EDX

Target
composition Fe Co Ga
CoFe, (O, 2.05 0.95 L
CoGay,Fe, 40, 131 100 0.19
ColGagFe; {04 155 1.04 041
CoGay Fe, 10,4 1.33 0.98 0.69
CollaggFe; 104 1.15 1.04 081

@ 2007 Amencan Institute of Physics
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was confirmed using X-ray powder diffractometry. Scanning
electron microscopy (SEM) investigations showed that all
the sintered samples had a homogeneous microstructure with
similar grain sizes of the order of 10 pm. Magnetization (M)
versus temperature (7) under a field of 7.96 kA/m (100 Oe)
and magnetization (M) versus applied magnetic field (H) at
ambient temperature (nominally 300 K) were measured us-
ing a vibrating sample magnetometer (VSM). The Curie tem-
perature T was determined from the M vs T curve by linear
extrapolation from the region of maximum slope down to the
temperature axis. Magnetostriction as a function of applied
field (A vs H) was measured at room temperature using the
strain gauge method.

Ill. RESULTS AND DISCUSSIONS

The temperature dependent magnetizations of Ga substi-
tuted cobalt ferrite samples, CoGa,l'e,_O,, are shown in
Fig. 1(a). From the M vs T curves, it was evident that the
Curie temperature T~ was reduced by substitution of Ga for
Fe. This is considered to be due principally to reduction in
the A-B site exchange interaction caused by Ga substitution.
A similar effect has been observed when substituting Mn or

— T —T d T
x=00
1.0+ x=02 pos o 4
x=04 - ;}//ﬂ
—x=06 f
05 x=08 1 i
g
__g_' 0.0
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FIG. 2. (Color online) Normalized magnetization (M) vs magnetic field (/)
curves measured at 300 K for CoGa,Fe,_,0, samples (where x=0.0-0.8).
Inset: coercive field () vs gallium content x.

Cr for Fe in cobalt ferrite.*® T~ decreases at a greater rate

with Ga substitution than with Mn or Cr substitution [Fig.
1(b)]. This can perhaps be understood because the tetrahedral
sites have a higher number of next nearest neighbor cations,
to which they are superexchange coupled, than the octahe-
dral sites have. Thus the change in interaction energy caused
by substitution at the tetrahedral sites may be expected to be
larger than at the octahedral sites for the same amount of
substitution.

Figure 2 shows the variation in M vs H and coercive
field (H.) with gallium content. Compared with M vs H of
pure cobalt ferrite, those of Ga-substituted cobalt ferrites
show softer magnetic behavior (lower H.) as the gallium
content increases from x=0.2 to 0.8, This is believed to be
due to the reduction in anisotropy energy caused by Ga sub-
stitution. Anisotropy energy decreases as a function of T/7T -
than magnetization does. This has been both
measured"’ and modeled Lhcnrctically” for single-crystal co-
balt ferrite. Likewise, we have observed this experimentally
for Mn-substituted and Cr-substituted cobalt ferrites.”® So
with T decreasing as a function of x even more strongly
with Ga substitution than it does for Cr or Mn substitution,
the anisotropy energy at 300 K is expected to decrease, even
more than for Cr or Mn substitution for the same value of x.

Gallium substitution was found to have a strong effect

faster
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FIG. 3. (Color online) Magnetostriction (A} vs magnetic field (£} curves for
CoGa,Fe, 0y samples (where x=0.0-0.8).
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on magnetostriction. As shown in Fig. 3, the magnitude of
magnetostriction decreased with increasing Ga content for x
up to 0.8. The magnetostriction for low values of x (x=0.0,
0.2, and 0.4) was found to change slope as the field was
increased, starting with a negative slope d\/dH at low fields
but changing to a positive slope at high fields. This is indica-
tive of different signs for the two cubic magnetostriction co-
efficients. For x=0.6 and x=0.8 the signs of the slope
changed, so that it was positive at low fields, while at high
fields the slope changed to negative. The simplest explana-
tion for this is that the addition of Ga changed the sign of the
anisotropy coefficient so that the magnetic casy axes
changed from those with a negative magnetostriction to
those with a positive magnetostriction. This would account
for the low field slope change in from negative to positive.
However, as the sign of the slope d\/dH still changed at
high fields, this indicates that the magnetic hard axes had
magnetostriction coefficients with different signs from the
easy axes. It is worth mentioning that substituting small
amounts of Ga for Fe (e.g., CoGay,Fe; 40,) increased the
magnitude of maximum strain derivative (dN/dH),,.. as
shown in Fig. 4(a), while the magnitude of magnetostriction
decreased monotonically with Ga content. Similar behavior
has been observed in recent studies of Mn- and Cr-
substituted cobalt ferrites CoMn,Fe,_ 0y and
CoCr,Fe,_ 0. 4,5‘6 in which the largest values of (d\/dH) .
for Mn- and Cr-substituted cobalt ferrites were reported to be
2.5% 1077 A™' m (at x=0.2 for Mn) and 2.0 X 10~ A™' m (at
x=0.4 for Cr), respectively. For Cr-substituted cobalt ferrite,
the magnitude of (dN/dH),, for x=0.2 Cr sample was 1.5
%107 A~! m. Compared with Mn- and Cr-substituted cobalt
ferrite, Ga-substituted cobalt ferrite shows much higher mag-
nitude of (dN/dH) ey (32X 107 A" m) even at a much
lower applied field of H=15 kA/m [Fig. 4(b)]. The magni-
tude of d\/dH is expected to depend inversely on anisotropy
energy (steeper dA/dH for lower anisotropy, when it is easier
to change the direction of magnetization).

For reversible processes under small applied field and
stress, there is a thermodynamic relationship which relates
(dN/dH), to the stress sensitivity of induction (dB/do)y.
The strain derivative can therefore be used as a predictor of
the stress sensitivity of magnetic induction to stress or torque
when selecting materials for stress or torque sensor applica-
tions.

20 30 40 S0 60 70 80

H (kA/m)
IV. CONCLUSIONS

Substitution of Ga for Fe was found to decrease the Cu-
rie temperature at a greater rate than Mn or Cr substitution,
which is consistent with the suggestion that Ga** ions prefer
the tetrahedral sites whereas Mn** and Cr’* prefer the octa-
hedral sites. The maximum magnitude of magnetostriction
Amay decreased at about the same rate as was observed with
Cr substitution: however, the strain derivative (d\/dH), . of
3.2x 1077 A”''m for the x=0.2 Ga sample was greater than
for any of the Mn- or Cr-substituted samples. This enhanced
(d\/dH),,, implies high stress sensitivity, which suggests
that adjusting Ga content substituted into cobalt ferrite can
be a promising route for controlling critical magnetic prop-
erties of the material for practical stress sensor applications.
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Research on cobalt ferrite based composites has increased recently due to their potential applications
such as noncontact magnetoelastic stress or torque sensors and erasable magneto-oplic recording
media. We report a study of the polar Kerr rotation spectra for CoFe,_,Ga, 0, (with x=0.4 and x
=0.8). Each of the spectra consists of two peaks of negative Kerr rotation in the measured photon
energy range of 1.5-3.0 eV, For x=04, one peak occured at 1.8 eV and the other at 2.25 eV. For
x=0.8, the first peak shifted to a higher energy of about 1.9 eV, while the second peak remained at
2.25 eV. The origin of the peaks in the polar Kerr spectra and the observed shift of peak position
resulting from Ga substitution can be explained by the intervalence charge-transfer transition, in
which an electron from a metallic eation is transferred to a neighboring cation through an optical
excilation. © 2007 American Institute of Physics. [DOIL 10.1063/1.2693953

I. INTRODUCTION

Cobalt ferrite CoFe,0,, which has a spinel crystal struc-
ture, shows interesting physical properties such as high sen-
sitivity of magnetization to applied stress, excellent chemical
stability, and a large magneto-optic effect.”™ There are two
types of sublattice sites in the spinel structure, the tetrahedral
(A sites) and the octahedral (B sites), and the different types
of metallic ions are distributed according to the formula
Fe,[ColFe];0,.° The Co?* and Fe?' cation distributions can
be described as (Fe*) [Co™*Fe™]30,. The magnetic proper-
ties or magneto-optic properties, including the exchange in-
teractions, of these ferrites have been found to be dependent
on how the cations are distributed among the two
sublattices.”™

Recently, cobalt ferrite cnmpnsibesg and their Mn-
substituted modifications' have been actively investigated as
part of the development of materials for highly sensitive non-
contact stress and torque sensors. It was observed that the
substitution of Mn for Fe led to the reduction of both the
Curie temperature and the magnetostriction with increasing
Mn content. This result indicates that it is possible to adjust
the temperature dependence of magnetic properties and mag-
netomechanical hysteresis by syslematic variation of the
chemical composition.

Research into the magneto-oplic properties of cobalt fer-
rites and their modifications based on chemical substitution
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has also been undertaken because of their potential alpplica-
tion to magneto-optic recording media. Martens ef al. ! stud-
ied the magneto-optic properties of cobalt ferrite single crys-
tals. They observed that the extrema (maxima and minima)
of the polar Kerr rotation spectrum are located at photon
energies of 1.8, 2.1, 3.5, 3.9, and ~5 eV. They concluded
that the origin of these is most likely due to charge transfer
transitions and crystal field transitions of Co™ on the tetra-
hedral sites in the spinel structure. Kim ef al® studied
magneto-optic transitions in Cole,0, and Nile,O, samples
prepared as films on glass substrates by the sol-gel method.
They observed peaks at 2.0 and 2.2 eV in the polar Kerr
rotation spectrum. They attributed the peak at 2.0 eV as due
to the crystal field transition from the 34" configuration of
the Co™ ions at the tetrahedral sites; and the peak at 2.2 eV
as due to the [Co™ Jr,,— [Fe**r,, intervalence charge trans-
fer (IVCT) transitions. In an IVCT transitions, an electron in
a cation is transferred to a neighboring cation through an
optical excitation."”

Peeters and Martens™ studied the polar Kerr rotations of
Colbey_ AlO, and Co,Fe; O, They have shown that the
magneto-optic effects below 2 eV are contributed by the
crystal field transitions of Co™ (T} and by charge transfer
transitions of Co™ to Fe** on the octahedral sites. Recently
Zhou et al.* investigated the doping effects of AI** on the
magneto-optic Kerr effects in nanocrystalline Cole, Al Oy
thin films deposited on a silicon substrate. They found that
the substitution of Fe** in CoFe,0, by AI** caused the cre-
ation of additional peaks in the spectrum that were associated

© 2007 American Institute of Physics
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with ecrystal field transition, and also a shift of the Kerr ro-
tation peak that was associated with an IVCT transition.
Magneto-optic Kerr spectra for iron containing spinels
and garnets have similar transition structures for photon en-
ergies greater than 3 eV, and therefore studies have fo-
cused on the polar Kerr rotation spectra below 3 eV M I
the present work, we studied the polar Kerr rotations for
callium substituted cobalt ferrite samples, CoFe,_Ga, O,
with x=0.4 and x=0.8. The samples were prepared by stan-
dard powder ceramic techniques, and the photon energy
range of the magneto-optic polar Kerr spectra was measured
between 1.5 and 3.0 eV with increments of 0.05 eV.

Il. EXPERIMENTAL DETAILS

Polycerystalline bulk cobalt ferrite samples with compo-
sitions of Colfe;_,Ga, 0y (x=04 and x=0.8) were prepared
by standard powder ceramic ll.x:l'lniql.](:s";l using  Fe,0s5,
Gay0;, and Ga;0,4 powder as precursors. Samples were cal-
cined twice, sintered at 1350 °C for 24 h, and subsequently
furnace cooled to room temperature. The final compositions
of the sintered samples were found to be close to the target
composition.

The crystal structures of the samples were determined
using x-ray powder diffractomeltry. Scanning electron mi-
croscopy (SEM) was used to examine the microstructures.
The surfaces of the polycrystalline cobalt ferrite samples
were prepared for the optical measurements by polishing
with abrasives, the final grade being a paste of 0.3 pm di-
ameter alumina. Magneto-optic measurements were per-
formed with a polar configuration setup using a 75 W Xe
short-are lamp light source with a photoelastic modulator
(PEM)."

In the polar Kerr effect, the near-normal incident, lin-
early polarized light becomes elliptically polarized light after
it is reflected. The major axis of the reflected light is rotated
from the polarization axis of the incident light. The angle of
rotation is known as the Kerr angle or Kerr rotation. In this
experiment, the angle of incidence was kept below 4°. A
magnetic field of 5 kG was applied at room temperature per-
pendicular to the sample surface.

1Il. RESULTS AND DISCUSSION

X-ray diffraction measurements showed that the poly-
crystalline cobalt ferrite samples with compositions of
CoFe,_Ga, 0, (x=04 and x=0.8) have a single phase spinel
crystal, as shown in Fig. 1. No extra crystalline phases or
peaks related to CoO and Fe,O; were observed. All the sin-
tered samples were found to have a homogeneous micro-
structure with similar grain sizes of the order of 10 zm. An
example is given in Fig. 2, which shows the SEM image of
the CoFe, ,Gay, 30y sample.

The measured polar Kerr rotation spectra  for
CoFe,_Ga, 0, (x=04 and x=0.8) samples are shown in Fig.
3. Each consists of two peaks of negative Kerr rotation. For
x=0.4, one peak occurred at 1.8 ¢V and the other was at
2.25 eV. For x=0.8, the first peak shifted to a higher energy
of about 1.9 ¢V, while the second peak remained at 2.25 eV.
Similar peaks at 1.8 and 2.1 eV appeared in the polar Kerr

J. Appl. Phys. 101, 09C502 (2007)
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FIG. 1. X-ray diffraction data for polycrystalline cobalt ferrite samples with
compositions of CoFe,_ Ga, 0 (x=0.4 and x=0.8).

FIG. 2. SEM image showing a he ous, equiaxed ucture of
the ColFe,_ Ga,0; with x=0.8.
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FIG. 3. Magneto-optic Kerr rotation spectra for CoFe;_,Ga, 0, (x=0.4 and
x=0.8) samples.
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rotation spectrum of cobalt ferrite single cryslal_“ The origin
of these peaks was not clear, but both Co™* charge transfer
transitions and crystal field transitions of Co® were assumed
to contribute to these peaks.

Zhou et al.’ introduced the molecular orbital theory of
IVCT transitions to interpret the correlation between strue-
tures and IVCT ftransitions. The theory indicated that doping
with the relatively large ions could lead to the increase of the
distance between Co™ and Fe™ ions at the octahedral sites,
and this caused the energy gap of the IVCT ftransitions to be
reduced. Alternatively when the doping ions are relatively
small, the energy gap of IVCT transitions increases. As the
radius of the Ga** ions [ry;=0.062 nm (Ref. 18)] is small
compared with that of Fe** ions [ry;=0.0645 nm with high
spin slate (Ref. 18})], the energy gap of IVCT transitions
would increase with increased Ga® ion content. The peak
position at 1.8 eV shifted to 1.9 &V as the doping concentra-
tion of CoFe, ,Ga, 0y increased from x=04 to 0.8, as ex-
pected from the molecular orbital theory of IVCT transitions.
However, for the peak position of 2.25 ¢V no noticeable shift
was observed as doping level increased.

IV. SUMMARY AND CONCLUSIONS

The magneto-optic spectra and, in particular, the polar
Kerr rotations of Ga substituted cobalt ferrites have been
investigated for ColFe,_ ,Ga 0, with x=04 and x=0.8. A
peak appeared at 1.8 eV in the Kerr rotation spectrum of
CoFe,_,Ga, 0y with x=0.4 and this shifted to 1.9 eV for the
Cobe,_,Ga 0Oy composition with x=0.8. This shift can be
explained by the molecular orbital theory of IVCT transi-
tions, which predicts that the smaller radius of Ga*' ions
substituting for Fe ions in ColFe,_,Ga,0, increases the en-
ergy gap of IVCT transitions. This observation was correct
for the lower energy peak but was not clear for the higher

J. Appl. Phys. 101, 09C502 (2007)

energy peak at 2.25 V. It was observed from the experiment
that the control of Kerr rotation of Ga substituted cobalt fer-
rites is possible by adjusting the Ga content.
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The Effect of Cr-Substitution on the Magnetic
Anisotropy and Its Temperature Dependence
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The temperature dependence of the magnetic anisotropy of magnetoelastic chromium-substituted cobalt ferrites (CoCr,Fez_ 04
with 0 £ = < 0.8) was investigated over the temperature range 10-400 K. The first-order cubic anisotropy coefficient K; was calcu-
lated by fitting the high-field regimes of the major hysteresis loops to the law of approach to saturation, which is based on the assumption
that at sufficiently high field only rotational processes remain. It was found that anisotropy increases substantially with decreasing tem-
perature from 400 to 150 K. Below 150 K, it appears that even under a maximum applied field of 5 T, the anisotropy of CoFe; 0, and
CoCrq o Fey 50, is so high that it prevents complete approach to saturation. In general, at fixed temperature the magnetic anisotropy
decreases with increasing Cr content, which could be explained based on the one-ion model and the results of Mossbauer studies: Ac-
cording to the one-ion anisotropy model, Co®™ ions in octahedral sites of the spinel structure are responsible for the high anisotropy of
cobalt ferrite, and substitution of Cr3* for Fe®T appears to displace Co”* ions from octahedral sites to tetrahedral sites.

Index Terms—Cobalt ferrite, ferrite, law of approach (L.oA), magnetic anisotropy.

I. INTRODUCTION

EW magnetostrictive cobalt—ferrite composites and their
substituted modifications [1], [2] show magnetoelastic
properties that are promising for use in stress or torque sensors
because of their high levels of magnetostriction A and high
slope of magnetostriction versus applied field d\/d . In order
to selectively control the magnetomechanical response of these
materials for strain sensing and actuating applications, more
needs to be known about the variation of the basic magnetic and
magnetoelastic properties with composition and temperature.
Magnetic anisotropy is one of the important properties de-
termining magnetoelastic response. In this paper, we report the
effect of chromium substitution for iron on magnetocrystalline
anisotropy and its temperature dependence for a series of sin-
tered bulk Cr-substituted cobalt ferrites (CoCr,Fe, , O, with
0 < & <€ 0.8) over the temperature range 10—400 K.

II. EXPERIMENTAL DETAILS AND RESULTS

A series of chromium-substituted cobalt—ferrite samples with
compositions CoCr,.Fe;_,04 (where = ranges from 0 to 0.8)
were prepared by standard powder ceramic techniques [1], [2]
with two calcining steps, and a final sintering at 1350 °C for 24
h and subsequent furnace cooling to room temperature. The ac-
tual compositions were determined by energy dispersive X-Ray
spectroscopy (EDX) in a scanning electron microscope (SEM)
and were found to be close to the target compositions. SEM
studies also revealed a dense, homogeneous microstructure of

Digital Object Identifier 10.1109/TMAG.2006.879888

equiaxed grains of typically 10 pm in diameter in all samples.
X-ray powder diffractometry (XRD) showed all samples to be
single phase, with the cubic spinel crystal structure.

The Curie temperatures T of the samples were determined
using a vibrating sample magnetometer (VSM) to measure mag-
netization versus temperature. 7¢ values were found to decrease
linearly with Cr content, from 787 K for CoFe;0,4 to 442 K for
COCI'O.SFGLQO4.

The temperature dependence of magnetization was measured
using a superconducting quantum interference device (SQUID)
magnetometer, at an applied field po H of 5T (50 kG) for de-
creasing temperature from 400 to 10 K. Tt was found that the
maximum magnetization for chromium-substituted cobalt fer-
rite increased with decreasing temperature as shown in Fig. 1,
in a manner one might expect for a simple collinear ferrimag-
netic system. The apparent decrease in magnetization for the
CoFex0, and CoCry oFe; 50,4 samples for temperatures below
about 150 K has been attributed to the applied field being no
longer able to saturate the samples at these temperatures.

Major hysteresis loops at selected temperatures were mea-
sured using a SQUID magnetometer. Fig. 2 shows an example
of the first and second quadrant portions of the major hysteresis
loops for CoCrg 4Fe; Q4 at different temperatures. Coercive
field He, which was found from the major hysteresis loops,
decreased with increasing temperature for all samples over the
whole range of temperatures as shown in Fig. 3. However, for
a fixed temperature the CoCrg 2Fe; 504 sample has the largest
coercive field.

The first-order cubic anisotropy constant was determined by
the following method: It was assumed that all hysteretic pro-
cesses were completed when the major hysteresis loop closed
(see Fig. 2), and that further increase of the magnetization

0018-9464/$20.00 © 2006 IEEE



103

2862
500
— —.
£ 400 oS e— o, ) \\.
- O,
5 ~——{ zs\ ~—
\ .
\z\'\
300

= \ \ \1
5 Cr-content I~
£ 200 —=— 0.0
< ~
O .
£ 100 04 <
o —s— 0.6
= —4— 0.8

0 t

0 100 200 300 400
Temperature T, K
Fig. 1.  Temperature dependence of measured maximum magnetization

Myax at an applied field of 4 x 106 Am~!(uoH = 5 T) for chromium-
substituted cobalt—ferrite samples.

CoCr Fe O

16 4

p—
" ppetenss
- _!,,:.‘g,—g'—ﬂ, Bl
/f Z'——)’ e oo e ] =

Magnetization 41, kA/m

Magnetization M, kA/m

0.2

0 T T T T
0 1 2 3 4 5 6

Magnetic field poH, T

Fig.2. Major hysteresis loops of CoCrq.4Fe, .60, for different temperatures.
The inset shows the second quadrant and low-field first quadrant portions of the
major hysteresis loops

100 44 Cr-content
—a— 0.0
€ A —_0— 0.2
< 80 S —— 04
Ib 1 _\\\ —<— 0.6
S 604N —— 0.8
AN
Q2 40 AN
; NN
§ 20 N
<4 \
\,\,_
0
0 100 200 300 400
Temperature T, K
Fig. 3. Coercive field He as a function of temperature for chromium-

substituted cobalt ferrites.

was due to rotational processes, which are determined by the
anisotropy. Based on the law of approach (LoA) to saturation

IEEE TRANSACTIONS ON MAGNETICS, VOL. 42, NO. 10. OCTOBER 2006

20 dﬂﬂq‘ —<— CoFe,0, - Shenker
, —=— CoFe,0,

15 —O— CoCr_Fe O,

—£— CoCr_ Fe, O,

—%— CoCr,Fe 0O,

104 —&— CoCr_Fe O,

(4]

Anisotropy Constant K , x 10° J/m’

(A
/

o

100 300
Temperature T, K

400

Fig.4. Temperature dependence of the first-order cubic anisotropy coefficient
K, determined by LoA to saturation for chromium-substituted cobalt—ferrite
samples CoCr,Fe>_ 04 with various chromium contents (z = 0 to 0.8).
The dotted lines for the = 0.0 and 0.2 samples for temperatures lower than
150 K show that in these cases the anisotropy constant could not be determined
correctly by this method when using maximum applied field 1o H = 5 T.

[3], for H >> H¢ the dependence of magnetization M on the
applied field at high-field strengths for M near the saturation
magnetization Mg can be approximated by

M:M5<1—%)+HH (€))]
where the first term on the right-hand side is the familiar term
which depends on rotation of magnetization against anisotropy,
and the xf1 represents the forced magnetization contribution.
The closed parts of the major hysteresis loops were fitted by the
LoA (1) in order to determine the parameters Mg, b, and k.
For temperatures above 150 K, the best values of Mg, b and
were determined using only the parts of the curves with fields
higher than 1 T. For temperatures below 150 K, it was found
that the forced magnetization term was negligible, (i.e., K = 0),
and consequently Mg and b were the only parameters used to
compare (1) to the data. In these cases, only the parts of the
magnetization curves with fields higher than 2.5 T were used
for the fitting.

The values of saturation magnetization Mg computed by fit-
ting (1) to the experimental data were found to be approximately
the same as the measured maximum magnetization values under
a magnetic field of 4 x 105 Am™' (ug H = 5 T), except for
temperatures above 150 K where the maximum magnetization
measured was larger than Mg by several percent due to the oc-
currence of forced magnetization.

Parameter b is related to the magnetocrystalline anisotropy of
the material and to a microscopic coefficient which depends on
the crystal structure. Since the samples have a cubic structure,
the magnitude of the first-order cubic anisotropy coefficient K
can be determined from b by the following [3]:

105
K = poMsy/ ?“‘b. 2

The temperature dependence of the calculated anisotropy K
for different chromium contents is shown in Fig. 4.
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III. DiscussioN

The anisotropy coefficient K; increases with decreasing tem-
perature as shown in Fig. 4, with the steepest increase coming at
progressively lower temperatures for increasing Cr content. In
general, for fixed values of temperature, anisotropy decreases
with increasing Cr content. However, it appears that for tem-
peratures less than 150 K for the pure cobalt ferrite and = =
0.2 Cr samples, even a field of 5 T is not enough to saturate the
samples, as shown by the apparent change in the slope d Ky /d1
for these compositions below 150 K. Therefore, in these cases,
anisotropy cannot be computed correctly by this method. Esti-
mation of Hy, for CoFe; Oy, for example, shows that indeed for
T < 150 K, pip Hx > 5 T [5]. Experimental results on pure
cobalt ferrite by Shenker, whose methods utilized torque mea-
surements on single crystals near their easy axes [4], support our
conclusions.

A comparison with a recent study on anisotropy of
CoMn,,Fey_, 0, with 0 € = < 0.6 [5] shows that substitution
of Cr in general decreases anisotropy faster than substitution
of Mn. According to the one-ion model (see, for example,
[3]), Co®* ions in the octahedral sites (B-sites) of the spinel
structure are responsible for high anisotropy of cobalt ferrite.
As we substitute Mn®t or Cr3t for Fe?t, they apparently
tend to displace Co?T from the octahedral sites (B-sites) to the
tetrahedral sites (A-sites) as Mossbauer spectroscopy studies
of these compositions have indicated [6], [7]. Moreover, these
Mossbauer results also support the hypothesis that in general
Cr’t has an even stronger B-site preference than Mn®**, and
displaces more of the Co®* from the B to the A sites. This
could explain the more pronounced decrease in the magnetic
anisotropy for Cr substituted than for Mn substituted cobalt
ferrites which was observed.

IV, SUMMARY AND CONCLUSION

The effect of Cr substitution on the temperature dependence
of the magnetic anisotropy of polycrystalline cobalt—ferrite
specimens of composition CoCr, Fes_,04{0 € & < 0.8) was
investigated for temperatures in the range 10-400 K. First-order
magnetic anisotropy coefficients were calculated from the data
using fitting of the high-field parts of the major hysteresis loops
to the law of approach. It was found that the anisotropy of
all Cr-substituted cobalt ferrites increased substantially with
decreasing temperature. It was also found that for a fixed tem-
perature the anisotropy in general decreased with increasing
Cr content and this effect was even more pronounced than for
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Mn substitution [5]. The possible explanation, which takes into
account the one-ion anisotropy model and our interpretation of
recent Mossbauer spectroscopy measurements [6], [7], states
that Cr®t appears to have an even stronger octahedral site
preference than Mn**, and displaces more of the Co®* from
the octahedral to the tetrahedral sites. As in the case of Mn
substitution, it was concluded that for temperatures below
150 K the anisotropy for the CoFe;O4 and CoCrg sFeq 304
samples was so high that the applied magnetic field of 4 » 10%
A.m!{pg H = 5 T) was not enough to saturate the samples
and, therefore, in these cases the anisotropy coefficient cannot

be computed correctly hy this method

¢ computed correctly by this method.
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The temperature dependence of magnetization in PrgNi,Si; and PrsNi;Si; compounds has been
studied with the objective of providing a theoretical understanding of the behavior of the magnetic
properties of the material. The ternary Pr-Ni-Si system contains the homologous series of
compounds R,y 1)Nintn- 102810001y, Where R is a rare earth element which provides a range of
materials with different but related structures. The crystal structures and unit cells of PrgNi,Si;
{n=2) and PrsNi;Siy (n=3) compounds are closely related consisting of an overall hexagonal
structure comprising trigonal columns of atoms, in which the only difference is in the size of the
triangular base of the column which depends directly on the chemical compaosition, specifically the
index n. The calculations were based on a nearest neighbor exchange interaction approximation
under two kinds of conditions: collinear and noncollinear magnetic structures. The results of these
caleulations show the Curie temperature, but do not yet predict quantitatively the spin reorientation
transition at lower temperatures. © 2007 American Institute of Physics. [DOL 10.1063/1.2388043]

I. INTRODUCTION

A “model system” in materials science needs to satisfy at
least three conditions: (1) the system must be simple enough
that there are only a few dominant factors which influence
the physical property to be studied or predicted, (2) the fac-
tors (such as composition, crystal structure, temperature,
pressure, or exchange interaction) that are ultimately respon-
sible for the physical phenomena can be controlled in a well
defined way so that their effects can be studied indepen-
dently, and (3) the predictions obtained from the model sys-
tem should be testable. To be useful the results should be
applicable to other related cases. In this respect the Pr-Ni-Si
alloy system can serve as a model system for the study of
structure/property relationships in magnetic materials.

The ternary Pr—Ni-Si alloy system is one member of a
more general system of alloys and compounds which form a
homologous series of the type Riua001Nint1)325 a1y
where R is a rare earth element. Pr-Ni—51 provides a range of
materials with different structures as described by Rogl,]
Owerall the alloy system exhibits a hexagonal crystal strue-
ture formed of subassemblies of trigonal prismatic columns.
‘The number of smaller triangular arrays that fits along each
side to form the basal plane of the larger trigonal prism of the
unit cell is determined by the value of » in the chemical
formula, Identifiable compounds “PrgNi,Siy" (n=2),
“PrgNi,Siy” (n=3), and “Pr;sNi,Si;," (n=4) have been pre-
pared and are members of this series.

The trigonal prisms containing the local arrays of Pr at-
oms can be considered as “magnetic clusters.” The size of
these clusters can be controlled by selection of the chemical
composition. As the chemical composition changes (and
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hence the size of the magnetic clusters changes), the number
of nearest neighbors {and hence the exchange interactions)
for each Pr atom site also changes systematically. Therefore
the physical properties vary systematically from one member
of the series to the next.

Experimental results on the magnetic properties of
PrsNi;Siy and PrisNi;Siy, polyerystalline samples and a
PrsNi;Si;  single crystal sample have recently been
rv:portefil,2'6 Each compound showed two magnetic phase
transitions: a magnetic order/disorder transition at a higher
temperature (41 K for PrsNi,Siz, and 58 K for PrysNi;Sijo)
and another transition, which exhibits the characteristics of
spin reorientation transition, at a lower temperature (25 K for
PT;NI;S]'; and 31 K for Pl']sNi;vSim'\L

The present paper reports on the theoretical investigation
to attempt to explain the temperature dependent magnetiza-
tion of PrgNi;Siz (n=2) and PrzNi,Si; (#=3) compounds.

The calculations are based on a nearest neighbor exchange

interaction approximation under two kinds of conditions:
collinear and noncollinear magnetic structures. The crystal
structures and unit cells of PrgNi,Siy and PrsNi,Si; com-
pounds are shown in Figs. 1(a) and 1(b}, respectively.

Il. THEORETICAL BASIS FOR MODEL CALCULATIONS

In order to calculate the expected variation of magneti-
zation with temperature (M vs T) in Pr—Ni-Si single crystal,
the exchange interaction energy for each atomic site was
determined using a nearest neighbor exchange interaction ap-
proximation. For this calculation, the following were as-
sumed:

(1) Only the Pr atoms have a magnetic moment and there-
fore only these atoms contribute to magnetization.
{2) The magnetic moment per Pr atom is 3.58 5.

© 2007 American Institute of Physics
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FIG. 1. {Color online) Crystal structure and unit cell of {a) PrgNisSiy (n
=2) and (b) PrsNiySi; (n=3) showing the trigonal cells which form pris-
matic columnar assemblies. [Note that in the case of PrgNi,Siy there are
additional Ni atoms not shown here for the purposes of simplicity. These lie
at the corner of the rhombohedra containing the two trigonal prisms and
amount o one extra Ni atom per trigonal plane as shown in (a).]

(3) The exchange interaction exists only between the nearest
neighbors, which is expressed in terms of the exchange
energy according to the following equation:

Eo=-2hw2 1 (1)
iJ

where Jyy is the exchange interaction coefficient between
nearest neighbors and J; and J ; are the total angular momen-
tum at the ith and jth sites, respectively.

A. PrgNi,Si;

For the purposes of caleulation the arrangement of Pr
atoms in the crystal structure was transformed into an or-
thogonal coordinate systern as shown in Fig. 2(a), from
which the distances between various Pr atom pairs were cal-
culated. The results show that the distances vary between the
different types of Pr atom pairs. The Pr atoms less than
0.5 nm apart were selected as “nearest neighbors™ for the
purposes of these calculations. The specific atomic position
and the distances of nearest neighbors from each type of Pr
atom are shown in Table [ The Pr atoms in the triangular
base plane of the columnar structure of PrgNi,Siy compound

J. Appl. Phys. 101, 023918 (2007)
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FIG. 2. (Color online) (a) The projection of Pr atoms on the base plane in
the crystal structure of PrgNisSiy compound. The solid and open circles
indicate the Pr atoms in successive planes, above and below, the distance
between which is half of the unit cell’s height along the ¢ axis, respectively.
(b} Diagram of the trigonal base plane in PrgNiySi; showing two types of Pr
atoms—green and blue circles indicate “corner” and “edge” atoms,
respectively.

can be classified into two groups depending on the number
of nearest neighbors that they have among Pr atoms. It can
be shown that Pr atoms along the edges of the triangular
plane have ten nearest neighbors and those at the corners of
the triangular plane have 12 nearest neighbors. The arrange-
ment of Pr atoms in the base plane of the PrgNi,Si; com-
pound is shown in Fig. 2(b). The three-dimensional arrange-
ment of nearest neighbor Pr atoms is shown in Fig. 3 for (a)
“edge” and (b) “corner” atoms.

The average exchange interaction energy between near-
est neighbors was calculated based on the experimentally
measured Curie temperature (T-=40 K),T

comer atom

edge atom

Efde=3jg 2 Ji+3hw 2 T (2)
id ij

where EYE! is the total exchange energy for each triangular
base plane in the unit cell, such as the one shown in Fig.
2(b). This energy corresponds to 18k;7, the thermal energy
that six Pr atoms in the triangular base plane have at the
Curie temperature in order to cause the transition from a
ferromagnetic to a paramagnetic state (6 Pr atoms X 3kgT ).

TABLE 1. The atomic positions and the distances of nearest neighbors from each type of Pr atom in PrgNi,Sis.

Type of Pr Type of Pr
atom Atomic position of nearest neighbor Distance (A) atom Atomic position of nearest neighbor Distance (A)
Corner atom Two corner atoms on neighboring 353 Edge atom One corner atom on neighboring 370
(with 12 columns 1/2 plane up (with ten column 1/2 plane up
nearest Two corner atoms on neighboring 353 nearest One corner atom on neighboring 370
neighbor Pr columns 1/2 plane down neighbor Pr column 1/2 plane down
atoms) One edge atom on neighboring 3.70 atoms) One edge atom on neighboring column 378
columns 1/2 plane up 1/2 plane up
One edge atom on neighboring 3.70 One edge atom on neighboring column 3,78
columns 1/2 plane down 1/2 plane down
Two edge atoms in the same ¢olumn 4.0 Two corner atoms in the same column 4.0
and plane and plane
Two corner atoms on neighboring 4.85 Two edge atoms in the same column 3.64
columns in the same plane and plane
One corner atom in the same 4.28 One edge atom in the same column, 4.28

column, the next plane up
One corner atom in the same 4.28
column, the next plane down

the next plane up
One edge atom in the same column, 4.28
the next plane down
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(a) (b)

FIG. 3. (Color online) Arrangement of nearest neighbor Pr atoms around (a)
edge and (b} corner atoms in PrgNi,Si;. Green and blue circles indicate
corner and edge Pr atoms, respectively.

Since the effective magnetic field that each atom experiences
depends on the number of nearest neighbors for each site, the
effective magnetic field for each atomic site can be expressed
as
site
ES'= ‘JN;\'Z Jidy= mpoHys = mpggeri M (3)
ij
where H:'r“‘ is the exchange field for each site and ey, is the
mean field coefficient for each site. Assuming that the ex-
change field can be rewritten in the form Hf_il-‘fza,imM. the
total magnetic moment per triangular base plane can be ex-
pressed as the vector sum of all the edge (e¢) and corner or
apex (a) moments in the base plane,

i " H+H: )
T = g ® = 3mgB, M
kT
H+ H
+3meB, 1 kol : eff ; (4)
kT

where m® is the sum of magnetic moments of the three Pr
atoms located on the edges in the trigonal base plane, m® is
the sum of magnetic moments of the three Pr atoms located
on the corners in the trigonal base plane, and Bj(x) is the
Brillouin function,

Bylx)= (2';: : )cnlh[ [21;_!”‘{] - (:—J)cuth(:—JJ.

(5)

B. PrsNi,Si

Calculations for the PrsNi,Si; compound have been per-
formed in two different ways based on two different assump-
tions: (a) collinear alignment and (b) noncollinear alignment
of magnetic moments. The calculation procedure for collin-
ear magnetic moments is analogous to that for the PrgNi,Si;
compound, although the structure of PrsNi,Si; is more com-
plicated than PrgNi,Sis. The Pr atoms in the triangular base
plane of the columnar structure of PrsNizSiy (n=3) com-
pound were classified into three groups, corner (or apex) a,
edge e, and center ¢ depending on the number of nearest
neighbor Pr atoms.
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(b)

FIG. 4. (Color online) (a) The projection of Pr atoms on the base plane in
the crystal structure of PrsNi;Si; (n=3) compound. The solid and open
circles indicate the Pr atoms in the successive array of planes, above and
below, the distance between which is half of the unit cell’s height along the
¢ axis. (b) Diagram of the trigonal base plane in PrgNi;Siy showing three
types of Pr atoms—green, blue, and red circles indicate the corner, edge, and
center atoms, respectively,

For the purposes of calculation the arrangement of Pr
atoms in the crystal structure was transformed into an or-
thogonal coordinate system as shown in Fig. 4(a), from
which the distances between various Pr atom pairs were cal-
culated. Pr atoms at the center sites of the triangular plane
have eight nearest neighbors, those along the edges of the
triangular plane have ten nearest neighbors, and those at the
corners of the triangular plane have 12 nearest neighbors.
This is shown in Figs. 4(a) and 4(b). Figure 5 and Table II
show the atomic arrangement and distances of each type of
Pr atom from the nearest neighbors, respectively.

1. Collinear alignment

The exchange interaction energy is calculated from the
equation

(a) (b)
(©) (d)

FIG. 5. (Color online) Arrangement of nearest neighbor Pr atoms around the
{a} edge (A), (b) edge (B), (¢} center, and (d} corner Pr atoms in PreNisSiy
(n=3} compound. Green, blue, and red circles indicate corner, edge, and
center, Pr atoms, respectively.
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TABLE II. The atomic positions and the distances of nearest neighbors from each type of Pr atom in PrsNi, Si,

Atomic position of nearest

Atomie pesition of nearest

Type of Pratom neighbor Distance (A} Type of Pratom neighbor Diistance (A)
Comer atom Two corner atems on neighboring 351 Center atom Six edge atoms in the same column 3.82-3.88
(with 12 columns 142 plane up {with 8 and plane
nearest Two corner atoms on neighboring 3.51 nearest
neighbor Pr columns 1/2 plane down neighbor Pr
atoms) One edge atom on neighborng 3.70 atoms) One center atom in the same column,
column 1/2 plane up the next plane up
One edge atom on neighboring 370
column 1/2 plane down
Two edge atoms in the same 4.05 One center atom in the same column,
column and plane the next plane down
Twao corner atoms on neighboring 4.84
columns, in the same plane
COne comer atorm in the same 425 Edge (B) atom One corner atom on neighbonng 370
column, the next plane up {with ten column 1/2 plane up
One comer atom in the same 4.25 nearest One corner atom on neighboring 370
column, the next plane down neighbor Pr column 1/2 plane down
Edge (A) Two edge atoms on neighboring 3.80 atoms) One edge atom on neighboring 3.80
atom (with ten columns 1/2 plane up column 1/2 plane up
nearest Two edge atems on neighboring 3.80 One edge atom on neighboring 3,80
neighbor Pr columns 1/2 plane down column 1/2 plane down
atoms) One comer atom in the same 4.05 Two edge atoms in the same column 3.63/4.07
column and plane and plane
Two edge atoms in the same column 3.63/4.05 One center atom in the same column 382
and plane and plane
One center atom in the same 3.88 Ome corner atom in the same column 4.05
column and plane and plane
One edge atom in the same 425 One edge atom in the same column, 4.25
column, the next plane up the next plane up
Omne edge atom in the same 425 Omne edge atom in the same column, 425
column, the next plane down the next plane down
E =- ?JNNE JJ; cos 6, (6) In order to perform this calculation the Pr atoms in the lattice

1,j
where # is the angle between magnetic moments at ¢th and
Jjth sites. The total exchange interaction energy per unit tri-
angular plane can be obtained using the measured Curie tem-
perature (1),

center atom

edge atom

Egm =10 X J+6hw X T
L] 1)

commer atom

$3%

(%]

didj=30kzT . (7

Based on this equation the magnetization versus tem-
perature curve (M vs T) was calculated following the same
method as in the PrgNi,Siy case. It should be noted that the
exchange energy for each atom depends on its location in the
triangular plane because of the different numbers of nearest
neighbors. This means that different Pr atoms in the triangu-
lar base plane will have their magnetic moments held in their
orientations with different energies depending on their loca-
tion in the plane.

2. Noncollinear alignment

The calculation for noncollinear magnetic moments is
significantly more complicated than for collinear moments.

need to be classified into four separate groups, although the
number of nearest neighbor Pr atoms per site remains the
same as for the collinear case. According to neutron diffrac-
tion data,” the component of the magnetic moment of the
corner Pr atom along the ¢ axis is 0.72u,, which can be
interpreted to mean that the magnetic moments of the corner
atoms are tilled 78° away from the ¢ axis. From this the
angles between the magnetic moments for each Pr site were
calculated and these were then included in the subsequent
calculation of the exchange interaction energy using Eq. (6)
above.

Considering these noncollinear effects on the exchange
interaction energy, the edge atoms can be further classified
into two subgroups based on the fact that the angle between
magnetic moments of “edge-corner” atom pairs is different
than that of “edge-edge™ atom pairs, and that “edge (A)” and
“edge (B)" atoms have different combinations of nearest
neighbor Pr atoms. For edge (A} type there are eight edge/
one center/one corner nearest neighbor atoms while for edge
(B) type there are six edge/one center/three corner nearest
neighbor atoms. Therefore for the noncollinear calculation
the contribution to total exchange energy for each atom is not
a simple linear function of the number of nearest neighbors
for each site, but a more complicated function of two vari-
ables, N (the number of nearest neighbors) and # (the relative
angle of orientation between neighboring pairs). Figure 5 and
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FIG. 6. (Color online) Caleulated M vs T curves using Brillouin functions
for the PrgNi;Si; compound. Green and blue symbaols represent the magne-
tization due to the Pr atoms at corner and edge sites, respectively. The black
symbols are the sum of these two contributions, which correspond to the
total magnetization.

Table II were used to determine how many nearest neighbor
atoms should be used in the calculation. The total exchange
interaction energy per triangular base plane was then calcu-
lated as follows:

rangle _ poenter sdge A edge B corner
chx - ‘L‘-ch + E:-x F Et-x + F‘:-x
center atom
=l 2 Jdjcos by
i
edge A atom

i

i cos b

edge B atom

+3hw 2

ij

Jdcos 6, ;

corner atom

+ 3«)‘\'\' 2

ij

Jud gos O ;= 30kgT . (8)

Ill. RESULTS AND DISCUSSIONS
A. PrgNi,Si;

The calculated magnetization versus temperature (M vs
T) curves for each type of Pr atom as well as the total result-
ant magnetic moment for PrgNi;Si; are shown in Fig. 6. The
magnetization curve for each type of Pr atom in the triangu-
lar base plane has been presented in terms of normalized
magnetization compared with the total magnetization. The
calculated M vs T curve for each type of Pr atom is indicated
with green (corner) and blue (edge) symbols and the total
magnetization curve with black symbols. All curves show a
monotonic decrease of M with T over the entire range of
temperature and a Curie temperature of 40 K which is con-
sistent with the experimentally measured value. However,
the rate of decrease in magnetization with temperature is

J. Appl. Phys. 101, 023918 (2007)
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FIG. 7. (Color online} Calculated M vs T curves using Brillouin functions
for the PrgNi;Siy compound with collinear magnetic moments. Red/blue/
green symbols represent the magnetization due to the Pr atoms at the center/
edge/corner sites, respectively. The black symbols are the sum of these three
contributions, which correspond to the resultant total magnetization of this
compound.

different for each type of Pr atoms. Magnetization for edge
atoms decreases faster with temperature than for corner at-
oms. This is due to the difference in number of nearest
neighbor exchange interactions for the two different types of
Pr atom, ten for edge atoms and 12 for corner atoms, thus
making a difference in the exchange field (HX¥) for the dif-
ferent atomic sites.

B. PrgNi,Sis
1. Collinear magnetic moments

The calculated magnetization versus temperature (M vs
T) curves for each of the different types of Pr atoms as well
as the total magnetic moments for PrsNi;Si; compound have
been calculated using the same method as with the PrgNi,Sis
case, based on the assumption that all magnetic moments are
collinear. The calculated M vs T curves are shown in Fig. 7,
in which the red/blue/green symbols represent the contribu-
tions of centerfedge/corner atoms to the magnetization, and
the black symbols represent the resultant total magnetization.
The results show a monotonic decrease of M with T over the
entire range of temperature. This is similar to that of the
PrgNisSis compound. The caleulated Curie temperature of
48 K is consistent with the experimentally measured value.
The rate of decrease in magnetization with temperature is
different for each of the different types of Pr atom, which is
due to the difference in the number of nearest neighbors for
each of the different types of Pr site leading to a difference in

the exchange field () for the different atomic sites

2. Noncollinear magnetic moments

The experimentally determined magnetization versus
temperature (M vs T) curves of PrsNi,Siy single crystal are
shown in Figs. 8(a) and 8(b), where M was measured (a)
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FIG. 8. (Color online) Variation of the magnetization of PrgNiiSi; single
crystal with temperature, measured (a) parallel M. and (b) perpendicular
M | to the ¢ axis under various strengths of applied magnetic field (Ref. 7).

parallel and (b} perpendicular to the ¢ axis using a supercon-
ducting quantum interference device (SQUID)
magncmmcter,? These magnetizations are shown in terms of
the net number of Bohr magnetons per Pr atom. The mag-
netic moment per Pr atom in the single ion state is 3.58 pp.
In the condensed matter state the value of this moment is
likely to be different as indicated by preliminary experimen-
tal measurements using neutron diffraction.® In fact it ap-
pears that the Pr atoms on each of the three different types of
lattice sites have different magnetic moments.

The fact that the maximum value of magnetization under
a field of puH=5'T was 55% of expected saturation for the

J. Appl. Phys. 101, 023918 (2007)

component of magnetization parallel to the ¢ axis M. and
29% of expected saturation for the component of magnetiza-
tion perpendicular to the ¢ axis M . indicates that the values
of magnetization measured in both directions are not satu-
rated even at a field of u,H=>5 T and that the easy axis may
be closer to the ¢ axis than to the base plane. This can be
explained by considering the atomic arrangement of Pr at-
oms. In the case of a Pr atom at the corner site, the Pr atom
has 12 nearest neighbors as shown in Fig. 5(d). This also
shows that the atomic arrangement of nearest neighbors
around the Pr atom at the corner sile is not symmetric and
further suggests that the magnetic moments at the corner Pr
atoms will tend to be tilted away from the ¢ axis.

These predictions are also consistent with the neutron
diffraction data which indicate that the component of mag-
netic moment along the ¢ axis of the Pr atom at the corner
site 1s 0.72e5. This could be interpreted to mean that the
magnetic moment of the corner atoms is tilted 787 away
from the ¢ axis. Based on this the possible angles between
the magnetic moments for each site were calculated and
these were included in the calculation of the exchange inter-
action energy using Eq. (6).

The expected M vs T curves for each type of Pr atom
were calculated. The results are shown in Fig. 9(a), which
predicts a consistent Curie temperature for all sites, which
agrees with the experimental results shown in Fig. 8. From
results of the calculated M vs T curves shown in Fig. 9(a) the
expected variation with temperature of the average angle of
magnetic moment relative to the ¢ axis for each type of Pr
atom has been calculated and is shown in Fig. 9(b).

When it comes to the experimentally measured M | -T
curve shown in Fig. 8(b), a local maximum in magnetization
was observed around 25 K under an applied magnetic field
of 1 T and the transition temperature where the local maxi-
mum occurred was lowered as the magnitude of the applied
magnetic field increased. According to the understanding
achieved in the present work this behavior is considered to
be due to the asymmetric exchange interactions at the corner
sites. Symmetry arguments show that the direction of the
component of magnetic moment of the corner atom in the
base plane should be along the direction of broken symmetry,
which is indicated for the different corner atoms in Fig. 10,
As a consequence, when the temperature decreases below a
critical temperature (the spin reorientation temperature) the
magnetic moments of the Pr atoms in the base plane reorient
in such a way that they partially cancel each other out, thus
reducing the component of resultant total magnetization in
the plane.

IV. CONCLUSIONS

The variation of magnetization with temperature of
PrgNi,Siy and PrsNi,Siy single crystal alloys has been calcu-
lated using a nearest neighbor exchange interaction approxi-
mation. In PrgNi,;Sis two types of Pr atoms were classified,
“corner” and “edge,” based on the number of nearest neigh-
bors. In PrsNi,Siy three types of Pr atoms were classified,
“corner,” “edge,” and “center,” based on the number of near-
est neighbors,
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FIG. 9. (Color online)} (a) Calculated M vs T curves for the PrsNi;Si; com-
pound. Red/blue/cyan/green symbols represent the magnetization due to the
Pr atoms at the centerfedge(A)edge(B)/corner sites, respectively, The black
symbols are the sum of these four contributions, which correspond to the
total magnetization of this compound. (b} The expected variation with tem-
perature of the angle # relative to the ¢ axis of magnetic moments for each
of the different types of Pr atom.

Magnetization versus temperature (M vs T) curves for
each type of atom were calculated as well as the average
magnetization versus temperature (M vs T) curve for the
whole trigonal array. The calculations predicted Curie tem-
peratures of 40 K for PrgNi,Si; and 48 K for PrsNi,Sis,
which are in agreement with experimental results, but with
different temperature dependences of magnetization for the
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FIG. 10. Atomic arrangement of Pr atoms in the PrgNi,Si; compound. The
arrows from the corner atoms indicate the direction in which the symmetry
of the exchange interaction at the corner atom is broken.

different types of Pr atoms on corner, edge, and center sites.
The results also showed that components of magnetic mo-
ments of Pr atoms at the corner sites have preferred orienta-
tion in the base plane with a sixfold symmetry. This sixfold
preferred orientation in the base plane causes the component
of magnetic moment in the base plane of each corner site to
be partially canceled by the base plane components of mag-
netic moment of the other corner atoms, so that the resultant
total magnetization was decreased. The critical temperature
at which this occurs causes the second, or spin reorientation,
transition to occur at about 25 K in PrsNi,Si;, which has
been observed experimentally.
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FIG. 1. Temperature-dependent thermal exy of polyerystalline

PrsNi-Siy (solid circles) and PrysNi-Siy, (open cireles) under zero applied
magnetic field. The inset shows detailed results of the variation of magne-
tization with temperature over the range 10-100 K at different constant
field strengths.

ture range (100-300 K where magnetic contributions could
be ignored since the material was in a paramagnetic state
throughout this temperature range. For this calculation, an
approximate equation for the Debye function was used at
high temperatures. Values of @, were obtained, 201 K for
Pr;Ni,Si; and 209 K for PrsNi;Si),,. respectively. and from
these the expected variation of heat capacity with tempera-
ture in the absence of magnetic effects was calculated over
the whole temperature range. The expected phonon contribu-
tion to thermal expansion in the absence of magnetic effects
was calculated over the same temperature range as the heat
capacity measurements (100-300 K) using the method of
Sayetat et al® These calculations gave a thermal expansion
that varied slowly with temperature as would be expected in
the absence of magnetic contributions. The results of these
calculations. showing the expected temperature dependence
of both heat capacity and thermal expansion coefficient in
the absence of magnetic effects, are shown in Fig, 2.

Once the results of heat capacity and thermal expansion
in the absence of magnetic effects were calculated the pho-
non contribution was subtracted from the measured total heat
capacity and thermal expansion as shown in Fig. 3. Since the
other clectronic contributions to these properties are negli-
gible in comparison. the differences are due to the magnetic
contributions to the heat capacity and thermal expansion.
which are strongly dependent on any changes in the mag-
netic order. The results indicated magnetic transitions at tem-
peratures of 25 K and 41 K for PrsNi,Si;. 31 K and 58 K for
Pr;sNi;Si;, where rapid changes in these properties occurred.

The variation of thermal expansion coefficient with heat
capacily are shown in Fig. 4(a) for both compounds. These
show behavior that is consistent with the Gruneisen
a.‘ssun]ptti(‘.lrlJ
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c 0’ KIm'K

(a)

C (10" ki/m' K)

(b)

FIG. 2. The calculated phonen contribution to heat capacity and thermal
expansion coefficient of polyerystalling (a) PrsNizSis and (b) PrisNi-Si;,
using the Debye-Gruneisen theorem. The symbols *, A, @ show the pro-
jections of the data on the C-T, a-T, and a-C planes, respectively.

~

(1)

=

]

J
~

where « is the thermal expansion coefficient, C is the spe-
cific heat capacity. K is the bulk elastic modulus, and y is the
Gruneisen parameter. Since the Gruneisen parameter and
bulk modulus are relatively insensitive to temperature. the
thermal expansion coefficient and heat capacity have essen-
tially a lincar relationship.

The bulk modulus K for each compound was calculated
from acoustic velocity measurements made at 300 K. The
values obtained were 68.9 GPa for Pr;Ni-Si; and 68.6 GPa
for PrisNi;Sij;. The Gruncisen parameter was then calcu-
lated for each compound from Eq. (1) using known values of
C and « assuming no structural or magnetic changes in the
alloys. The results are shown in Fig. 4(b}.

Magnetostriction of polycrystalline  Pr;Ni,Si; and
Pr,sNi;Sij, were measured. The results for these two com-
pounds were very similar’ and showed a positive magneto-
striction at all temperatures in which the amplitude of mag-
netostriction under a 9 T field decreased with temperature
for both samples. Inflection points on the A-// curve were
observed at low temperatures, at 10 K for PrsNi,Si; and at

Downloaded 17 Jul 2007 to 147.155.80.84. Redistribution subject to AIP license or copyright, see http:/fjap.aip.org/jap/copyright.jsp
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FIG. 3. The magnetic contribution to heat capacity/thermal expansion coef-
ficient obtained from the difference between the total heat capa
expansion coefficient and the phonon contribution for (a) PrsNi,Siy and (b)
Pr)sNi-8iy, shown in Fig, 2.

20 K for PrysNi;Siy,. These are consistent with the existence
of magnetic phase transitions at these temperatures. Further-
more, the inflection points in both A-ff and M-/ curves oc-
curred under similar applied field strength of around 3 T for
PrsNi,Si; and 4 T for PrisNi;Si; . These results provide fur-
ther confirmation of a second magnetic transition at lower
temperature as suggested by the thermal expansion results.

IV. CONCLUSIONS

Theoretical calculations were used to separate the pho-
non and magnetic contributions to thermal expansion from
experimental results on PrsNi,Si; and PrysNi;Si;,. The cal-
culated magnetic contribution to thermal expansion revealed
the two magnetic phase transitions for each composition:
magnetic order/disorder transition at a higher temperature
(41 K for PrsNi,Sis, 58 K for Pr;sNi;Si,,) and spin reorien-
lation transition at a lower temperature (25 K for Pr;Ni,Si,.
31 K for PrsNi;Si; ). These results are consistent with those
of magnetostriction measurements and with previously pub-
lished heat capacity data and magnetic property measure-
ments. In addition. the bulk elastic modulus was determined
for each compound from acoustic velocity measurements and
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FIG. 4. {a} Comparison of the calculated phonon effect of PrgNi,Si; and
1 (b) Comparison of the calculated Gruneisen parameter of
and Pry¢Ni-Si;, with temperature. Bulk moduli for PreNi,Siy and
y are 68.9 and 68.6 GPa, respectively.

the Gruneisen parameter was then determined from thermal
expansion. heat capacity, and the bulk elastic modulus for
cach compound.
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Thearetical calculation of magnetic structure variation in PrsNi>Sis
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The variation of magnetization with temperature of the PrsNi, Siz compound was calculated using a
nearest neighbor exchange interaction approximation. Pr atoms, which are the only element in this
compound with a net magnetic moment, were classified into three types based on the number of
nearest neighbor exchange interactions. The expected magnetization versus temperature curve for
each type of Pr atom was calculated using the Brillouin function, as well as the average
magnetization versus temperature curve for the entire unit cell. The results show that the “corner”
atoms exhibit very different behavior from that of the other types of Pr atoms on the “center” or
“edge” sites. This is due to the broken symmetry in exchange interaction at the corner site due to
interactions with atoms from outside the unit cell that are in closer proximity than atoms within the
unit cell. This is considered to be the cause of a second magnetic phase transition observed at a
lower temperature than the Curie temperature. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2173608)

A “model system” in materials science needs to satisfy at
least three conditions. (1) The system must be simple enough
that there are only a few key dominant factors which influ-
ence the physical property to be studied or predicted. (2) The
“control variables” that are ultimately responsible for the
physical phenomena (such as composition, crystal structure,
temperature, pressure, or exchange interaction) should be al-
terable in a well defined way so that their effects can be
studied independently. (3} The general ideas and predictions
obtained from the model system should be applicable to
other related cases. In this respect, the homologous series
of Pr-Ni-Si compounds can serve as a model system for
the study of structure/property relationships in magnetic
materials.

The ternary Pr—Ni-Si system contains the homologous
series of compounds R0y, 1N 1142515001 Where R is a
rare earth element, in this case Pr. It provides a range of
materials with different structures as described by lvlogl,l The
compounds  PrgNiySizs(n=2),  PrsNi,Siz(n=3), and
PrisNi;Sip(n=4) have been prepared and are known to be
the members of this family. These compounds exhibit a hex-
agonal structure formed of trigonal prismatic columns in
which the size of the base plane of the trigonal prismatic
“cluster” is determined by the value of n in the chemical
formula, As the size of the cluster changes, the number of
exchange interactions for each Pr atom systematically
changes, thus the physical properties are expected to vary
systematically from one member of the series to the next.

Experimental investigations of PrsNi, 51, and PrysNi;Siy,
polyerystalline samples and a PrsNi,5Si, single crystal sample
have recently been rcportod.' According to the experimen-
tal results, each compound shows two magnetic phase tran-
sitions: a magnetic order/disorder transition at a higher tem-
perature (41 K for PrsNi,Sis and 58 K for Pr,<Ni,Si,,) and

VElectronic mail: song 73@ iastate edu

0021-8979/2006/99(8)/08P304/3/323.00

99, 08P304-1

another transition, which exhibits characteristics of spin re-
orientation ftransition, at a lower temperature (25 K for
PrsNi,Siy and 31 K for PrjsNi;Sipe). The present paper re-
ports on the theoretical investigation of temperature depen-
dent magnetization of single crystal PrsNi,Siy. The calcula-
tions are based on a nearest neighbor exchange interaction
approximation. Studies of next nearest neighbor interactions
would also be of interest. The inclusion of such additional
interactions will require a reduction of the pair exchange
energy to maintain the same Curie temperature, and should
reduce the sharpness of the Curie point transition compared
with the calculation based only on nearest neighbors.

The exchange interaction energy for each atomic site
was determined using a nearest neighbor exchange interac-
tion approximation. For this calculation, it was assumed that
(1) only the Pr atoms contribute to magnetization and for the
purposes of the calculation the magnetic moment per Pr atom
was assumed to be 3.58¢;, which is the theoretical value for
an isolated Pr atom. In practice the moment on the Pr in
condensed matter is smaller, and the Pr atoms on the differ-
ent lattice sites also have different values of magnetic mo-
ment. Therefore for an attempt at such a calculation a fixed
magnitude of moment was assumed. (2) The exchange inter-
action exists only between the nearest neighbors, which is
expressed as

Eex:_yhiﬂl;",i'jj‘
L
where Jyy is the exchange interaction constant between near-
est neighbors and J; and J; are total angular momentum at the
ith and jth sites, respectively.

The Pr atoms in the triangular base plane of the structure
of PrsNi,Siy [Figs. 1(a) and 1{b)] can be classified into three
groups by the number of nearest neighbors among Pr atoms:
Pr atoms at the center sites, along the edges, and at the cor-
ners of the triangular plane have eight, ten, and eleven near-
est neighbors, respectively [Fig. 1(b)]. The average exchange

© 2006 American Institute of Physics
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(b)

FIG. 1. (a) Crystal structure and unit cell of PrsNi,Si; showing the trigonal
cells which form prismatic columnar assemblies. [Note that for the purposes
of clarity there are additional Ni atoms not shown here which lie at the
corner of the rhombohedra containing the two trigonal prisms and amount to
one extra Ni atom per trigonal plane (Ref. 5)]. (b} Schematic picture de-
scribing three types of Pr atoms in the base plane of pristimatic columnar
structure of PrgNi,Siy single crystal.

interaction energy between nearest neighbors was caleulated
based on the experimentally measured Curie temperature
().

Since the effective magnetic field that each atom expe-
riences depends on the number of nearest neighbors for each
site, the effective magnetic field for each atomic site is de-
termined from

site
Eg'=- -"N.\‘_E; Ji-dj=m- soHgs =m - oM.,
i
where A2 is the molecular field and ag;, is the molecular
field constant for that site.
The total magnetization can be expressed as the sum of
the magnetic moments of the three different types of atoms,

mgpolH + Heg)
kT

g fyy (H+ H;ﬂ-}
kg T

RS = € o = m.-.BJ[

+ 6»1,,3_;[

ool H + HY.
+ 3m,}8_,[7m ol er) ®
kgT

where By is the Brillouin function and m°®, m®, and m® are the
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FIG. 2. Variation of the magnetization of PrgNi,Siy single crystal with tem-
perature, measured by SQUID (a) parallel and (b) perpendicular to ¢ axis
under various magnetic fields (Ref. 6).

magnetization due to each of the Pr atoms at the center, edge,
and corner of the triangular plane, respectively.

Figures 2(a) and 2(b) show M vs T curves of PrsNi,Sis
single crystal, where M was measured parallel (a) and per-
pendicular (b) to the ¢ axis using a superconducting quantum
interference device (SQUID) magncl-.)mctcr.6 The SQUID
measurements appear to show that the magnetization is not
saturated in either direction even at a field of pH=5'T but
that the easy axis appears tilted much closer to the ¢ axis than
to the base plane. This can be explained by considering the
atomic arrangement of Pr atoms. For a Pr atom at the corner
site, the Pr atom has 11 nearest neighbor Pr atoms, as shown
in Fig. 3. This indicates that the sixfold symmeltry in ex-
change interaction is broken by the lack of one Pr atom at
one of the six nearest neighbor sites in the same plane. As a
result the magnetic moments at the corner Pr atoms will tend
to be tilted away from the ¢ axis, as confirmed by the neutron
diffraction data’ which indicate that the magnetic moment of
the Pr atom at the corner site is 0725 along the ¢ axis.
Considering that the theoretical magnetic moment of Pr atom
is 3.58up, the measured magnitude of 0.72uy along the ¢
axis can be interpreted as the magnetic moment of the corner
atoms is tilted 78° away from the ¢ axis. Based on these
results, the angles between the magnetic moments for each
site were calculated and these were included in the calcula-
tion of the exchange interaction energy,
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FIG. 3. Atomic arrangement of Pr atoms around the corner site (looking
along the ¢ axis). The central sphere is a Pr atom at the corner site which has
11 nearest neighbor Pr atoms: 5 in the same base plane, 2 in the same
trigonal column and 3 in the second neighbor columns (grey spheres); 3 in
neighboring trigonal columns 1/2 plane up (black spheres); and 3 in neigh-
boring trigonal columns 1/2 plane down (not visible behind the black
.-i]‘Jh&'n'.s).

Ey=-2lw J; -Jjcos 0,
i
where @ is the angle between magnetic moments at ith and
jth sites.

Based on the caleulated exchange energy the expected M
vs T curves for each type of Pr atom were calculated. The
results are shown in Fig. 4, which shows a consistent Curie
temperature for all sites.

The measured M | -T curve [Fig. 2(b)] exhibits a local
maximum in magnetization at 25 K under an applied mag-
netic field of 1 T and the transition temperature where the

40
« m’ (center atom (1))
o - m' Gide atoms (6))
30l +  m' (corner atoms (3)) |
o m""'=m+m'+m’
25 =
3 20 | E
g 15! i
10| -
5t 4
L] "
[] 10 20 30 40 50 60 7O
Temperature (K)

FIG. 4. Simulated M vs T curves using Brillouin functions for the PrsNi;Siy
compound. Red, blue, and green symbols represent the magnetization due to
the Pr atoms at the center, edge, and corner sites, respectively. The black
symbols are the sum of these three contributions, which is the total magnetic
moment of the ten Pr atoms in the triangular plane.

FIG. 5. Atomic arrangement of Pr atoms. Each arrow from the corner atoms
indicates the direction in which the symmetry of the exchange interaction at
the corner atom is broken.

local maximum occurs is lowered as the magnitude of field
increases. This behavior is also considered to be due to the
asymmetric exchange interactions at the corner sites. The
direction of the magnetic component of the corner atom in
the base plane should tend to be along the direction of bro-
ken symmetry, which is indicated with arrows in Fig. 5, be-
cause thermal agitation encounters no competing influence
from exchange interaction in this direction, thus making it
easy for the magnetic moment to tilt to this direction. There-
fore the magnetic components of the corner atoms on the
base plane tend to turn to their own locally preferred direc-
tions (arrows in Fig. 5). As a consequence, when the tem-
perature decreases below a critical temperature the total mag-
netic moments on the base plane will be compensated,
meaning that the moments of the corner atoms are aligned in
such a way that they partially cancel each other out, thus
reducing the component of magnetization in the plane.
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Thermal Expansion and Magnetostriction in
Pr;NioSig Compounds
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The thermal expansion and magnetostriction of polyecrystalline and single-crystal Pr; Ni;Siz were investigated over the temperature
range 5-300 K. The results show two magnetic phase transitions, one corresponding to the Curie temperature and the other at a lower
temperature exhibiting characteristics of a spin reorientation transition. In the temperature range below the Curie temperature, the
thermal expansion in single-crystal samples exhibited a temperature dependent anisotropy. Specifically negative and positive magnetic
contributions to the thermal expansion were observed along the directions parallel and perpendicular to the ¢ axis respectively.

Index Termais—Magnetostriction, rare earth, spin reorientation, single crystal, thermal expansion.

[. INTRODUCTION

HE TERNARY Pr-Ni-Si system contains an

unusual  and  interesting  homologous  series
Prinsoyns 1y Ninge—1)105igmy1y  that has recently been
discovered to be magnetic [1]. This alloy system exhibits a
hexagonal structure formed of trigonal prismatic columns in
which the number of small trigonal prisms that fit along each
side of the basal plane of the larger trigonal prism of the unit
cell is determined by the value of n in the chemical formula.
Therefore, the size of the trigonal prismatic magnetic “cluster”
can be controlled by adjustments of chemical composition,
providing a model system for systematic investigation of
magnetic properties which vary with the size of the cross
section of the trigonal columns, with the other structural
conditions remaining the same.

This series includes the identifiable compounds PrgNisSis
(H = 2), PrsNigSig (‘7’?, = 3), and PrlsNinim (‘i’), = 4)
Investigations of crystal structure, magnetization, specific
heat capacity, and magnetocaloric effects of polycrystalline
Pr;NizSiz have been reported by Pecharsky ef al. [1]. Thermal
expansion investigations of polycrystalline PrsNipSiy and
Pri;NizSij, have recently been reported, in which theoretical
calculations have been used to extract the magnetic contribution
to thermal expansion [2].

This paper reports on an investigation of the properties of
both polycrystalline and single-crystal PrsNi,Sis, in which the
magnetic phase transitions were examined by measurements of
thermal expansion and magnetostriction. Two magnetic phase
transitions have been observed in this compound at 48 K and
25 K. The higher temperature transition is known to be the mag-
netic order/disorder transition.

Single-crystal samples of Pr;Ni»Siz have recently been pro-
duced for the first time. These enabled us to investigate the direc-
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tional dependence of thermal expansion and magnetostriction.
Since the quantity measured for polycrystalline samples is the
average value over randomly distributed local anisotropies, in-
vestigating single-crystal samples is essential for understanding
its anisotropic characteristics.

II. EXPERIMENTAL METHODS

The polycrystalline samples of PrsNiy oSiy were prepared
by arc melting in an argon atmosphere from high purity com-
ponents: Pr (99.94 at. % pure), Ni (99.88 at. % pure), and Si
(99.99 at. % pure). The single-crystal samples of Pr;NipSia
were synthesized using a vertical gradient freeze method.
Thermal expansion and magnetostriction were measured using
strain gauges. Measurements were carried out under applied
magnetic fields of upto 9 T in the temperature range 5 K-300 K.
Thermal expansion and magnetostriction of single-crystal sam-
ples were measured in parallel and perpendicular to the ¢ axis
under an applied magnetic field along the same direction as the
strain was measured.

III. RESULTS AND DISCUSSIONS
A. Polyerystalline Samples

The results of thermal expansion measurements under zero
magnetic field and under a field of 9 T (py 7 = 9 T) are shown
in Fig. 1. Two kinds of anomalies in thermal expansion are ob-
served around 50 K and 25 K, indicating magnetic phase tran-
sitions.

To extract the magnetic contribution from the total thermal
expansion, the phonon contribution to thermal expansion was
calculated using the Debye—Gruneisen theory. This is indicated
as a solid line in Fig. 1. This phonon contribution was then
subtracted from the measured total thermal expansion. Details
of the theoretical calculations have been reported elsewhere [2].
Fig. 2 shows the resultant magnetic contribution to thermal
expansion, in which positive strains are observed above the
Curie temperature, indicating the magnetovolume effect due to

0018-9464/$20.00 © 2005 IEEE
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Fig. 1. Temperature-dependent thermal expansion of polycrystalline
PrsNi»Siz under zero field (solid symbols) and under a field of 9 T (open
symbols). Calculated phonon contribution to strain is indicated as a solid line
for comparison.
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Fig. 2. Magnetic contribution to thermal expansion obtained from the
difference between the total thermal expansion and the phonon contribution.

local short range order of magnetic moments which does not
disappear immediately at the Curie temperature as long-range
order does [3]. The transition temperatures were determined
from locations at which distinct changes occur in the slope of
the thermal expansion curve. Thus, magnetic transitions were
observed at 48 K and 25 K.

B. Single-Crystal Samples

Fig. 3 shows thermal expansion measured in parallel and per-
pendicular to the ¢ axis under zero magnetic field, with the
thermal expansion and calculated phonon contribution for poly-
crystalline samples shown for comparison. Thermal expansion
curves for polycrystalline and single-crystal samples are con-
sistent with each other in the high-temperature region where the
magnetic effect is not present. This indicates that the lattice con-
tribution to thermal expansion is isotropic.
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Fig. 3. Variation of thermal expansion of single-crystal Pr;Ni,Si; with
temperature measured in parallel and perpendicular to ¢ axis under zero
magnetic field. Experimental data of polycrystalline samples are included for
comparison with the calculated values for polycrystalline samples using the
measured data of single-crystal samples.

The thermal expansion data measured from single-crystal
samples were used for calculations of thermal expansion ex-
pected for polycrystalline samples by averaging the total local
anisotropies over all directions under the assumption that all
the grains are randomly distributed inside the polycrystalline
samples. Since this compound has a hexagonal structure, the
averaged strain in the polycrystal is given by

1 2
Epoly = §£//c + 55_1_('

where e;,01y is average thermal expansion for the polycrystalline
sample, €/, is thermal expansion measured parallel to the ¢
axis, and € | . is thermal expansion measured perpendicular to
the ¢ axis. The results of this calculation have been compared
with the experimental results in Fig. 3, which shows excellent
agreement between measured and calculated values of strain for
a randomly oriented polycrystalline sample.

The single-crystal thermal expansion data below the Curie
temperature in Fig. 3 show anisotropy, with different behavior
depending on the direction of measurement of strain, whether
parallel or perpendicular to the ¢ axis. It seems reasonable to
conclude that this anisotropy in thermal expansion is due to the
magnetic ordering and that the nonmagnetic phonon contribu-
tion remains isotropic below the Curie temperature.

The magnetic contribution to thermal expansion along dif-
ferent directions was calculated from the total thermal expan-
sion in the directions parallel and perpendicular to the ¢ axis by
applying the same procedure as described above for the poly-
crystalline samples. Specifically, the isotropic phonon contribu-
tion to thermal expansion was subtracted from the total thermal
expansion along different directions. The results of these cal-
culations are shown in Fig. 4, in which the polycrystalline data
have been included for comparison. The same value of strain,
irrespective of the direction of measurement, was observed at
the Curie temperature and above. The magnetic contribution to
this thermal expansion in directions parallel and perpendicular
to the ¢ axis, which correspond to spontaneous magnetostriction
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Fig. 4. Variation of the magnetic contribution to thermal expansion of
single-crystal Prs Ni. Si; with temperature measured parallel and perpendicular
to ¢ axis under zero magnetic field, which is obtained from the difference
between the total thermal expansion and the phonon contribution. Data
obtained from polycrystalline samples using the same procedures are included
for comparison.

Ayje and A, respectively, show different behavior as the tem-
perature decreases below the Curie temperature. A . increases
as T decreases from 50 K down to 25 K, then decreases below
25 K, making a local maximum in the graph, while A/, de-
creases monotonically. In this respect, the second transition at
the lower temperature (25 K) is considered to be associated with
the variation of the distribution of preferred orientation of mag-

netic moments along directions perpendicular to the ¢ axis.

IV. CONCLUSION

Two kinds of magnetic phase transitions were observed in
Pr;NisSis from the results of thermal expansion and magne-
tostriction measurements, using both polycrystalline and single-
crystal samples. The magnetic order/disorder transition was ob-
served at 48 K and the spin reorientation transition at 25 K.

Anisotropy in thermal expansion was observed from single-
crystal samples below the Curie temperature, where the strain
perpendicular to the ¢ axis, € ., increases as the temperature

3501

decreases from the Curie point down to 25 K, then decreases
below 25 K. On the other hand, the strain parallel to the ¢ axis,
€//c> decreases monotonically as temperature is reduced. As-
suming that the phonon contribution to thermal expansion re-
mains isotropic below the Curie point, this feature indicates that
this compound shows negative and positive spontaneous magne-
tostriction in directions parallel and perpendicular to the ¢ axis,
respectively (i.e., A/, < 0, AL > 0) below the Curie temper-
ature.

Below the second transition temperature (25 K), the thermal
expansion behavior perpendicular to the ¢ axis exhibits charac-
teristics of a spin reorientation transition, which is associated
with a change in anisotropy energy with temperature.

The expected thermal expansion for polycrystalline samples
was calculated from the measured single-crystal data and the
results were consistent with the experimental measurements for
polycrystalline samples.

From the comparison of the results from polycrystalline and
single-crystal samples, it can be seen that the second magnetic
transition causes the anomaly in thermal expansion perpendic-
ular to the c¢ axis that was observed below 25 K.
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Abstract

Thermal expansion and magnetostriction of members of a homologous series of compounds based on the alloy series
Pty + 2)(n+ HNingi—1)+ 2Sin( + 1) have been measured. The crystal structures of these compounds are closely interrelated
because they form trigonal prismatic columns in which the number of trigonal prisms that form the base of the trigonal
columns is determined by the value of #n in the chemical formula. Two compositions were investigated, PrsNi,Si; and
Pry5Ni;Sijg, corresponding to n =3 and n = 4, respectively. The results were analyzed and used to determine the
location of magnetic phase transitions by calculating the magnetic contribution to thermal expansion using the
Gruneisen—Debye theory. This allowed more precise determination of the magnetic transition temperatures than could
be achieved using the total thermal expansion. The results show two phase transitions in each material, one
corresponding to the Curie temperature and the other at a lower temperature exhibiting characteristics of a spin
reorientation transition.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Thermal expansion; Magnetostriction; PrsNi,Si; compound; Pr;sNi;Si;q compound

1. Introduction of trigonal cells. These are particularly interesting
because the size of the trigonal cells is a simple

In the ternary alloy series Pry+2m+1) function of the chemical composition. In these
Ni,yu—1)+ 281 +1) the crystal structure is an cases 7 is the number of small trigonal cells that fits
assembly of prismatic columns consisting of stacks along the side of the prismatic columns, so

increasing n increases the width of the prismatic

*Corresponding author. Materials and Engineering Physics columns. T,hls SyStcm%qC variation of _the crysFal
Program, Ames Laboratory, lowa State University, Ames, IA structure with composition allows detailed StUdle.s
50011, USA. Tel.: +15152949685; fax: + 1515294 8727. to be made of the effects of structure on magnetic
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properties of the compounds. As these compounds
have well ordered crystallographic structures,
their magnetic properties are, at least in principle
calculable, which allows detailed comparison of
theory and experiment as the size of the unit cell is
varied.

Thermal expansion and magnetostriction mea-
surements have been made of two representative
samples of this series PrsNi»Si; and Pr;sNizSiye.
The objective was to provide the first definitive
measurements of these properties for these materi-
als and to locate the temperatures of any phase
transitions from anomalies or discontinuities in the
thermal expansion. In this respect, we extracted
the magnetic contribution to the thermal expan-
sion from the total thermal expansion by calculat-
ing the expected thermal expansion in the absence
of any magnetic effects using the Gruneisen De-
bye theory and then subtracting the calculated
from the measured thermal expansion to obtain
the magnetic contribution. This gave a clear
indication of the lecation of anomalous features
in the strain due to phase transitions and therefore
we consider that we have made a more precise
determination of the transition temperatures than
has been achieved previously, using for example
heat capacity or magnetization, because we have
been able to isolate the magnetic contributions

from the non-magnetic contributions to a mea-
sured physical property (in this case the thermal
expansion) and located the magnetic anomalies.

The Pr Ni Si alloy system has many different
structures in which approximately 20 individual
ternary phases have been reported. A summary of
the reported ternary intermetallic compounds in
the Pr-Ni-Si system has been given by Rogl [1].
Many of these phases exhibit closely related crystal
structures. As a result, their physical properties are
expected to change systematically from one
compound to the next. However, the physical
properties of most of the compounds have not
been investigated. One exception is PrsNisSis (n =
3) from the series Pr(n_,.z)(n_,.1)Nin(n_1)+28in(n+1).
The magnetization measurements, heat capacity
measurements and calculations of the magnetoca-
loric effect of this material by Pecharsky et al. [2]
showed that the material is paramagnetic for
temperatures above 50K. Upon cooling below
this temperature it undergoes an order disorder
transition to a ferromagnetic phase. A second
magnetic transition was indicated from heat
capacity measurements at around 25K.

The crystal structures of the two compounds
PrsNi,Si3 (r = 3), and Pr;sNi;8ij;, (# =4) are
shown in Fig. 1. In fact, these chemical formulae
represent idealized stoichiometries without taking

(b)

Fig. 1. Crystal structures and unit cells of (a) PrsNi;Si; and (b) Pr; sNi;Si;q showing the trigonal cells which form prismatic columnar
assemblies. The length of the sides of the prismatic columns is determined by the value of # in the chemical formula for the compound
in the series. (Note that for the purposes of simplicity there are additional Ni atoms not shown here. These lie at the comer of the
rhombohedra containing the two trigonal prisms and amount to one extra Ni atom per trigonal plane. See, for example, Fig. 4 of Y. M.

Prots and W. Jeitschko, Inorg Chem. 37 (1998) 5431.
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into account the defects on some of the Ni sites
which lead to deviations from the theoretical or
ideal stoichiometry [2].

Magnetization and heat capacity measurements,
and calculations of the magnetocaloric effect of
polycrystalline samples of the # = 4 alloy, have
recently been completed by Pecharsky et al. [3].
The magnetic behavior of this material is similar to
the # = 3 compound. The plot of inverse suscept-
ibility y~! against temperature above T, gave a
straight line that is typical of Curie Weiss-type
behavior. The Curie temperature for the com-
pound with » =4 was higher than that of the
compound with » =3 by about 10K. Below T,
there was also evidence of a second spin reorienta-
tion transition at a lower temperature in the n = 4
compound, which was similar to the behavior
observed in the » = 3 compound.

2. Experimental methods
2.1. Sample preparation

Polycrystalline samples of PrsNi,Si; (r = 3) and
PrsNi;Sijg {# = 4) were prepared by arc melting
in an argon atmosphere from high-purity compo-
nents; Praseodymium (99.9 + at%) was prepared
by the Materials Preparation Center at Ames
Laboratory. Nickel (99.88 at% pure) and Silicon
(99.999at%) were purchased from commercial
vendors. Selected samples were drop cast after
arc melting.

The samples were heat treated at different
temperatures for different periods of time ranging
from 5 days to 4 weeks. One sample was
conventionally arc-melted and then annealed at
870K for 5 days. The other sample was arc-melted
and drop cast followed by an annealing schedule
that consisted of 1120K for 2 weeks and then
1170K for 2 weeks. Comparison of the micro-
structures of these two samples showed significant
differences. The first sample contained large grains
which were needle shaped and appeared in
colonies This raises the possibility of significant
crystallographic texture on the sample face under
the strain gauge. The needle-shaped grains prob-
ably resulted from the temperature gradients
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present in the arc-melted button during solidifica-
tion. In the second sample, not only was the
solidification rate higher but also the temperature
gradients were smaller and more symmetric about
the cylindrical axis. The result was a finer,
equiaxed grain structure. Although the low-tem-
perature anneal did not modify the grain mor-
phology of the arc-melted sample some refining of
the microstructure of the drop cast sample tock
place during the high-temperature anneal.

Chemical compositions of the samples were
determined using X-ray diffraction (XRD) and
energy dispersive spectroscopy (EDS). Phase
identifications of these samples were performed
by X-ray powder analysis using Scintag powder
diffractometer. The Rigaku TTRAX powder
diffractometer was used for analyzing tempera-
ture-dependent lattice parameters in the tempera-
ture range from 5 to 294 K. The actual chemical
composition of the » = 3 compound was found to
be PrsNijoSi3, while the » =4 compound was
found to be PrisNigsSije. Although the com-
pounds did not form at the exact stochiometric
compositions, they will nevertheless be identified
hereafter in this paper by the nominal stochio-
metric compositions PrsNi,Siz and PrysNi;Sij . X-
ray powder diffraction analysis of the heat treated
materials indicated that, within the sensitivity of
the technique, they were single-phase alloys.

2.2, Property measurements

Thermal expansion and magnetostriction were
measured using Micro Measurements low-tem-
perature strain gauges type WK-06-031CF-350.
These were bonded on to the specimens using
M Bond 610 low-temperature strain gauge adhe-
sive Measurements were carried out under
applied magnetic fields of up to H=72x
10°A/m (uyH =9T) in the temperature range
5 300K. A *“‘half bridge™ configuration was used
to compensate for the temperature and field
dependence of the strain gauge resistance not
caused directly by strain in the sample. The second
“dummy” gauge was attached to a copper
reference sample, the measured strain being there-
fore the difference in thermal expansion between
the sample and that of copper. The temperature
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dependence of the unit cell dimensions and thus
the anisotropy in the thermal expansion was
measured over the temperature range 5 310K
using in situ X-ray powder diffraction. Magnetiza-
tion was measured using a Quantum Design
magnetometer under applied magnetic fields ran-
ging from 0 to 5T.

3. Results
3.1. Thermal expansion

The thermal expansion results for one sample of
PrsNi,Si; are shown in Fig. 2. These reveal an
anomaly in thermal expansion at about 50K
which, in combination with results reported
previously [2], is indicative of a magnetic phase
transition from a high-temperature disordered
paramagnetic structure to a low-temperature
ordered magnetic structure.

Thermal expansion results under fields of # =0
and 7.2x10°A/m (uH =0 and 9T) are com-
pared in Fig. 2. The minimum in strain in the
vicinity of 50K is indicative of the Curie tempera-
ture. The strain then reduced in amplitude until
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Fig. 2. Thermal expansion results for PrsNi;Siz (which was
annealed at 1120K for 2 weeks and then 1170 K for 2 weeks)
and PrisNi;Sijp under zero applied magnetic field and under a
field of H =72 x 108 A/m (uH = 9T).
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about 25 K when the material underwent a second
transition below which temperature the strain
amplitude began to increase again as the tempera-
ture was further reduced. The application of a
magnetic field widens the temperature range
between these transitions as shown in Fig. 2.

The difference between the thermal expansion
curves under zero field and under a field of u, H =
9T can be attributed to magnetic contributions to
strain. Assuming that these features are largely due
to magnetic contributions to the thermal expan-
sion, it indicates the presence of one or more
magnetically ordered phases at lower tempera-
tures.

The derivative of strain A with respect to
temperature is shown in Fig. 3. This shows that
the changes in sign of d4/dT occur at 29 and 48K
under zero magnetic field, and at 20 and 61K
under a magnetic field of yyH = 9T. These results
suggest that the magnetic phase which exists in this
intermediate temperature range between these
transition temperature, is stabilized by the pre-
sence of an applied magnetic field.

The thermal expansion of PrisNi;Sij; and its
derivative with respect to temperature are also
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S PrNi,Si, (9T)
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Fig. 3. Derivatives of the strain with respect to temperature
di/dT for PrsNi;Sis and PrisNisSijp under zero applied
magnetic field and under a field of H=72x10°A/m
(b =9T).
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shown in Figs. 2 and 3. The results under zero
applied field reveal an anomaly in thermal expan-
sion below 60 K, which is similar to the behavior
of PrsNi;Si; with the exception that it occurs at a
slightly higher temperature. It can be seen that the
presence of the magnetic field broadens the
anomaly in thermal expansion below about 80K,
in particular the difference in thermally induced
strain at these temperatures compared with room
temperature was smaller when under the action of
an applied field than under zero field. This suggests
that the difference between these curves is due to
changes in the magnetic order, and as in the
PrsNi,Si; alloy this indicates the presence of one
or more magnetically ordered phases at lower
temperatures.

A comparison of the thermal expansion data for
two different samples of the PrsNi,Si; alloy are
shown in Fig. 4. The two samples exhibited
significant differences in their behavior, which
are aftributed to the different microstructures
resulting from differences in sample preparation,
as described in Section 2.1.

3.2. Determination of lattice and magnetic
contributions to thermal expansion

To identify the location of magnetic phase
transitions from the measured data, the lattice
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(phonon) contributions to the thermal expansion
were calculated from the heat capacity data using
the Gruneisen Debyve model [6]. The resulting
thermal expansion from this calculation was then
subtracted from the total thermal expansion to
leave the magnetic contribution to the thermal
expansion. In order to make such calculations, the
Debye temperature was first calculated from the
heat capacity data shown in Fig. 5. In normal
(non magnetic) metals the Debye temperature fp
is usually calculated from the low temperature

equation [7]
3
(1) AT,
fp

where C, is the specific heat capacity at constant
volume, N, is Avogadro’s number, kg is Boltz-
mann’s constant, 7 is the thermodynamic tem-
perature and 4 is an empirically determined
coefficient that relates the electronic contribution
to heat capacity. The term depending on 7° is the
lattice contribution and the term that is linear in T
is the electronic contribution. This equation is
valid in the range T« 0.10p. However in the case
of PrsNi,Si; the magnetic contributions to the heat
capacity, which arise in the low-temperature
regime where this equation is usually applied,
preclude the use of this equation for accurately
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Fig. 4. Thermal expansion under zero field and under a field of H = 7.2 % 105 A/m (4 H = 9 T) for (a) PrsNi,Si; and (b) PrysNi;Siy,
which had been given different heat treatments, as described in the text.
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determining fp. Therefore an alternative proce-
dure was developed.

The magnetic effects are negligible at tempera-
tures well above the ordering temperature, which
in PrsNisSi; is in the vicinity of 50 K. Therefore,
the heat capacity of the material should obey the
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Fig. 5. Heat capacity plotted against J/T, with extrapolation of
data to 1/7 = 0. This allows the high-temperature asymptote
of €, (at T = o) to be determined. The heat capacity data as
shown in the figure were normalized to this limiting value
(Inset: Vanmation of the heat capacity of PrsNi;Si; with
temperature. In the low-temperature regime the A-type anomaly
around 50K and the weaker feature around 25K show evidence
of magnetic phase transitions [2]).

Debye model at temperatures higher than this. An
extrapolation procedure was developed to deter-
mine the locus of values of C(7) which will give a
limiting value of C, =3N,kg as T tends to
infinity. This extrapolation was achieved by
plotting €, against 1/7 and determining the
intercept at 1/7 = 0 as shown in Fig. 5 using an
approximate equation for the Debye function at
high temperatures. The entire heat capacity curve
was normalized to ensure that the data extra-
polated to the correct value of the high-tempera-
ture asymptote of the heat capacity. The value of
fn was obtained by finding the temperature at
which Cy{(fp) = 0.952C,(=<) [4].

Once fp was obtained the expected lattice
contribution to the thermal expansion was calcu-
lated theoretically from the heat capacity data at
different temperatures using the method of Sayetat
et al. [5]. Tt is possible to perform this calculation
without knowing #p, however fp then becomes a
variable that is calculated as part of the procedure,
and consequently there is a likelihood of greater
error in the results. This method does not account
for magnetic contributions to thermal expansion
and so the calculations were performed over the
temperature range 100 300K which were suffi-
ciently far from any magnetically ordered phases
that magnetic contributions could be ignored. This
calculation gives a slowly varying background
contribution to thermal expansion that would be
expected in the absence of magnetic contributions.
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Fig. 6. (a) Comparison of experimental results on PrsNi;Sis in zero field with expected thermal expansion as calculated from the heat
capacity data using the Gruneisen-Debye model and the equations of Sayetat et al. [5]. The calculated Debye temperature was 201 K.
(k) The magnetic contribution to thermal expansion obtained from the difference between the total thermal expansion and the phonon
contribution. (¢) Derivative of the magnetic contribution to thermal expansion with respect to temperature.
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The results were then extended to lower tempera-
tures using the same equation to determine the
expected thermal expansion in the absence of
magnetic effects. This is shown in Fig. 6(a)
together with the experimental data. The differ-
ences between the two curves are attributed to
magnetic contributions to thermal expansion.

The phonon contribution has been subtracted
from the measured thermal expansion as shown in
Fig. 6(b). Since the other electronic contributions
to thermal expansion are negligible in comparison
with the magnetostrictive component, the resultant
is the magnetic contribution to the thermal
expansion. The derivative with respect to tempera-
ture of this resultant magnetic contribution to the
thermal expansion is shown in Fig. 6(c). This
derivative will be strongly dependent on any
changes in the magnetic structure and it can be
seen that magnetic transitions are indicated where
distinct changes occurred in the slope of the curve
of the magnetic component of thermal expansion
against temperature.

Applying the same procedure as described
above for PrsNi,Si; the phonon contribution to
the thermal expansion of Pry;Ni;Si;, was calcu-
lated and then subtracted from the total thermal
expansion to give the magnetic contribution. The
results are shown in Fig. 7. From this, the
magnetic transition temperatures were found to
occur at 58 and 31 K.
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Analysis of the features in the magnetic con-
tribution to thermal expansion indicates the
existence of magnetic transitions at temperatures
of 48 and 27K in PrsNi»Siz and 59 and 33K in
PrysNisSijp corresponding to the order/disorder
and spin reorientation transitions, respectively.

A summary of the transition temperatures and

other features in these two materials is shown in
Table 1.

3.3 Comparison with X-ray diffraction results

The temperature dependences of the linear and
volume strains obtained from X-ray diffraction are
shown in Fig. 8. The anomaly that was observed in
the thermal expansion below 50K in Fig. 2
correlates with a similar feature observed in the
lattice parameters and hence also in the calculated
volume thermal expansion observed in the XRD
analysis.

3.4. Mauagnetostriction

The magnetostriction of PrsNi,Si; is shown in
Fig. 9a). Magnetostriction was measured at
temperature intervals of ten degrees from 10 to
70K under an applied magnetic field up to
toH = 9T. The results show a positive magnetos-
triction at all temperatures. This is consistent with
the results of calculations of thermal expansion in
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Fig. 7. (a) Comparison of the thermal expansion of PrisNisSijp in zero field with the calculated phonon contribution to thermal
expansion. The calculated Debye temperature was 209K. (b) The magnetic contribution to thermal expansion obtained from the
difference between the total thermal expansion and the phonon contribution. (¢) The derivative of the magnetic contribution to
thermal expansion.
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Table 1
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Phase transition temperatures and temperatures of other features obtamed from thermal expansion, magnetization and

magnetostriction data

Magnetic property PrsNi,Si5 Pr;sNi;Siig
Upper magnestic transition temperature® (Cune point-order/disorder transition) (K) 4842 39+2
Lower magnetic transition temperature® (Spin reorientation transition) (K) 2742 3342
Inflaction point” at 10K (from magnetization curve) (T) 3.0 39
Inflection point® at 10 K (from magnetostriction curve) (T) 3.0 38

*Magnetic transition temperatures determined from thermal expansion curves with background phonon contributions subtracted.
*Inflaction points determined from first derivatives with respect to magnetic fisld of magnetization and magnetostriction curves.
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Fig. 6, which showed a positive contribution to
strain from the magnetic ordering.

The magnetostriction amplitude under a wyyf =
9T field decreased from 360 x 107% at 10K to
130 x 107% at 50K, but note that even in the
paramagnetic regime a field-induced strain of 30 x
107° was observed at u,H = 9T which is higher
than the magnetostriction observed in many
ferromagnetic materials. This suggests, but does
not necessarily by itself prove, a large stress-
dependent anisotropy in the paramagnetic phase.
An inflection point on the A—H curve, meaning a
maximum in d1/dH, was observed around H =
2.4 % 10° A/m (uyH = 3T) at lower temperatures
(10 and 20K) but was not seen at 30K and higher
temperatures. This feature may be related to
behavior seen in the magnetization data as
discussed below.

The magnetostriction of PrsNi;Sije is shown in
Fig. 9(b). Magnetostriction was measured at
constant temperature at intervals of ten degrees

from 10 to 70 K under an applied magnetic field of
up to uH =9T. The results show similar
behavior to PrsNiySiz in which the amplitude of
magnetostriction was always positive but de-
creased with increasing temperature. An inflection
point on A—H curve, meaning a maximum in
dA/dH, was observed around H = 3.0 x 10°A/m
(upH = 3.8T) at low temperatures (10 and 20K),
which was not seen at higher temperatures.

3.5 Magnetization

The magnetization curves of PrsNi,Si; are
shown in Fig. 10. These have been calculated in
terms of the net number of Bohr magnetons per Pr
atom. The magnetic moment per Pr atom in a solid
such as PrsNi,Si; was expected to be 3.2 Bohr
magnetons, which corresponds to a bulk magne-
tization of M = 0.635 x 10° A/m if all Pr mo-
ments are aligned parallel. The fact that the value
of magnetization at a field H = 4.0 x 10°A/m
(upH = 5T) 1s only 50% of this value is due to the
Pr atoms on some of the lattice sites having a
reduced magnetic moment because not all Pr sites
are equivalent, as can be seen from Fig. 1. In fact
there are three types of Pr sites: those in the
corners of the triangular planes with two nearest
neighbors in the plane, those along the edges with
four nearest neighbors in the plane and those at
the center with six nearest neighbors in the plane.

The inflection point that was observed around
H=24x10°A/m (uyH =3T) in M H curves
below 25K may be compared to the existence of
an inflection point in the magnetostriction curve
(peak in dA/dH) in Fig. 10 at lower temperatures
(10 and 20K), which is not present at higher
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Fig. 10. Variation of magnetization of PrsNi;Si; (calculated as the number of Bohr magnetons per Pr atom) with magnstic field at
different temperatures over the range 5-25K.

temperatures. This seems to provide supporting in the case of the PrsNi,Si; results in Fig. 10, the
evidence for the existence of an additional net magnetic moment per Pr atom is much lower
magnetic transition in the vicinity of 25K. than would be expected if the moments were

Magnetization versus field curves are shown in aligned parallel. The reasons for this are the same

Fig. 11 for Pr;sNi,81;, at various temperatures. As as discussed above for Pr;Ni,Sis. These data show
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a decrease in coercivity H_, with increasing
temperature. The minimum in magnetostriction
showed similar behavior with increasing tempera-
ture, although it should be noted that the field
value at which this minimum occurs does not
necessarily correspond to the coercivity.

3.6. Comparison of magnetization and
magnetostriction curves

The magnetization data have been compared
with magnetostriction curves measured at the
same temperatures as shown in Fig. 12. The
“reversible magnetization™ plotted in this figure
is an artificial construct, obtained by extrapolating
to H =0 the linear, high field region of the
magnetization curve as the field is reduced from
its maximum. This intercept gives the remanent
magnetization that would be expected if all
the magnetization processes occurring as the
field is removed were reversible. The resulting

magnetization curve at 10K suggests a possible
spin reorientation transition at a field of H =
2.4 x 10°A/m (uyH = 3 T), which is not apparent
at temperatures of 25K and above.

4. Conclusions

The compounds with composition PrsNisSis
and Pr;sNi;8ijp are members of a homologous
series in which each member of the series has the
form R(n+2)(n+1)Nin(n71)+2 Sin(n+1) N where R is a
rare earth element and » ranges from 2 to 4.
Magnetic properties of these two members of the
series have been measured. For both compounds
there is evidence in thermal expansion, magnetos-
triction and magnetization data for two magnetic
transitions. The temperature of these transitions
was found to depend on the size of the trigonal
prismatic columns. The exchange coupling in-
creased, and hence the Curie temperature
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increased, with more atoms within the prismatic
cells. Therefore, we expect T, to increase with # in
this series of compounds. In both cases, the higher
temperature transition was the order disorder
transition at the Curie point. The lower-tempera-
ture transition is believed to be due to a spin
reorientation transition, which lowers the net
magnetic moment per unit cell as the temperature
is reduced.

It is interesting to note that both compounds
exhibit significant magnetostriction in the para-
magnetic state indicative of a large anisotropy in
the susceptibility of that state. Both the magneti-
zation versus field and magnetostriction versus
field curves indicate that at low temperature there
is a field-induced magnetic transition. As may be
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expected, the magnetostriction is determined
largely by the extent of the reversible rotation
away from the easy magnetization axis. Neither
the magnetization nor the magnetostriction ap-
peared to approach saturation in fields of H =
4.0 x 10° and 7.2 x 10° A/m (uyH = ST and 9T),
respectively.

A calculation based on both the high-tempera-
ture specific heat and thermal expansion data
yielded Debye temperatures of 201 and 209K for
PrsNi,Siz; and PrysNi;Si;; compounds, respec-
tively. These values are considerably higher than
those obtained by a simple evaluation of the low-
temperature behavior of the specific heat in terms
of the Debye model which does not adequately
account for the magnetic contributions to the
specific heat. The treatment of the high-tempera-
ture data allows the determination of the lattice
(phonon) contribution to the thermal expansion so
that the magnetic contribution can be determined
from the difference between the total thermal
expansion and the value expected solely on the
basis of lattice contributions. For Prs;Ni,Si; the
thermal expansion measurements have been vali-
dated using low-temperature X-ray diffraction.
From these data phase transition temperatures
have been identified at 48 and 27K in PrsNi»Sis
and 59 and 33K in Pr;5Ni;Siyp.
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Magnetooptic Sensor for Remote Evaluation
of Surfaces
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A new magnetooptic (MO) detection method utilizing changes in the optical path through a transparent MO thin film has been devel-
oped and studied for evaluation of surface deformation created by subsurface or internal defects in materials. Investigation of defects
cannot be performed on nonconducting and nonmagnetic materials using conventional electromagnetic techniques such as eddy-current

_ 1y WAy an

or magneiic fiux leakage. The new meihod uiilizes ihe conirolied periodic displacemeni of a domain wall in the MO thin film and can be
used to measure remotely mechanical deformation of a surface of any type of material by measuring the changes of width of the shoulder

in the intensity versus time waveform.

Index Terms—Faraday rotation, magnetooptic Kerr effect, remote sensor, surface deformation.

I. INTRODUCTION

URFACE deformation caused by subsurface and in-

ternal defects can cause failure in structural components.
When the magnitude of surface deformation is of the order
of micrometers, it is difficult to find a suitably sensitive
nondestructive evaluation technique for remote detection of
such deformation. This is particularly problematic when the
mechanical components under evaluation are made of nonmag-
netic or nonconducting materials, because existing evaluation
techniques such as magnetic particle inspection, magnetic
flux leakage, and eddy-current techniques, which rely on the
magnetic or electrical conducting properties of the test sample,
are not suitable [1]-[4].

In the standard magnetooptic imaging (MOT) technique [5],
[6], a magnetooptic (MO) film is placed in close proximity to
the surface of a test sample having a surface defect. Magnetic
leakage fields from a surface defect cause rearrangement of do-
main structure in the MO film giving rise to contrast in the do-
main images of the MO film which are indicative of defects in
the sample.

In this paper, we report a new MO nondestructive evalua-
tion method based on the ac modulated Faraday effect for de-
tecting surface deformation created by subsurface or internal
defects. This magnetooptic technique provides a remote method
for investigation of material surfaces. The magnetooptic sensor
system consists of a He—Ne laser, a MO garnet film, an ac exci-
tation coil, two permanent magnets, an analyzer, and a photode-
tector. The deformed surfaces can be detected by monitoring
the changes of the signal from those of an undeformed surface.
The new technique was found to provide sufficient sensitivity
for detection of small amounts of deformation that amounted to
a rotation of 0.01° of the surface. Remote evaluation of micro-
scopic surface deformation is possible because this technique
does not require close contact between the sample surface and
the magnetooptic sensor film. The new technique can be used
to evaluate surface deformation in materials. The limitation of
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the technique is that the specimen under investigation should be
sufficiently reflective for the reflected light beam intensity to be
detected at the photodetector.

Domain-wall motion in a transparent MO film has been uti-
lized before for development of a variety of sensors: A magne-
tooptic sensor measuring the light beam positions by means of
the magnetooptical spatial light modulation in a plate of yttrium
orthoferrite [7], a magnetooptical current sensor measuring op-
tical current based on the direct registration of the domain-wall
motion under action of the magnetic field of the measured cur-
rent [8], a magnetooptic switch based on domain-wall motion in
yttrinm orthoferrite crystals [9], a mechanical sensor based on
the domain-wall nucleation process [10], and a magnetooptical
rotational speed sensor measuring angular velocities using the
domain-wall motion in the orthoferrite plate [11]. A detailed de-
scription of domain-wall motion in these cases has been given
by Didosyan ef al. [12].

II. MODULATION OF FARADAY ROTATION

The new technique depends on a new use of the magnetooptic
Faraday effect which occurs when a linearly plane polarized
light beam interacts with a transparent magnetic material, such
as a garnet [13], [14]. The magnitude of the Faraday rotation is
dependent on the magnetooptic properties of the MO material,
the magnetization in the material, and the path length of the light
through the MO material. In the polar geometrical configura-
tion, where directions of the applied magnetic field B and inci-
dent linearly plane polarized light beam are perpendicular to the
surface of the film, the magnitude of Faraday rotation is given
by & = VDB, where V' is the Verdet coefficient of the film,
£ is the thickness of the film, and 7 is the magnetic flux density
in the film. The magnetooptic film has a magnetic anisotropy
with its easy axis of magnetization normal to the film surface.
Therefore, a small magnetic field perpendicular to the surface of
the film causes rearrangement of domain structures in the film.

A stable two-domain structure in the MO film with a single
domain wall (DW) is generated by two permanent magnets with
opposite polarities that are placed near the MO film [7] as shown
in Fig. 1. The two permanent magnets produce a magnetic field

0018-9464/$20.00 © 2005 IEEE
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Fig. 1. Schematic of the new remote magnetooptic sensor for evaluation
of surface deformation: (1) He-Ne laser, (2) sample, (3) ac excitation coil,
(4) permanent magnets, (5) MO sensor film, (6) analyzer, and (7) photodetector.

Hpyy with a uniform field gradient between the magnets. When
there is no applied ac magnetic field, the equilibrium position of
the DW is at the center of the film halfway between the two per-
manent magnets. An ac magnetic field is applied perpendicular
to the surface of the MO film using an excitation coil to which
a sinusoidal current is applied. The ac magnetic field generated
in the film has the form Hyc(wt) = Hosin(wt), where w is
the frequency. The addition of Hac to Hpy, the equilibrium
position of the domain wall shifts to where the sum of the two
magnetic fields is zero and this causes magnetic domains walls
in the MO film to oscillate. The resulting Faraday rotation has
the form

D p(wt) = VIB,sin(wt)

where V' is the Verdet coefficient, £ is the path length in the mag-
netooptic materiai, B, is the amplitude of the magnetic field, w
is the frequency, and ¢ is time. This leads to an ac modulated
signal detected by the photodetector. As a result, the ac modu-
lated output signal is sensitive to deviations of the reflected light
beam path.

III. EXPERIMENT

The components of the new magnetooptic sensor system are:
a He—Ne laser, a MO film, an ac excitation coil, two perma-
nent magnets, an analyzer, and a photodetector as shown in
Fig. 1. A polarized light beam generated by the He—Ne laser
passes through the MO film. The film employed in this ex-
periment was bismuth-doped iron garnet (Bi,Tm)3(Fe,Ga)5012
with thickness 3 m, grown on a thin substrate of gadolinium
gallium garnet (GGG). The thickness of the GGG substrate was
0.5 mm. The bismuth-doped iron garnet film had a large specific
Faraday rotation, 6 up to 2.3°/pm of thickness. The domain
walls in the film are activated by a threshold magnetic field of
0.1-0.3 mT. A 50 Hz frequency ac field Hc(wt) was applied
to the surface of the MO film using the coil. This caused the do-
main wall between oppositely magnetized domains to oscillate.
Consequently when a sinusoidal ac voltage was applied to the
solenoid coil, the signal detected at the photodetector was also
sinusoidal.

Two hard ferrite magnets (remanence B, = 0.350 T and
coercivity H. = 260 kA/m) with opposite polarity were po-
sitioned closed to the MO film as shown in Fig. 1, and these
generated a uniform magnetic field gradient within the film. The

IEEE TRANSACTIONS ON MAGNETICS, VOL. 41, NO. 7. JULY 2005

1.0 T T T T T T T
i g fi i
il { il il
~ i | i
E osf ! ‘ H i P
5 i i I3 A
£ il bl P Pl
= I Y HE ]
& AR I i 4 I
- i . [}
2 0.0+ J .
2N N2 N2 N/
S H Lo I I i
- = I H 1 1 s i
] 4 14 14 1
i 1 i i
05| L L] y :
] . 2l
\ \ \ \
1.0 L 1 Il 1 1 1 Il
10 20 30 40 50 60 70 80
Time (msec)
Fig. 2. Intensity of the detected light beam without surface rotation. The

waveform consists of a sinusoidal output signal separated by an intermediate
“shoulder” region.

distance between the two permanent magnets was 15 mm and
the distance between sample and the MO sensor was 100 mm.
As a result of this field gradient, a two-domain structure with
opposite directions of magnetization was formed. The equilib-
rium position of the domain wall, which varied sinusoidally with
time, was at the location where the strengths of the Hpy; and the
ac field, H 5c were equal and opposite, thatis Hpyni+Hac = 0.
When Hpyr = 0 the intensity of light detected by the photode-
tector was sinusoidal in time, but when a dc field Hpy; was in-
troduced this caused a distinctive “shoulder” region to occur in
the middle of the output voltage range as shown in Fig. 2.

The variation in the detected intensity originated from the
Faraday rotation occurring when the light beam passed through
the magnetooptic garnet film with a linear gradient dc magnetic
from two oppositely oriented permanent magnets (which cre-
ated “up” and “down” domains) and an ac sinusoidal current
from an ac excitation solenoid coil (which created an ac oscil-
lation of the domain wall).

When the incident and reflected light beam paths were in the
“up” domain, the magnitude of Faraday rotation doubled due to
the transmission of light beam twice through the film and the
upper output signal occurred. When the incident and reflected
light beam paths were in the “down” domain, the magnitude
of Faraday rotation doubled as the case for “up” domain, but
the direction of Faraday rotation was opposite to that of “up”
domain. This led to a lower output signal. The “shoulder” region
between the two opposite signals appeared when the incoming
light beam path was in one domain and the reflected light beam
path was in the other.

Constant background intensity was detected along with the
real signals of interest. We subtracted this constant background
intensity and set the reference output voltage where Faraday
rotations canceled out.

For the purposes of this study, surface deformation was sim-
ulated by mounting an aluminum mirror on a rotator providing
pure rotational motion of 7 x 1073 degrees per graduation. Rota-
tions of 0.02° and 0.04° of a sample were made and the intensity
of the detected light beam for each rotation was measured.
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Fig. 3. Measured intensities of the reflected light beam for rotations of the

surface of aluminum of 0.00° (solid line), 0.02° (dashed line), and 0.04° (dotted
line), respectively. The width of the “shoulder” region changes with the angle of
reflection. Changes in the angle of reflection could be caused by surface defects.
Inset: Increase of “shoulder width™ as the angle of rotation increases.

IV. RESULTS AND DISCUSSION

The intensity of the light detected by the photodetector had
the waveform of a distorted sinusoidal output signal as shown in
Fig. 2. The upper output signal occurred while the “up” domain
moved to the position where it covered both the incident and re-
flected light beam paths. The lower output signal occurred while
the “down” domain covered both the incident and reflected light
beam paths. The “shoulder” region between the two opposite
signals appeared when the incoming light beam path was in one
domain and the reflected light beam path was in the other.

Measured intensities for rotations of the surface of aluminum
by 0.00°, 0.02°, and 0.04° are shown in Fig. 3. The solid line
is the intensity of the signal without rotation of the sample; the
dashed line is the intensity of the detected signal with sample ro-
tation of 0.02°; and the dotted line is the intensity of the signal
with sample rotation of 0.04°. We defined the “width” of the
shoulder region as a time interval between times at which zero
and maximum of the first derivative of the intensity occurred as
shown in Fig. 3 with At. From the measured data, it was found
that a systematic increase of the width of the “shoulder” region
occurred as the angle of deflected light beam increased as shown
in the inset of Fig. 3. Therefore, measurement of the angle of re-
flection of the light beam has been converted into measurement
of the temporal length of the distinctive “shoulder” region of
the signal relative to the rest of the detected signal. A change in
the intensity due to off-centered laser beam can alter the magni-
tude of the measured maximum intensity level, but this change
does not provide any pattern useful for surface rotation detection
since any background intensity changes could alter the max-
imum intensity level. Compared to this, the measurement of the
width of the “shoulder” region is independent on variations in
reflected intensity from the surface of the material and can be
made with high accuracy. By measuring the changes of width
of the shoulder in the intensity versus time waveform, we can
obtain information on surface deformation.
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V. CONCLUSION

A new MO sensor technique has been developed which al-
lows for the evaluation of a wide variety of surface deformations
for all types of materials: magnetic, nonmagnetic, conducting,
and nonconducting materials. This technique remotely detects
surface deformation. The modulated ac output signals specifi-
cally the width of the distinctive “shoulder” region, were found
to be very sensitive to the change in angle of reflected light due
to defects in the surface. The technique can also be used to de-
tect internal defects that are not directly visible on the surface
by measurement of the associated surface deformation.
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