MAST%R CALT-822-91

FERROMAGNETIC AND ‘
ANTIFERROMAGNETIC COUPLING IN
AMORPHOUS (Ni1j00-cMn¢)78P14Bg

A. Amamovu

DECEMBER 1976

A REPORT ON RESEARCH CONDUCTED
UNDER CONTRACT FOR THE
U.S. ENERGY RESEARCH AND DEVELOPMENT
ADMINISTRATION
ETCFL IDOCUENT(S) REVIEWED pareayre
KO CiMffloN Is rTEpose FR@AP?:#EG:‘,#:;:
STAIZPQHT TO PUDLICATION THEREOF. j

s> Oha s
PATENT GROUP, ERDA i

W. M. KECK LABORATORY OF
ENGINEERING MATERIALS

|

CALIFORNIA INSTITUTE OF TECHNOLOGY

PASADENA

~Rl

- THIS DOCUMENT 1S UNLIMITED

DISTRIBUTION OF Ti




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



.l

CALT-822-91

California Institute of Technology ’

W. M. Keck Laboratory of Engineering Materials

FERROMAGNETIC AND ANTIFERROMAGNETIC COUPLING IN

AMORPH P
PHOUS (Ni,, " Mn ),gP) Bg

by

A. Amamou

NOTICE i
This report was prepared ‘as an account of work § *
Ty sponsored by the United States Goverament. Neither
the United States nor the United States Encrgy
h and 1] Admini: i nor any of
their employees, nor any of their contractors,
subcontractors, or their employees, makes any
warranty, express or implied, or assumes any lega)
Liability or ibility for the y p 1
or 1| of any i { PP product or
process disclosed, or represents that its use would not
* | infringe privately owned rights.

"Energy Research and Development Agency Report No, 80, under Contract

No. AT(04-3)-822.

Professor Pol Duwez, principal investigator.

PISTRIBUTION OF THIS DOCUMENT 1S UNLIMITED

DECEMBER 1976




NOTICE

' This report was prepared as an account of work sponsored
by the United States Government. Neither the United States
nor the Energy Research and Development Administration, nor
any of their employees, nor any of their contractors, sub-
contractors, or their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for
the accuracy, completeness or usefulness of any information,
apparatus, product or process disclosed,. or represents that its
use would not infringe privately-owned rights.

e

i
K



T S e T e

T

)

N

ABSTRACT

The magnetic properties of amorphous alloys (Ni Mnc)78P

100-c 14B8
with 0.7 at.% < ¢ < 20 at.%, have been investigated for temperatures
between 1.7°K and 270°K. Samples were prepared by the splat cooling
method; the susceptibilities at z‘eré field and the magnetizations in
fields up to 70 kOe have been measured. Ni78P14B8 is paramagnetic
é.nd Ni-Mn-P-B alloys exhibit different magnetic characteristics
depending on the manganese concentration and the temperature range.
At "high temperature'' T = 30°K the initial sﬁsceptibility has a Curie-

Weiss behaviour; all the paramagnetic Curie temperatures 6 are equal

to zero or positive. The low temperature studies show that three con-

centration regimes ca'n be determined; i) for ¢ < 2 at.%, a dilute alloy

behaviour is observed. For higher manganese concentrations the mag-
netization features show the existence of a mixing of ferromagnetic and
antiferromagnetic coupling between atoms, ii) For 2 at.% <c < 8 at. %

the alloys present spin glass characteristics i.e., a random magnetic

coupling occurs between magnetic moments. 1iii) For 8 at.% < c < 20 at.%

the alloys are mictomagnetic and show a trend toward an antiferromagnetic

order; irreversible phenomena are observed. In this paper the experi-
mental results are interpreted and discussed in relation with the spin

glass and mictomagnetic models,



. INTRODUCTION

- Amorphous alloys of transition metals (Mn, Fe, Co, Ni) with
metalloids (B, C, Si, P) exhibit several types of magnetic behaviours.
For alloys containing one transition _éle.rﬁenf magnetic properties are
relatively simple to understand; Mn-P-Cl ‘was reported antiferro-
magnetic; Fe-P—BZ, Fe-P-C3 and Co-P-B4 are ferromagnetic,
Ni-P-B5 is pa'ramagnetic although a trend toward a ferromagnetic
transition is observed at high nickel concentration. In an amorphous
alloy, when one transition element can be continuously substituted for
another, a wide raﬂge of varying magnetic behaviours can be obtained,
Magnetic properties of an Fe-Mn—P-B-Al6 alloy exhibit irreversible
phenomena which are interpreted as evidence for ferromagnetic-
antiferromagnetic."exchange anis.otropy“. Fe-Mn-P-C1 exhibits a
transition from ferromagnetism to antiferromagnetism when the
manganesé concentration is increased. Studies on Ni-Co-P-B4 .alloys
show the existence of a paramagnetic-ferromagnetic transition which
can be understood in the same way as in crystalline concentrated alloys
and compounds.

In this paper we study the magnetic prdperties of (NiIOO-cMnc)78Pl4B8
amorphous alloys with 0.7 < ¢ < 20 at.% Mn. In this study we are
mainly interested in the magnetic behaviour of an isolated manganese .
atom and the characteristics of interactions between magnetic atoms
when the manganese concentration is increased. We show that for

c S 2 at.% Mn, Ni-Mn-P-B has a dilute alloy behaviour; for higher

manganese concentrations, the magnetic properties can be understood

-~




by the coexistence of ferromagnetic and antiferromagnetic coupling

between magnetic atoms, these properties can be compared in some
way with those ‘observed in spin glass and mictomagnetic crystalline
alloys. In order to do such a comparison and since definitions de}pen.d A
on the authors, let us review briefly what is meant by spin glass and

lo,Mo-Fell,

mictomagnetism in crystallir;e alloys like Cu-Mn7" 8"9, Au-Fe
which are characterized by‘the existence of long range interactions
between magnetic impurities., Such a definition was first proposed in
reference 10: at low concentrations of the transition element Mn or Fe,
where interactions are negligible the concentration range is called
dilute regime. In the spin glass regime the impurity concentrations
were such that the magnetic properties are mainly determined by the
long range interactions, In the mictomagnetic concentration regime

the magnetic properties are related to both long range and short range

interactions between magnetic impurities.

EXPERIMENTAL PROCEDURE

Foils of (Ni were obtained by quenching from

100-cMPc)78F14Ps
the liquid state using the "'piston and anvil' technique, full details of

the alloys preparation can be found in reference 12; the concentrations

given in this paper are nominal. The X-ray diffraction spectrum of each

foil was checked with a Norelco diffractometer. These spectra showed

that in the amorphous state manganese can be substituted for nickel for
concentrations up to 20 at.% Mn. The variations of zero field susceptibilities

were determined by an induction method using an ac bridge; the inves-

tigated temperature range was included between 1.7K and 270K. The



magnetization measurements were performed by the Faraday method
using an Oxford Instrument magnetometer described in reference 13;
the magnetic field was varied between 0 and 70 kOe and the temperature

between 1.7 and 270K.
EXPERIMENTAL RESULTS AND DISCUSSION

For manganese concentrations between 2 at.% and, 8 at.% the zero
field susceptibility S exhibits a cuép at a temperature TM. This

temperature T varies linearly with c at a rate of about 1K/at.% Mn

M
(Fig. 1); extrapolation of the TM vs ¢ curve shows that if an S cusp
exists for c < 2.at.% it occurs below the investigated temperature rangé. :
For ¢ 2 10 at.% no S cusp was detected; this could be due to a large
decrease of the cusp magnitude when ¢ is increased, as obsérved in
Cu-Mn alloy. 8

For all the investigated samples the initial susceptibility Xo varies
according to a Curie-Weiss law Xy = CC“;/(T + f), over a wide tem-
perature range. For instance for ¢ = 20 at.% Mn, deviations from this
law occur at T <€ 30 k and for lower c¢ such deviations are observed at
lower temperatures. The paramagnetic Curie temperatures § are all
equal to zero or positive (0 < < 6 K). 8 increases with c until a
concentration of about 8 at.% Mn, then it decreases smoothly with ¢
(Fig.1l). The Curie constant increases linearly for c < 2 at.(%, then
saturates prbgressively. The effective moment per manganese atom,
determined from' C is constant for ¢ < 2 at.% Mn, then it decreases
from 5. 95 to 4.3u5. Amorphous alloys with ¢ 2 5 at.% Mn exhibit

a maximum of the initial susceptibility at a temperature close to that
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of the S cusp, when such a cusp exists; for samples for which no
cusp is detected, a rather broad maximum is observed at a temperature
which is increasing with c.

At low temperature T < 30 K, the magnetization M(H, T) shows a
continuous approach to saturation with increasing magnetic field.
However this saturation approach becomes slower when the manganese
concentration is increased, At constant field and t-empe rature, M(H, T)
as a function of ¢ increeses until -about 8 at.% Mn, tilen it decreases
smoothly (Fig. 2).

For ¢ = 8 at.% Mn, irreversible magnetic phenomena are observed

below T,, or below the maximum of the susceptibility X For the

M
sample containing 5 at,% Mn our measurements show that such phe-
nomena exist but their magnitude is very small compared to the total
magnetization and could not be determined accurately, At a given tem-
perature, for a sample cooled at zero magnetic field, the first mag-
netization curve exhibits roughly an S shape; it starts increasing

linearly with H until H = 3 kOe then it has a postive curvature and

finally becomes concave downward at high field H 2 7 kOe. At decreas-
ing field, the magnetization curve is concave downward. If the magnetic
field fs again increased, the magnetization curve is linear in a rat1:1er
wide field range (H < kOE) then it is concave downward (Fig. 3). As a ‘
result M(H, T) exhibits an hysteresis loop comparable to those observed
in antife rromag;letic alloys, after applying a high magnetic field, When
the alloy is cooled in a constant magnetic field, the magnetization
increases until T,  then it is constant below Ty

M

The previous experimental results on (NIIOO-CMnC)78P14B8’ in

particular the initial susceptibility maxima, the variation of the mag-
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netization as a function of ¢ and H, show the coexistence of a ferro-
magnetic and an aﬁtiferromagnetic coupling between magnetic atoms.

The small values of the paramagnetic Curie temperature may be related
to the structure of amorphous alloys. It has been previously suggested14
that the near zero 6 values obtained in the amorphous state are due to the
fluctuations of the interatomic distances. From our experimental results
we can roughly determine three manganese concentration ranges: a
dilute regime ¢ S 2 at.% where the manganese atoms behave as

isolated atoms; a spin glass like regime 2 at.% S ¢ S 8at.% where a
random magnetic coupling occurs between magnetic moments and

finally a mictomagnetic regime ¢ > 8 at.% where a trend toward an
antiferromagnetic order occurs. However let us note that this separation
expresses only the fact that a. certain type of magnetic characteristics

is predominant in a given regime; the transition from one regime to
another is not abrupt but progressive, therefore the boundary between
them is only approximately défined. In the following we discuss in more

detail the magnetic characteristics of each concentration regime.

Dilute regime ¢ < 2 at.% Mn: In this concentration range ch and

M(H, T), at a given temperature and magnetic field, are increasing
linearly with manganese concentration; for ¢ = 2 at.% some departure
from the dilute behaviour is observed at 1.7°K (Fig. 4); this can be
attributed to the occurrence of magnetic interaction below 4. 2°K.
Previous studies on Mn-Pd-Si15 amorphous alloys showed a limit of the
d.ilute regime at about 1.5 at.% Mn. The effective moment per
manganese atom determined from ch is 5. ug; this value is close to
those obtained in Mn-Pd-Si. 15 However at low temperatures the mag-

netization cannot be described by a single impurity contribution and the
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moment deduced from the saturation magnetization is only about 3p.B.
These features may be attributed to a polarization of nickel atoms
surrounding the manganese atoms.

Spin glass like regime 2 at.% < ¢ < 8 at,% Mn: in this concentra-

tion range, as mentioned previously, the zero field susceptibility

exhibits a cusp at TM and M(H, T) is increasing with c. Moreover for
3at.% < c < 7 at.% the magnetization at low temperature is varying
roughl.y according to a scaiing law (Fig. 5) i.e.: the magnetization per
manganese impurity M(H, T)/c is a unique function of the reduced
variables H/c and T/c. These experimental features suggest the
occurrence of a randomly distributed ferromagnetié and antiferromagnetic
coupling between manganese atoms. In crystalline alloys such as

Cu-Mn7’ 8,9

, and Mo-Fe a simila‘r behaviour has been observed, and
some theoretical rﬁodélslé’ 17,18, 19 have been proposed to account for
the experimental results. The cusp of the zero field susceptibility is
attributed to the occurrence, below .TM’ of a magnetic ordering where
the impurity moments are frozen in randomly distributed directions;
this ordering arises from an oscillating interaction between magnetic

17, 18, 20

moments. Assuming a RKKY interaction , it has been shown

that the magnetization and the specific heat are varying according to a
scaling law. However recent NMR results on CuMn9 suggest that the
interpretation of a cooperative freézing involving all the moments at
TM’ is questionable. Such a process would be rather progressive with
decreasing temperature, although an important freezing occurs at TM.
On the other hand for Ni-Mn-P-B amorphous alloys if we assume that

a transition atom is surrounded by an average of 12 transition atoms,

as suggested by structural studieszo, the spin glass properties occur
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in a concentration range where cluster effects cannot be neglected., As

a matter of fact for these concentrations, the probab ility of having pairs,
triplets etc. ---of manganese first neighbors is large. Therefore the
magnetic properties of Ni-Mn-P-B cannot be unambiguously related to
long range interactions of RKKY type. The origin of ferromagnetic and
antiferromagnetic coupling may also be due tc; a short range effect; it
m‘ay be related to the existence, for a given manganese atom, of neigh-
boring manganese atoms at various distances; thus the nature of the
magnetic coupling may depend on the distance between magnetic moments.

Mictomagnetic regimes ¢ > 8 at.%: In this concentration range, at a

given low temperature (T S 3OOK) and magnetic field, the magnetization
is smoothly decreasing with increasing c. This shows that antiferro-
magnetic coupling is becoming predominant as the manganese clusters
become larger in the alloy. The low field measurements show that, for
a sample cooled at zero field, the initial susceptibility deduced from
M(H, T), measured at increasing field, is independent from any field
previously applied. The high field magnetization shows the persistence
of a strong antiferromagnetic coupling between magnetic atoms; for
instance at 20 at.% Mn, the average magnetization is about O.68p,B per |
manganese atom. The constant susceptibility and the characteristics

of the irreversible effects suggest, as in Au-Fe 10 and Mo-Fe11 alloys,
the formation below the Xo maximum, of magnetic domains of which
resulting moments are interacting, When the alloy is cooled in zero
field these resulting moments are progressively frozen in random
directions. When a small magnetic field H is applied these directions
are not affected; at a higher field the domains are oriented in the H

direction. When the alloy is cooled in a magnetic field the resultant
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moments freeze in a preferential direction which is that of the applied
field. A further stb.dy of the irreversible effect, especially the
remanant magnetizations and the hysteresis loop, should provide more

details on the domains and the origin of their coupling.
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