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ABSTRACT

The properties of Fe–Rh–Pd epitaxial thin films grown on MgO(001) were studied as a function of growth temperature. Films grown above
400 �C exhibit a first-order antiferromagnetic to ferromagnetic magnetic phase transition with a transition temperature that decreases as the
growth temperature is increased. The chemical order parameter computed from the ratio of intensities of the (001) and (002) diffraction
peaks is nearly independent of the growth temperature, while the lattice constants change slightly. A comparison of our structural, magnetic,
and electrical transport results with first-principle-based calculations as well as literature results indicates that the transition temperature of
Fe–Rh-based alloy films depends sensitively on the lattice parameters and is of electronic origin. The transition temperature and its width
can be tuned over a wide range by controlling the crystal structure via growth conditions or postdeposition annealing.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001573

I. INTRODUCTION

The Fe–Rh system has attracted much interest due to its wide
range of magnetic properties. It exhibits a first-order magnetic
transition around 400K from antiferromagnetic1,2 to ferromagnetic
as the sample is heated. This transition temperature can be tuned
by adding a third element to the compound. For example, the addi-
tion of Ni and Pd decreases the transition temperature, whereas the
addition of Pt and Ir increases it.3–6 The transition temperature in
FeRh-based thin films can also be tuned by changing the growth
conditions,7,8 which suggests the sensitivity of the magnetic transi-
tion to structural parameters and chemical order. Since FeRh-based
alloys have a transition from ferromagnetism to antiferromagnet-
ism near room temperature; they may have potential technological
applications in, e.g., heat assisted magnetic recording,9–11 magneto-
resistive sensing,3,12 magnetic refrigeration,13,14 etc. In this work,
films with a reduced transition temperature below room tempera-
ture are studied to isolate the factors that determine the nature of
the phase transition.

For these potential applications to become reality, a fuller
understanding of the seemingly subtle factors that have a profound
effect on the phase transition and its properties (for example, its
rapidity15) is necessary, particularly, in well-characterized thin
films. Several studies have focused on relatively thick films with
postdeposition annealing treatments at high temperature (up to

800 �C)16 or bulk samples.3–5 Investigations of films in the range of
100 nm and below is required to gauge their potential for applica-
tions. For example, a study of a nominal 50 nm film of FeRh with
3% Pd doping showed that there is a coexistence of ferromagnetism
and antiferromagnetism near the phase transition.17 For 100 nm
thick films of pure FeRh, the phase transition temperature can be
altered by 10% with different capping layers18 deposited to prevent
oxidation. This dramatic change emphasizes the importance of
properly characterizing the crystal structure and morphology of
thinner layers.

Generally, larger and more uniform strain can be induced in
thinner films, which can yield distinctly different magnetic proper-
ties owing to the modification of the exchange interactions as inter-
atomic distances are altered. From a fundamental point of view, it
is, therefore, also of interest to study the magnetic properties of Fe–
Rh and Fe–Rh–M films with thicknesses in the range where signifi-
cant strain can be induced, allowing an investigation of the roles of
the competing exchange interactions in affecting the magnetic
phase transition.

The exchange energy can be a sensitive function of inter-
atomic spacing, changing from antiferromagnetic to ferromagnetic
as the lattice is expanded. The introduction of dopant atoms is one
mechanism by which interatomic spacing may be readily altered,
altering the exchange energy and either increasing (e.g., Pt and Ir)
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or decreasing (e.g., Ni and Pd) the temperature of the AF–F phase
transition.3–5 The overall trend in the shift of the phase transition
temperature follows from a simple argument based on examining
the differences in covalent radii.19 For Pd dopants (0:139 nm), the
covalent radius is larger than that of Rh (0:135 nm). This difference
should result in an increase of the interatomic spacing and, there-
fore, a net reduction in the exchange energy, yielding a lower tran-
sition temperature. For Pt (0:128 nm) dopants with a smaller
covalent radius than Rh, the lattice should be contracted, and the
resulting increase in the exchange energy yields an increase of the
phase transition temperature. This simple argument works for Pd
and Pt dopants but breaks down when Ni (0:124 nm) and Ir
(0:141 nm) are considered.4 The reason for this difficulty is that the
moments on the dopant atoms are not considered nor are higher
order exchange interactions mediated by the dopant atoms. For
alloys with equal Fe and Rh concentration, dopant atoms may sub-
stitute either of the base alloy atoms as illustrated in Fig. 1, and
reducing the Fe concentration may further depress the transition
temperature.

In this study, the degree of structural order is shown to signifi-
cantly influence the magnetic and structural properties of 30 nm
thick Fe–Rh–Pd films, even while the chemical order parameter
remains essentially constant. A comparison of our results with
first-principles-based calculations and existing literature points
toward the importance of the competing exchange interactions in
Fe–Rh-based alloys and their sensitive dependence on lattice
parameters, with an ultimately electronic origin of the phase
transition.

II. EXPERIMENTAL DETAILS

All Fe–Rh–Pd films were fabricated in an ultrahigh vacuum
magnetron sputtering system with a background pressure of less
than 9� 10�7 Pa. Films of Fe–Rh–Pd were directly deposited on
MgO(001) substrates using a target of nominal composition
Fe47Rh47Pd6. Henceforth, we refer to the films as FePtRh for sim-
plicity. All films were nominally 30 nm thick and were capped with
a 2 nm thick Pt layer at room temperature in order to prevent oxi-
dization. The growth temperature Tg was varied from 400 to
700 �C. The epitaxy and crystalline quality of our samples were
ascertained using a Philips X’Pert x-ray diffraction (XRD) system,
while the magnetic properties were evaluated using a Quantum
Design magnetic properties measurement system (MPMS).
Electrical properties were determined with standard four-point
probe techniques using a Quantum Design physical properties
measurement system (PPMS).

III. EXPERIMENTAL RESULTS

Figure 2 shows Cu Kα (λ ¼ 0:154 nm) x-ray diffraction (XRD)
θ–2θ scans for 30 nm FeRhPd films grown at growth temperatures
Tg from 400 to 700 �C. All films showed only [002] planes oriented
normal to the film plane, and FeRhPd [001] superstructure diffrac-
tion peaks can be clearly observed in all films, indicating that the
ordered B2 (CsCl, Pm3m) phase is present (though with a slight
tetragonal distortion for lower Tg samples, see below). The ratio of
integrated intensities of the superlattice (001) to fundamental (002)
diffraction peaks is essentially constant, indicating little change in

chemical order with varying growth temperature. However, the full-
width at half-maximum (FWHM) for the (001) and (002) diffrac-
tion peaks, shown in Fig. 3, steadily decrease as growth temperature
increases, indicating a steady improvement in the crystalline
quality. The epitaxial growth of the Fe–Rh–Pd layers on MgO(001)
substrates was confirmed by measuring FePtRh (101) and MgO
(202) as a function of w, shown in Fig. 4 for a sample with
Tg ¼ 500 �C. The w scan results indicate fourfold in-plane symme-
try, with the Fe–Rh–Pd[100] axis rotated by 45� with respect to the
MgO[100] axis, as is frequently observed in cubic films deposited
on MgO(001) substrates. The FWHM of the (101) peak ascertained
from the w scan is also shown in Fig. 3, showing a trend similar to
the (001) and (002) peaks.

Since the magnetic transition of this material can only be
observed in the B2-like (ordered) phase, it is necessary to evaluate
the long-range chemical order parameter S in these films to quan-
tify the degree to which B2 order is present throughout the films.
(The tetragonal distortion observed is sufficiently small, ,1%, as
not to significantly affect the subsequent order parameter calcula-
tions, discussed further below.) The order parameter S can be

FIG. 1. Model B2 structure for Fe–Rh–Pd films. Pd randomly substitutes on
both Fe and Rh sites. The B2 structure is two interpenetrating simple cubic lat-
tices with the basis of (0, 0, 0) for type 1 atoms and (a=2, a=2, c=2) for type 2
atoms, with a ¼ c. The c-axis is vertical in the figure.
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determined from the integrated intensity ratios of the fundamental
(200) and superlattice (100) reflections, provided one accounts for
the appropriate structure factors and film thickness and Debye–
Waller corrections.1,3,20–22 The integrated intensity I of a given
x-ray diffraction peak can, in general, be written as20,22–24

I ¼ jFj2ΛGt , (1)

where jFj2 is the square of the structure factor, Λ is the Lorentz
polarization factor, and Gt is the film thickness correction factor.
The Lorentz polarization factor for a single crystal in an unpolar-
ized primary beam with incident angle θ and scattering angle 2θ
is20 Λ ¼ (1þ cos2 2θ)=2 sin 2θ. The thickness correction factor for
a film of thickness t is given by25 Gt ¼ 1� exp (�2μt= sin θ),
where μ is the linear absorption coefficient. Considering first an
FexRh1�x alloy in the B2 structure, the fundamental (200) structure
factor is23,24

Ff ¼ x
1� x

ftot, Fe þ ftot, Rh, (2)

where ftot, Fe(Rh) is the total atomic scattering factor, x is the concen-
tration of Fe, and 1� x is the concentration of Rh. The superlattice
(100) structure factor is23,24

Fs ¼ x
1� x

ftot, Fe � ftot, Rh: (3)

The atomic scattering factors, accounting for dispersion and
the Debye–Waller temperature corrections, can be written
as20,22–24,26

ftot ¼ fo þ f 0 þ if 00ð Þe�M , (4)

where fo is the atomic scattering factor; f 0 and f 00 are the real and
imaginary dispersion corrections, respectively; and e�M is the
Debye–Waller correction.20,22 All three scattering terms depend on
the value of sin θ=λ for given radiation of wavelength λ and inci-
dent angle θ. The exponent of the Deybe–Waller correction term
takes the form M ¼ B sin2 (θ)=λ2, where B is the (temperature-
dependent) Debye–Waller factor for each element.20,24

FIG. 3. Full-width at half-maximum of the FeRhPd (001) and (002) peaks vs
growth temperature, indicating that crystalline quality increases for higher growth
temperatures.

FIG. 4. w scan of the MgO (202) and FeRhPd (101) peaks for a sample with
Tg ¼ 500 �C, indicating that the Fe–Rh–Pd[100] axis is rotated by 45� with
respect to the MgO [100] axis.

FIG. 2. X-ray diffraction near the (001) and (002) peaks for FeRhPd films
deposited on MgO(001) substrates with increasing growth temperature. Curves
are vertically offset for clarity.
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Of course, these structure factors above are correct only for an
FexRh1�x alloy in which there is no site disorder. Since we have an
alloy which is slightly Fe-deficient compared to the equiatomic
alloy, site disorder must be present as a result. Still considering an
FexRh1�x alloy, if there is a fraction y of Rh atoms on Fe sites due
to an Fe deficiency, we may correct the structure factors following
Xiao and Baker23 as

Ff ¼ x 1þ yð Þ
1� x

� �
ftot, Fe þ 1þ yð Þftot, Rh, (5)

Fs ¼ x 1þ yð Þ
1� x

� �
ftot, Fe � 1� yð Þftot, Rh: (6)

In the present case, we have a nominal composition of
Fe47Rh47Pd6. In this case, there is a 3% excess of Rh+Pd compared
to the parent Fe50Rh50 alloy. For that reason, we use Y ¼ 0:03 to
represent the ideal Fe47Rh47Pd6 system because even for perfect
ordering at this composition, there must be at least 3% of Rh+Pd
atoms that occupy Fe sites.23,24 Using these structure factors and
the film thickness and Lorentz polarization factors above, one may
calculate the superlattice Is and fundamental If integrated intensi-
ties. The long-range order parameter S can then be determined
from the experimentally observed integrated intensities via20,23,24,26

S2 ¼ Is=If
� �

obs

Is=If
� �

calc

: (7)

For Fe, we used the scattering factor terms fo, f 0, f 00 for the
appropriate values of sin (θ)=λ20 interpolated from the tables in
Ref. 20 and the Deybe–Waller factors given in Refs. 26 and 27.
Since the scattering factors for Rh and Pd are very similar,20,28,29

and the Pd content is small, we have used the structure factor for
an ideal FexRh1�x alloy with 1� x ¼ 0:53 as the combined Rh+Pd
concentration but replaced the individual Rh scattering factor
terms with composition-weighted averages of those of Rh and
Pd.20,21 Similarly, we used a composition-weighted average for the
Debye–Waller factors.27,30 The linear absorption coefficient is a
composition-weighted average of those for Fe, Rh, and Pd.28,29 The
resulting parameters for our calculation of the fully ordered
Fe47Rh47Pd6 superlattice (001) and fundamental (002) integrated
diffraction intensities are shown in Table I.

Table II gives the measured Is=If intensity ratio and calculated
order parameter S as a function of Tg, confirming that S is almost
independent of the growth temperature with an average value of
S � 0:95+ 0:05. This indicates that the growth temperature had
no significant influence on the degree of chemical ordering in this
growth temperature range. This is in sharp contrast to our earlier
work for Fe25Pt75 thin films, where changing the growth tempera-
ture in this range resulted in a large change in the order parame-
ter.26 On the other hand, the reduction of the FWHM of the (001)
and (002) out-of-plane diffraction peaks as Tg increases indicates
that crystalline quality is affected by growth temperature, and we
find that the lattice constants also change as the growth tempera-
ture is increased, as shown in Fig. 5. For comparison, we have also
prepared samples with Tg ¼ 400 �C, which were subsequently
annealed in vacuum to Ta ¼ {500, 600, 700} �C for 30 min, also
shown in Table II. In all three cases, the order parameter and inte-
gral peak intensity ratios are identical within the uncertainty in the
measurements.

In order to obtain accurate lattice constant values for our Fe–
Rh–Pd films from the x-ray diffraction results, Cohen’s method
was used.31,32 Although bulk Fe–Rh–Pd has the cubic B2 structure,
the film is treated as a slightly distorted tetragonal structure for the
purposes of lattice parameter determination, since the lattice con-
stants along the direction perpendicular to the films’ planes may be
slightly different from those along the lateral direction due to the
epitaxial mismatch between the FeRhPd and MgO substrate
(though the difference is sufficiently small that the impact on the
order parameter calculation is negligible). The (001), (002), (101),
and (112) lattice spacing values were measured by XRD, and subse-
quently, those (hkl) lattice spacing values were related with the qua-
dratic form of the Bragg equation using a Nelson–Riley
extrapolation function to account for systematic errors,

sin2 θi ¼ λ2

4a2
h2 þ k2 þ a2

c2
l2

� �
þ DF(θi), (8)

F(θi) ¼ sin2 2θð Þ 1
sin θ

þ 1
θ

� �
, (9)

where θi are the observed position of the (hkl) reflections, a and c
the desired lattice parameters, D represents the degree of systematic
uncertainty, and F(θ) is the Nelson–Riley extrapolation function.22

TABLE I. Parameters used to calculate the (001) and (002) peak intensities for
Fe47Rh47Pd6 (see text for definitions). The Debye–Waller factor B is valid at 300 K,
all quantities are taken for Cu Kα radiation (λ = 1.54 Å, E = 8.04 keV). The film thick-
ness is t = 30 nm.

Atom Peak θ B (Å2) μ (cm−1) fo f0 f0 0

Fe (001) 14.8 0.343 2424 21.36 −1.1 3.3
(002) 30.8 0.343 2424 15.90 −1.1 3.3

Rh (001) 14.8 0.153 2408 38.00 −0.5 4.0
(002) 30.8 0.153 2408 29.71 −0.5 3.8

Pd (001) 14.8 0.448 2476 38.90 −0.5 4.3
(002) 30.8 0.448 2476 30.47 −0.5 4.1

TABLE II. Measured Is/If intensity ratio and calculated lattice constants and order
parameter S for different growth temperatures Tg and annealing temperatures Ta.
The uncertainty in S is taken as ±0.05.

Tg (°C) Ta (°C) a (nm) c (nm) Is/If S

400 n/a 0.2974 0.3035 0.831 0.95
500 n/a 0.2993 0.3020 0.820 0.96
600 n/a 0.2996 0.3016 0.720 0.96
700 n/a 0.2996 0.3004 0.811 0.93
400 500 0.2977 0.3040 0.752 0.98
400 600 0.2981 0.3017 0.683 0.93
400 700 0.2992 0.3005 0.755 0.98
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As shown in Fig. 5, the lattice constant along the film normal (c)
decreased with increasing growth temperature, whereas the lattice
constant along the lateral directions (a) increased, which can be
explained by a lattice mismatch between FeRhPd and MgO. Since
MgO has smaller lattice spacing along the lateral directions, it is
expected that a compressive stress should result and cause a con-
traction of the lattice along the lateral (a) directions, while the
value of the perpendicular lattice constant (c) should increase to
maintain a constant lattice volume. The compressive strain is
relaxed as the growth temperature increases, since the lattice cons-
tant values are observed to converge toward their equilibrium
values as the growth temperature increases. This change in the
crystal structure affects the magnetic transition behavior signifi-
cantly, even though the degree of chemical order remains essen-
tially constant. The change in the lattice parameters on annealing
samples originally grown at Tg to a given temperature Ta is less
pronounced than growing the sample at temperature Ta directly,
but by 700 �C, one ultimately arrives at essentially the same lattice
constants with negligible tetragonal distortion. The same conclu-
sion may be drawn from the FWHM values (not shown), further
indicating that while crystalline quality is affected by growth tem-
perature, the order parameter is not substantially influenced.
Although the ratio of intensities of the (001) and (002) peaks does
not change much; their overall intensity does change. This shows
that the film crystallizes in a chemically ordered phase and the frac-
tion of the film that is fully crystallized determines the lattice
constant.

Figure 6 shows the magnetic transition curves of film grown at
different temperatures. No magnetic field was applied during the
measurement of the magnetic transition, though the films were
magnetically saturated prior to the measurement. The films fabri-
cated from 500 to 700 �C showed an almost complete magnetic
transition, whereas the Fe–Rh–Pd film fabricated at 400 �C showed
only a partial transition with a large residual ferromagnetic
moment even at low temperature. We note that since these mea-
surements are performed in zero applied magnetic field, the transi-
tion in warming from the antiferromagnetic state to the
ferromagnetic state is necessarily incomplete, as there is no field
present to set a preferred magnetization state, resulting in a multi-
domain state on entering the ferromagnetic phase. This distinct
change in the transition temperature with increasing the growth
temperature could be a result of the structural change with increas-
ing the growth temperature. If the slight variations in the lattice
constants are responsible for the changes in the magnetic ordering
temperature, one would expect that the transition for lower Tg

FIG. 5. Values of the lateral (a, closed circles) and perpendicular (c, open
circles) lattice constants for Fe–Rh–Pd films deposited on MgO(001) substrates
as a function of the growth temperature. Also shown are samples grown at
Tg ¼ 400 �C and annealed to Ta ¼ {500, 600, 700} �C (open and closed stars
for c and a, respectively). The uncertainties are smaller than the symbol size;
the lines are guides to the eye.

FIG. 6. Remanent magnetization as a function of temperature for as-grown
samples with different growth temperatures. No magnetic field was applied
during measurement. The offset between the beginning and end of some of the
measurements is due to experimental drift.
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samples should sharpen upon annealing as further relaxation of the
epitaxial strain occurs. This is borne out by the results in Fig. 7,
where we show the effect of a 30 min anneal at 500 �C or 600 �C on
a sample grown at Tg ¼ 400 �C. The incomplete transition for
Tg ¼ 400 �C is now nearly complete, considerably sharper, and at a
significantly higher temperature. Most strikingly, compared to an
unannealed sample with Tg ¼ 700 �C, the annealed sample shows a
much higher transition temperature with a sharper transition. The
films grown directly on MgO(100) in this work exhibit different
behavior than films grown on buffered α-sapphire at similar
growth temperatures,33 and this emphasizes the sensitivity of the
transition temperature to the film structure. The order parameter
for all three samples is comparable, which strongly suggests a
prominent role of strain relaxation and lattice constant variation in
altering the Fe–Fe and Fe–Rh exchange and, in turn, the magnetic
phase transition.

Returning to Fig. 6, to analyze the transition in more detail,
the transition curves were fitted by a linear function near the center
of transition (at 50% transition), and the transition temperatures
were defined as the temperatures where the slopes in the fitted
curves showed maximum values. Transition widths were defined as
temperature ranges where the magnetization changed from 90% to
10% of its maximum value, and the extracted values are shown in
Table III as a function of the growth temperature. The transition
temperature monotonically decreased as the growth temperature
increased. This is in sharp contrast to the case of FeRh films on
MgO(100), where it was reported that the magnetic transition tem-
perature increased as the annealing temperature was increased.7

The difference between these two experimental results is that our
FeRhPd films grown at different temperatures show an increase in
a and a decrease in c, resulting in an almost constant lattice volume
(0:8% increase in lattice volume with increasing Tg), whereas for
FeRh films,7 both a and c decreased as the annealing temperature
increased, resulting in a decreased lattice volume.7 The lattice con-
stants are expected to sensitively impact the magnetic transition as
the transition is accompanied by a distinct change in the lattice
volume.9,34,35

IV. DISCUSSION

A smaller transition slope was also observed in our FeRhPd
films compared to other studies.3–5 This is likely due to residual
structural inhomogeneities in thin films as opposed to bulk
samples. Since there is some mismatch between the FeRhPd layers
and MgO substrates, mismatch strain, plane dislocations, and/or
anti phase boundaries are formed. Reducing structural dislocations
generally increases the slope of the magnetic transition curve.36

The transition width (Table III), which is inversely related to the
slope of the transition curve, increased with increasing growth tem-
perature. This suggests that structural or compositional inhomoge-
neities increase with increasing the growth temperature. In this
case, it would be most likely that the inhomogeneities are in the
lateral directions, since the out-of-plane XRD peaks narrow as
growth temperature increases, suggesting less inhomogeneity along
the perpendicular direction. This is supported by PEEM observa-
tions of a similar film17 that show mixed phases near the transition
temperature. Conversely, a FeRhPd film fabricated at 400 �C and,
subsequently, annealed after deposition showed a steeper slope in
the transition curve (Fig. 7). Since the annealing treatment should
reduce structural inhomogeneities, this result supports our specula-
tion that the changes in the transition temperature and slope result
from changes in the lattice parameters, rather than a change in
defect concentration or homogeneity. However, given the small Pd

FIG. 7. Remanent magnetization as a function of temperature for as-grown
samples with Tg ¼ 400, 700 �C, and samples grown at Tg ¼ 400 �C and
annealed to 500 and 700 �C. A 0:01T in-plane field was applied during the
measurement. The offset between the beginning and end of some of the mea-
surements is due to experimental drift.

TABLE III. Values of the transition temperature and transition width as a function of
growth temperatures.

Tg (°C) Tm (K) ΔTm (K)

500 272 72
600 225 90
700 163 104

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 40(2) Mar/Apr 2022; doi: 10.1116/6.0001573 40, 023406-6

Published under an exclusive license by the AVS

 05 Septem
ber 2023 11:36:46

https://avs.scitation.org/journal/jva


content and the small contrast in x-ray scattering factors between
Rh and Pd, the degree of ordering within the Rh–Pd sublattice
cannot be precisely determined.

Site disorder disrupts long-range magnetic coupling and
smears out the Fermi surface. For example, in completely disor-
dered Ni0:8Fe0:2, the smearing of the spin-dependent minority band
severely shortens the mean free path of these electrons, leading to a
reduced magnetic anisotropy and correspondingly low magnetic
coercivity.37 For Fe2P, which exhibits a first-order magnetic phase
transition, off-stoichiometric samples exhibit a significant broaden-
ing of the phase transition which is attributed to be of magnetoe-
lastic effects.38 In more complex alloys such as perskovite
manganites, there can be a competition between site-disorder
effects and magnetoelastic effects,39 leading to an ability to tune the
phase transition through a wide range of temperatures by using
dopants. Recent work has shown that the phase transition behavior
of these types of materials is also further modified by size
effects.40–42 Generally speaking, broadening of phase transitions is
typically attributed to sample inhomogeneities of disorder. In ultra-
thin films, a smearing and lowering of the magnetic phase transi-
tion occurs when the film thickness approaches the range of spin–
spin interactions,43 which diverge near the phase transition, so it is
reasonable to expect that films with grain sizes on the order of a
few nanometers may exhibit a broadening and/or lowering of the
phase transition temperature.

The nucleation process during the transition phase likely has
an electronic origin stemming from the competition15 between
antiferromagnetic Fe–Fe exchange coupling (JFe�Fe) and ferromag-
netic coupling mediated by Rh magnetic moments which are
induced by thermal fluctuations (JFe�Rh�Fe). We propose that the
transition temperature variation (e.g., with deposition conditions)
originates from the variation of exchange coupling constants with
lattice spacing, thus revealing fundamental information on the
nature of magnetic interactions in these alloys. The electronic
origin of the phase transition is further suggested by a comparison
of the resistivity and magnetic moment as a function of tempera-
ture.12,44,45 Figure 8 shows the inverse resistance R�1 (measured in
an applied field of 0:01 T) and magnetic moment (measured in
zero magnetic field) as a function of temperature for a sample
grown at Tg ¼ 470 �C. Plotting R�1(T) rather than R(T) is simply
to make more readily apparent the close relationship between mag-
netic moment and conductivity. Both the resistance and magnetic
moment exhibit a hysteretic transitions as a function of tempera-
ture, with a clear increase of the resistivity as FeRhPd enters the
antiferromagnetic phase, consistent with previous work.45,46 In all
samples investigated over a full thermal cycle, a hysteretic transition
was observed, in both magnetic moment and resistance. This is
also evidenced in Fig. 8, where a sample grown at Tg ¼ 400 �C and
annealed to 700 �C displays a much larger and sharper resistive and
magnetic transition, with a correspondingly smaller hysteresis in
the transition. The magnetic transition is essentially complete, and
the resistance changes by nearly 60%. We note that the resistance
measurements were performed on sheet films using a four-point
van der Pauw technique,47,48 so we are necessarily insensitive to
any in-plane anisotropy of the resistivity.

Previous investigations,12,44–46,49 both experimental and the-
oretical, have attributed the large increase in resistivity upon

entering the antiferromagnetic state to the layered antiferromag-
netic structure, leading to a spin-dependent scattering analogous
to giant magnetoresistance.12,44,49 The resistive transition should
originate from spin-dependent scattering, since phonon and
impurity contributions do not change significantly across the
transition, and no structural transition occurs.45 In the antiferro-
magnetic state, the lowest energy configuration of FeRh is a type
II antiferromagnet, with (100) iron layers with alternating spins
within the planes, and rhodium layers with zero spin between12 a
unit-cell-level analog of an antiferromagnetically coupled mag-
netic multilayer. Additional scattering due to Pd impurities or
substitutional disorder serves to increase the spin-dependent scat-
tering and further increase the resistance of the antiferromagnetic
state.50 In the ferromagnetic state, all Fe moments are aligned,
and a Rh local moment is induced, aligned nominally parallel to
Fe but thermally fluctuating. Thus, in the antiferromagnetic state,
we expect an increased resistance due to the spin-dependent scat-
tering by alternating Fe spins, while in the ferromagnetic phase,
this additional resistance contribution is absent, and the overall
resistivity should be more strongly temperature-dependent in the
ferromagnetic state due to spin scattering by the thermally fluctu-
ating Rh moment. This qualitatively explains our observations
that resistivity increases on entering the antiferromagnetic state,
resistance and magnetic moment are closely linked, and the ferro-
magnetic state has a stronger temperature dependence of the
resistance, and together they strongly suggest a common elec-
tronic origin for both the resistive and magnetic transition.
Though in principle both mechanisms should give rise to charac-
teristic temperature dependencies,45 R � T2 in the ferromagnetic
state and R � T in the antiferromagnetic state, the present data
appear to scale equally well with T , T2, or T�1 in both regimes,

FIG. 8. Magnetic moment (closed) and inverse resistance R�1 (open) vs tem-
perature for a sample grown at Tg ¼ 600 �C, both exhibiting hysteretic transi-
tions. The resistance was measured with the zero applied field, and the
magnetic moment with a 0:01 T in-plane magnetic field. The offset between the
beginning and end of the magnetic moment measurement is due to experimen-
tal drift.
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probably owing to the limited temperature ranges investigated;
more extensive studies are under way.

V. THEORETICAL RESULTS

In order to rationalize the observed trend in the transition
temperature Tm with growth temperature Tg and lattice constants,
we used a classical isotropic effective spin model,

H ¼ �
X
i=j

Jij~Si~S j �
X
ν

Im2
ν : (10)

Here, the first term represents Heisenberg exchange for Fe
and the second term represents Stoner interactions for Fe (~S) and
Rh (mRh) spin degrees of freedom.15,51–53 The first term physically
represents the exchange energy due to Fe–Fe spin moment (antifer-
romagnetic) interactions, for which we use notation JFe�Fe, while
the second term can be viewed as a temperature-dependent
exchange interaction between Fe atoms mediated by the induced
Rh moments mν , for which we use notation JFe�Rh�Fe. The latter is
effectively a ferromagnetic exchange interaction and is very strong
due to large Rh Stoner parameter I.15,53 The competition of the
antiferromagnetic JFe�Fe interactions and strongly temperature
dependent ferromagnetic JFe�Rh�Fe interactions leads to a nucle-
ation of the ferromagnetic (in heating) or ferromagnetic (in
cooling) phase in FeRh at characteristic temperature Tm. The
observed change in lattice parameters (a and c) on deposition tem-
perature Tg has only a very small effect on the JFe�Rh�Fe interac-
tions. This conclusion follows from direct calculations15 and seems
reasonable since the intra-atomic exchange parameter [second term
in Eq. (10)] is generally much less sensitive to environment than
interatomic exchange. In this light, for understanding the observed
change in Tm with lattice spacing, it is sufficient to focus on how
the antiferromagnetic JFe�Fe interactions depend on the lattice
parameters within the observed range.

We performed constrained density functional calculations for
noncollinear spin configurations in order to quantify the depen-
dence of JFe�Fe on lattice parameters54–56 and for infinitesimal
angle perturbations57 to determine the molecular field parameter
(or antiferromagnetic order stability parameter) J0. These two
approaches are implemented using the linearized muffin-tin orbital
method within the atomic sphere approximation
(LMTO-ASA),58,59 performed for the type II antiferromagnetic
ground state of B2 FeRh. We find that both methods give very
similar results in terms of the calculated J0 values. Since within the
approximations noted above the critical temperature (nucleation
temperature) variation is proportional to the antiferromagnetic
order stability parameter, the dependence of J0 on lattice parame-
ters should give an estimate of the transition temperature Tm trend
with growth temperature Tg via the measured dependence of the
lattice constants a and c on growth temperature.

In Fig. 9, we show the parametric dependence of J0 on Tg cal-
culated both for the FeRhPd films measured in this work and for
pure FeRh,7 using the experimentally determined lattice constants
in the calculations in order to relate J0 to Tg. We find that our pro-
posed model explains the observed trend in both cases. Most
notably, the nucleation/transition temperature increases for Fe–Rh
and decreases for Fe–Rh–Pd alloys as Tg increases, in agreement
with Ref. 7 and our measurements. This suggests that variation of
lattice parameters driven by growth temperature Tg variations
alters primarily the strength of the antiferromagnetic JFe�Fe interac-
tions. As a result, our study of the growth temperature and lattice
constant dependence of the magnetic transition effectively enables
us to probe Fe–Fe exchange interactions and their dependence on
lattice parameters.

Based on our observations and supported by our calcula-
tions, small Pd additions to FeRh lead to a fundamental differ-
ence of the dependence of Tm on processing. The change of
lattice constants with high temperature growth or annealing is
altered with Pd doping and this modifies the phase transition
behavior. Importantly, from a technological point of view the
transition temperature and transition width can be readily tuned
by simply altering fabrication conditions. For example, the transi-
tion temperature of Fe–Rh in heat assisted magnetic recording
media should be optimized so that the dynamic coercivity of the
media at the highest temperature can be suppressed well below
the limited writing field available. Further tuning of the strain
may be accomplished by using appropriate seed or buffer layers
during fabrication. Changing the amount of dopant is an effective
way to change the transition temperature, while optimizing the
processing conditions provides an effective means to tune both
the transition temperature and the width of the transition. The
computed link between the lattice constant and exchange cons-
tant provides a way to predict the outcome based on the struc-
tural changes.

VI. CONCLUSIONS

In summary, epitaxial ternary alloy Fe47Rh47Pd6 films were
fabricated on MgO(001) substrates. The films exhibit a reduction in
the transition temperature with an increase in the growth tempera-
ture, which can be attributed to changes in the lattice parameters.

FIG. 9. Calculated parametric dependence of molecular field or antiferromag-
netic order stability parameter J0 (K) on a(Tg), c(Tg).
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These results show an opposite tendency compared to Fe–Rh
binary alloy films. This tendency is attributed to how the lattice
parameters change under different processing conditions.
Significant property variations may be achieved through high tem-
perature deposition as compared to postdeposition annealing.
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