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Abstract

FeRh undergoes an unusual antiferromagnetic-to-ferromagnetic (AFM to FM) transition just
above room temperature (T4rpr>par) that can be tuned or even completely suppressed with small
changes in composition. The underlying temperature-dependent entropy difference between the
competing AFM and FM states that drives this transition is measured by specific heat as a func-
tion of temperature from 2-380 K on two nearly-equiatomic epitaxial Fe-Rh films, one with a
ferromagnetic ground state (Fe-rich) and the other with an antiferromagnetic ground state (Rh-
rich). The FM state shows an excess heat capacity near 100 K associated with magnetic excitations
that are not present in the AFM state. The integrated entropy and enthalpy differences between
the two alloys up to Tapay>ry agrees with the previously measured entropy of the transition
(AS =17+ 3 J/kg/K) and yields a T' = 0 energy difference of 3.4 J/g, consistent with literature
calculations and experimental data; this agreement supports the use of the Fe-rich FM sample as a
proxy for the (unstable) FM state of the AFM Rh-rich sample. From the low temperature specific
heat, along with sound velocity and photoemission measurements, the lattice contribution to the
difference (ASje = —33 £9 J/kg/K) and electronic contribution (ASe = 8 £1 J/kg/K) to the
difference in entropy are calculated, from which the excess heat capacity in the FM phase and the
resulting entropy difference are shown to be dominated by magnetic fluctuations (ASy,qy = 43£9
J/kg/K). The excess magnetic heat capacity is dominated by the magnetic heat capacity of the
FM phase, which can be fit to a Schottky-like anomaly with an energy splitting of 16 + 1 meV and

a multiplicity of 1 per unit cell.
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I. INTRODUCTION

In today’s information age, information density is at a premium. However, as the bit size
becomes smaller and smaller, traditional media runs into the superparamagnetic limit as the
anisotropy energy becomes comparable to kgT', leading to thermal instability of bits and/or
the difficulty of writing bits in accessible magnetic fields. Thus, denser storage mandates
new approaches such as perpendicular media and thermally-assisted magnetic recording
(TAMR). One novel approach to TAMR involves an FePt/FeRh bilayer, utilizing the unique
antiferromagnetic to ferromagnetic (AFM>FM) transition of FeRh to improve the writing
process of the highly anisotropic perpendicular FePt layer[1].

This unusual AFM>FM transition in FeRh was discovered about 70 years ago[2]. It is
known to be first order, with a latent heat of 2.2 kJ/kg[3], a ~ 1% volume change, and a
magnetic-field-dependent transition temperature T'4pp~par. There remain basic questions of
what drives this transition. The earliest models suggested that the transition was driven by
exchange inversion, in which thermal expansion causes a change in the sign of the exchange
interaction, but this model was inconsistent with the large entropy change at the transition
and other issues discussed by several authors[4, 5]. Early low-temperature specific heat C(7T")
measurements on binary and ternary alloys near the equiatomic FeRh composition showed a
substantial reduction in the Sommerfeld coefficient v (proportional to the electronic density
of states (DOS)) for alloys with an AFM ground state compared to those with a FM ground
state. Based on this data, Tu et al. suggested that an electronic entropy difference drives the
transition[6]. First principle calculations later agreed with the large ground state electronic
DOS difference[7]. However, this model is contradicted by specific heat results on Fe-Rh-
Ir alloys that show an inverse relationship in «[8]. More recent models focus on magnetic
fluctuations and on the nature of the Rh moment in each state. Gruner et al. evaluate FeRh
in an Ising model, explaining the transition through entropy associated with competing
magnetic states of the Rh atom[9]. Their model yields a Schottky-like anomaly in C(7)
at ~ 200 K in the FM state. Another model, by Gu and Antropov, proposes instead that
the driving force of the transition is associated with magnon excitations which have higher
C(T') and hence higher entropy in the FM phase compared to the AFM phase[10]. This work
predicts a peak in the difference between the heat capacity of the FM and AFM phases at

moderate temperatures (~ 300K). Finally, a recent paper by Sandratskii and Mavropolous



suggests that non-collinear magnetic excitations coupled with strong Fe-Rh hybridization
are important to understanding the magnetism of the AFM state and from there the source
of the transition[11]. The specific heat and entropy of FM and AFM states has not been
simulated in this model, but recent time-resolved X-ray diffraction (XRD) measurements
support this model of the metamagnetic transition[12].

While low-temperature specific heat measurements have been made on bulk alloysof FeRh
and related alloys[6, 13], both FM and AFM, and high temperature measurements around
the transition itself in AFM FeRh[3], to date no one has measured the specific heat of
AFM and FM FeRh alloys in the moderate temperature range where the heat capacity
differences in the proposed models are predicted to occur. We have used ion-beam-assist-
deposited (IBAD) MgO microcalorimeters|[14] to measure the specific heat C(7") of two near-
equiatomic epitaxial Fe-Rh films, one with an antiferromagnetic ground state (FeggsRh.02)
and one with a ferromagnetic ground state (Fe;osRhgos). Magnetization measurements
on the AFM FeggsRhy g2 sample show it undergoes the AFM>FM transition at 328K|[15].
These two samples have virtually identical properties in their FM states above 328K, and
we therefore use the specific heat of the Fe-rich FM sample as the proxy for the (unstable)
low temperature FM phase of FeRh. We observe excess specific heat in the FM state above
that of the AFM state at moderate temperatures, which cannot be explained by lattice or
electronic contributions, suggesting that magnetic fluctuation models are correct, although

the excess C(T') occurs at lower temperatures than predicted by existing models.

II. EXPERIMENTAL DETAILS

Thermal relaxation calorimetry is a widely used technique for measuring heat capacity
of small samples. In Bachmann’s pioneering design [16], the sample is thermally and physi-
cally bound to a silicon bolometer consisting of heater, thermometer, and sapphire sample
platform that is weakly linked via thin gold wires to a sample block held at temperature Tj
[16]. Our microcalorimeters and more recently nanocalorimeters modify this design by using
an amorphous silicon nitride membrane as the sample platform to support and isolate the
sample from the silicon frame [17, 18]. Amorphous NbSi and Pt thermometers are located on
the sample area with matching thermometers on the silicon frame connected with Pt leads;

a differential bridge is used to measure AT. Because the transition in FeRh is sensitive



to disorder, including polycrystallinity that would result from growth directly on the mem-
brane, we used recently-developed IBAD MgO calorimeters (with biaxially-ordered MgO
underlayer deposited on the nitride membrane)[14] to enable heat capacity measurements of
epitaxial Fe-Rh films.

The Fe-Rh films were grown by magnetron sputtering and are nominally 200nm thick.
The AFM>FM FegggRhy gy film (referred to below as AFM, after its ground state) was
deposited from an equiatomic FeRh target, while the ferromagnetic film was co-sputtered
from this FeRh target and a second (partially masked) Fe target. Both films were grown
at 573K and then annealed for 2 hours at 873K. The composition and atomic number
density of the films was determined via Rutherford back-scattering measurements. The
films’ epitaxy was confirmed via four-circle X-ray diffraction (XRD) for samples grown on
(001) IBAD MgO and neighboring MgO substrates. Fe-Rh films grow (001) out-of-plane,
rotated 45° in plane relative to the MgO to accomodate V2 difference in lattice constant.
The in-plane order was characterized by setting the polar angle ¢ = 45° and measuring the
(101) XRD peaks (FegosRhigo: a = b = 3.0054, ¢ = 2.959A(at room temperature; above
the AFM>FMtransition temperature, a = b is constrained in-plane while ¢ is increased
by 1%); FerouRhogs: @ = b = 3.006A, ¢ = 2.961A). The metamagnetic transition was
observed in temperature-dependent XRD (see supplemental material) and confirmed via
SQUID measurements. Further discussion of the film quality of the films and the IBAD
MgO substrate is found elsewhere [14].

III. RESULTS

Figure 1 depicts C(T") data for the FM Fey g4Rhggs and AFM FeggsRhj g2 Fe-Rh films
grown on IBAD MgO microcalorimeters. The AFM data matches literature results on
FeggsRhy g2, also shown[3]. The data for the FM alloy aligns with the data on the AFM
sample above its transition, signifying that it is an appropriate proxy for the FM phase of
FeRh. Note that there is a noticeable (albeit small) excess heat capacity in the FM film at
approximately 100K - this will be discussed below. Field-dependent measurements below
Tary>ry were carried out for both films at H = 0, 4, and 8 T but are not shown because
they yielded no difference to within error of the measurement technique.

The specific heat of the Fe-Rh alloys can be broken down into electronic, lattice, and
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FIG. 1: (Color Online)Specific heat data for Fej g4Rhg g (filled black squares) and FegggRhy g2
(open red circles) overlaid with data on FegggsRhj g2 from the literature from 100-500 K (gray
line)[3]. The inset shows the data for the two Fe-Rh alloys as a function of C/T v. T?. The solid
black line in the inset is a fit to the Fej g4Rhggs (FM) data with v = 8.3 & 0.5 mJ/mol/K? and
©p = 393 + 20 K. The solid red line in the inset is a fit to the FepggRhy g2 (AFM) data with
v =3.540.4 mJ/mol/K? and ©p = 340 4 13 K.

magnetic contributions. The low temperature data, shown in the inset to Figure 1 as C/T
v. T2, is used to determine the first two from C/T = v + T2 As has been previously
found, ~ for the FM alloy is significantly larger than + for the AFM alloy: vpy = 8.3+ 0.5
mJ/mol/K? = 53+3 p J/g/K? (slightly smaller than the previously reported range of 59-66
uJ/g/K? [6, 8]) whereas Yary = 3.5+£0.4 mJ/mol/K? = 2242 1J /g/K? (similar to previous
measurements of 10-32 pJ/mol/K?[6, 8])[29]. The lattice contribution is derived from the
slope in the low T data. The FM sample exhibits a Debye temperature (©p = 393 + 20K)
similar to that seen previously for Fe-Rh alloys near the equiatomic composition[11]. The
AFM Debye temperature (O p = 340+13K) is somewhat less than the literature value of 390-
410K[4, 13], but softening of the AFM compared to FM samples is consistent with literature
measurements of the shear modulus G for each[4]. Longitudinal sound velocities v, were
also measured on these films using an ultrasonic picosecond technique[19] and are shown in
Table I; they also show the AFM film as softer than the FM. By combining the longitudinal
sound velocities with the low temperature specific heat results, we obtain ©p values for

the transverse (T) and longitudinal (L) modes of both films as well as the transverse sound



velocities, vy (Table I).

The specific heat data shown in Figure 1 are taken at constant pressure and hence yield
Cp; theoretical calculations are commonly done at constant volume. The difference, called
the dilation contribution, Cp — Cy = VTa?Kr (where V = unit cell volume, « is the
volumetric coefficient of thermal expansion, and K7 is the bulk modulus) is small (< 2% of
C') but non-zero near 300K. The (small) dilation contribution is re-written as Cp — Cy =
AC3T where A = VTa?Kr/C?% has been empirically found to be approximately constant
with T', so that a determination of A at e.g. 300K allows an estimate of dilation at all
T'[20]. We used temperature-dependent XRD above room temperature to measure o below
and above the transition temperature of the FegggsRhy g2 film, yielding values for both the
AFM and FM phases. We calculated the bulk modulus K7 at room temperature from the
sound velocities vy, and vy, which allowed us to calculate Cy (T) for both films. Calculated
values of K7, Young’s modulus E, and Poisson ratio v (see [4] for methodology) are in good
agreement with that calculated/measured previously in the bulk[4, 21|, giving confidence in
these calculations and Cy (7). This calculation of the dilation contribution takes account
of most of the anharmonic contribution to the specific heat, leaving a smaller contribution
due to what might be called true anharmonicity, which is typically linear to first order and
small, hence indistinguishable from electronic terms.

By subtracting the dilation, lattice, and electronic contributions to the specific heat, we
obtain the magnetic contribution. Photoemission data on these same films confirms a low
electronic DOS that persists all the way up to the transition [23], with a measurable change
at the transition, so we take the electronic contribution to the entropy as simply 7. We
treat the lattice contribution in the Debye approximation. The resulting magnetic heat

capacity Cpqq(T) for each phase is then given by
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and is plotted in Figure 2, with the inset showing Cl,.,(T") for both the AFM and FM

samples and the main figure showing the AC),,, difference between these. The AFM phase

exhibits a small, monotonically increasing Cy,.4(T"), as expected for an AFM material far
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TABLE I: vy, =longitudinal sound velocity measured at room temperature; o = volumetric coef-
ficient of thermal expansion, measured from XRD 300-450 K; vp=transverse sound velocity, £ =
Young’s modulus, v = Poisson’s ratio, and K7 = bulk modulus, calculated from measured low T
specific heat ©p and vy,. Literature values were based on measured E and assumed v. Measured
values in bold, calculated values in plain font, assumed values in parentheses. apj; measured on

Fep.9sRhy g2 sample above Tappr~par; all other FM values measured on Feq g4Rhg 9 sample.
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FIG. 2: (Color Online)Difference in magnetic specific heat data between Fej gsRhggs and

FegggsRhy 2. The data is fit to a Schottky two-state anomaly, resulting in an energy splitting

of 16 1 meV (solid red line). The excess heat capacity predicted by Gu and Antropov’s magnon

fluctuation model [10] is shown for reference (green dashed-dotted line). (inset) Specific heat

as a function of temperature for AFM and FM states after subtraction of electronic and lattice

contributions.

below its estimated critical temperature (T =~ 840K][4]), while the FM phase shows a large

peak at ~ 100K, made even more visible by taking the difference between the two.



IV. DISCUSSION

Figures 1 and 2 show a difference in the specific heat of the AFM and FM phases. We can
thus calculate the entropy difference between these two phases at any temperature, including
the phase transition. Integrating this entropy difference from 0 to 300 K should yield the
same change in entropy, AS, as that measured via the latent heat at the AFM>FM transition
on a single film assuming the FM sample data can be taken as a proxy for the non-equilibrium
low T FM state of the AFM sample. This integration of AC(T")/T yields AS = 17+£3 J/kg/K
(2.7 £ 0.5 J/mol/K), within the range of 12.6-18.3 J/kg/K measured previously using the
Clausius-Clapeyron relationship[4, 24, 25], supporting the use of the FM thin film sample as
a proxy for the FM phase of the AFM sample. Furthermore, the integration of AC' gives the
enthalpy difference 1.74+0.9 J/g (270+£140 J/mol); combined with the calculated latent heat
for this sample L = TAS = 5.1 £ 0.9 J/g (810 £ 140 J/mol), which itself is comparable to
previous literature values of 5.35 J/g[3, 21], this gives a calculated zero temperature energy
difference between FM and AFM phases of 3.4 J/g (540 J/mol), consistent with calculations
in e.g. [10] (0.206 mRyd/atom).

Considering the electronic, lattice, and magnetic contributions, separated as described
above, we find ASj,; = —33+9 J/kg/K (5.2+1.4 J/mol/K), AS,, =8+1 J/kg/K (1.3+0.2
J/mol/K), and ASy., = 43 £9 J/kg/K (6.7 £ 1.4 J/mol/K) (a plot of S,y v. T can be
found in the supplemental material). The negative sign on the lattice contribution is no-
table: because the FM lattice is “stiffer”, it acts to resist the transition and contributes
negatively to the entropy of the AFM>FM transition, in conflict with earlier models of the
AFM>FM transition [6, 25] but consistent with the calculation of Ricodeau and Melville[4]
based on Young’s modulus measurements[5]. The electronic entropy difference does con-
tribute to the transition, as previously observed, but is a much smaller contribution than
the magnetic part.

Turning to the temperature dependence of the magnetic contribution to the heat capacity,
the most obvious and anomalous signature is the excess heat capacity of the FM phase, which
has a peak near 100 K (visible both in C,,,,(7T") for the FM phase and in the raw C'(7") data
of Figure 1, where the FM sample has a significant excess above the AFM sample near 100
K). While the error bars are large, the excess heat capacity of the FM phase can be fit to a
Schottky anomaly with an energy splitting £ = 16 £ 1 meV shown in Figure 2; in this fit,



we took the multiplicity of the two states to be equal and equal to the number of unit cells
(= Rh atoms).

In the thermal fluctuation model of Gruner et al., there is a Schottky-like anomaly near
200K (which would correspond to an energy splitting of approximately 45 meV if fit to a
fixed AE(T)) which originates from a competition between the non-magnetic S = 0 ground
state of the Rh atom and the ferromagnetic Sgy, || Sr. alignment of the Rh moment; in the
AFM state, S=0 is the ground state, but the exchange interaction with Fe lowers the energy
of the Sgy || Sre state for the FM state, producing a two-state system in the FM which
yields a Schottky-like heat capacity and entropy. This two-state system only occurs in the
FM alloy because Jp._g, cancels at the Rh site in the AFM state due to the anti-parallel
alignment of the Fe spins. The additional entropy and enthalpy of this two-state system
lowers the Gibbs free energy of the FM phase, finally matching that of the AFM phase at
Tarv>ra, thus driving the transition.

A more recent model for magnetic entropy was put forth by Gu and Antropov [10], who
suggest the transition is caused by the different magnon excitations of FM and AFM states.
In their model, the magnon DOS in the FM state is much larger than that of the AFM state.
This increased heat capacity causes a larger reduction in free energy with increasing 7" in
the FM state than in the AFM state, causing the observed AFM to FM transition. In their
calculation, the heat capacity of this magnon-driven model shows a peak difference between
the two phases at about 300K, significantly higher than what is observed experimentally
(see Figure 2) but of the same general temperature dependence.

The even more recent model of Sandratskii and Mavropoulos has a more sophisticated
model for the magnetization, particularly for the Rh moment in the AFM state, which
possesses substantial local polarization despite having no net moment[11]; it is not clear
how this would translate into heat capacity differences between the two competing phases
of FeRh, but the entropy associated with the Rh moments in the AFM state clearly must
play a significant role.

More generally, Cp of the FM state (as well as the excess Cp, which is dominated by
Cpru) has a temperature dependence which is unusual, reflecting the complex magnetic
properties seen in all the models for this system. While it is possible that a more accurate
lattice C'p would modify this dependence, it is clear from all measurements (low-temperature

specific heat, room temperature sound velocity, and shear modulus) that the FM state has a

10



stiffer lattice than the AFM state, and it is therefore highly unlikely that the excess specific
heat seen near 100K is due to unusual lattice contributions for the FM state not seen in the
AFM state. It is far more likely that the excess heat capacity is due to magnetic excitations,
such as those discussed above or, more generally, as typically seen in itinerant ferromagnets

with spin fluctuations which saturate at moderately high T' (e.g.,[26-28]).

V. CONCLUSIONS

Specific heat measurements of epitaxial ferromagnetic Fe; g4Rhg g6 and antiferromagnetic
FeggsRhy g2 thin films show an excess magnetic specific heat of the FM sample, with a
peak near 100K corresponding to an energy splitting of 16 £ 1 meV when fit to a Schot-
tky anomaly. The data indicate the importance of magnetic fluctuations in driving the
AFM>FM transition, with the electronic contribution providing a smaller contribution and
the lattice actually lowering the free energy of the AFM phase relative to the FM phase,
hence resisting the transition. Though qualitatively the peak in heat capacity is consistent
with existing magnetic fluctuation models of the transition, it occurs at a lower tempera-
ture than theoretically predicted and requires further theoretical input to understand the
magnetic fluctuations in this complex magnetic system. Finally, from the integrated heat
capacity of the two phases, we obtain an entropy difference ASpy—apy = 1743 J/kg/K
(2.7+ 0.5 J/mol/K) and a T = 0 energy difference of 3.4 J/g (540 J/mol), consistent with
literature values of the latent heat of the transition and theoretical calculations of the two

ground states.
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