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In a search for high-magnetostrictive materials we have discovered in FeRh a large induced volume
magnetostriction (=~0.82%) at and above room temperature. Thermal-expansion measurements per-
formed on the ordered CsCl crystallographic structure of FeRh in the temperature range 250-800 K re-
veal Invar-like behavior at 7, =680 K associated with a paramagnetic-ferromagnetic second-order phase
transition. At Tg =405 K, a large contraction of the lattice within the ferromagnetic (F) phase takes
place through a first-order transformation resulting in a low-volume, low-temperature antiferromagnetic
phase (AF) (anti-invar-like behavior). At moderate fields above room temperature and within the AF
phase, we have found a giant value for the volume magnetostriction of ®=8.2X 1073, These results con-
stitute evidence for the existence of the theoretically predicted metastable F phase (high-volume state)
within the AF phase which can be reached by an applied magnetic field. The present experiments offer
additional perspectives on an old problem in magnetism and suggest potential applications of this alloy

as a high-magnetostrictive material.

INTRODUCTION

Since the pioneering work of Fallot and Hocart, ! it has
been known that in the ordered CsCl crystallographic
structure of Fe,sRhys a paramagnetic-ferromagnetic
phase transition occurs at T,=~650 K. Within the fer-
romagnetic (F) phase a peculiar ferromagnetic-
antiferromagnetic (AF) phase transition takes place at a
temperature Ty ,p~350 K. Simultaneously, at this tran-
sition a 0.9% volume contraction occurs without change
in the crystallographic structure. This singular transition
is strongly concentration dependent and is only present in
a very narrow concentration range of 5 at. % around
x=0.5 in the binary Fe,_,Rh, phase diagram.? Both
transition temperatures 7, and Ty p are very sensitive
to small concentration changes, an increase of only 1
at. % in Rh concentration giving rise to an increase of
about 10% in the transition temperatures. At Tg,p a
large drop in the electrical resistivity was observed.®
Neutron diffraction experiments* performed at low tem-
peratures in the AF phase showed that only the iron
atoms carry a relatively large local magnetic moment,
Upe~=3.2up, with no magnetic moment on the rhodium
sites. At temperatures above Tgap, Up. continues to
have the same value. However, a local magnetic moment
appears on the rodium sites, ug,=~0.9u5. Recent first-
principles total-energy band-structure calculations per-
formed by Moruzzi and Marcus® predicted an equilibri-
um type-II AF magnetic ordering [antiferromagnetic
coupling between successive layers of (111) iron layers]
with no magnetic moment on the Rh atoms. A metasta-
ble F state is also predicted to exist with a unit cell larger
than in the AF ground state. This F state is very close in
energy to the low-volume AF ground state and can be
reached either thermally or by applying a magnetic field.
In fact, magnetization measurements® showed metamag-
netic transitions within the AF phase.
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The present work originated in the search for high-
magnetostrictive materials. The largest magneto-
striction at room temperature reported previously was
observed in the rare-earth intermetallic Tb, ,;Dy, ;;Fe,
(Terfenol)’ A, =A—A;=2X 1073, giving 0=A+2A,=0
at room temperature and in applied fields up to H=2.5
T). We recently observed a giant volume magnetostric-
tion in TbMn, of = —17X 102 at low temperatures and
high applied magnetic fields.® These temperatures and
field requirements for such a huge magnetostriction
reduce the possibility of technical applications for such
an alloy. Nevertheless, from these previous findings it
was established that a mechanism different from the
single-ion magnetoelastic coupling (as in Terfenol) can
cause large magnetostrictions. In the case of TbMn,, the
large volume magnetostriction is a consequence of a
field-induced transition from the expanded low-
temperature state in which the Mn atoms carry a local
magnetic moment of py,=2.7up, to a non-expanded
phase, in which Mn atoms have no local magnetic mo-
ment. We have suggested from experiments on RMn, (R
= rare earth) that research on magnetostrictive materials
should be focused on compounds in which magnetic tran-
sitions occur with large magnetovolume effects.® With
this idea in mind, we selected the unusual Fe-Rh system
in the hope of finding a large magnetostriction. No evi-
dence of large magnetostriction was previously reported
in this compound to our knowledge. Early work by Mel-
ville et al.!° gave  magnetostriction constants
A,~0.4X1073 and A,=0 at low temperature in FeRh.
Nevertheless, our preliminary thermal-expansion result
pointed out a difference in volume of 0.82% between F
and AF phases. As a consequence, and based on the
former RMn, results, we might expect a volume magne-
tostriction corresponding to a similar volume increase if
the underlying mechanism is similar, i.e., a field-induced
local moment.
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EXPERIMENTAL DETAILS

The FeRh alloy was prepared from high-purity starting
elements (99.99%) by arc melting in argon atmosphere.
The final composition was tested by microprobe analysis.
Heat treatment was performed under high vacuum
(5X107° torr) at 1000°C for 36 h and then the samples
were slowly cooled down at an approximate rate of
10°C/min. Powder from the sample can only be obtained
by filing the sample but the stress induced during this
process originates a transition from the bcc to the fcc
structure. The powdered sample recovers the bcc struc-
ture after thermal annealing but it is uncertain if the an-
nealed powdered sample has the same characteristics as
the original bulk sample. In order to avoid this uncer-
tainty, we performed x-ray analysis on the bulk sample
using a D-MAX Rigaku diffractometer at the extended
x-ray-absorption fine-structure (EXAFS) Spanish Nation-
al Facility (Zaragoza). The results clearly showed a CsCl
structure with a lattice parameter a =3.000 A, with the
presence of some traces of the fcc phase (a =3.752 A),
which is predominant in the x-ray diffraction pattern ob-
tained on the powdered sample. The thermal expansion
was measured in the temperature range 250—-800 K using
a commercial fully automatized dilatometer, based on the
“push rod” and differential transformer method. The
magnetostriction measurements were carried out using
the strain-gauge technique under high pulsed magnetic
field up to 14.5 T with a pulse width of 50 msec.

RESULTS AND DISCUSSION

A. Thermal expansion

The results from the thermal-expansion experiments
are represented in Fig. 1. Three temperature regions are
distinctly observed. The anharmonic Griineisen behavior
is strongly affected by the magnetic contribution. At
temperatures below 7, =680 K an extra positive magnet-
ic contribution appears as a consequence of the ferromag-
netic ordering which significantly reduces the linear
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TABLE I. Summary of the main magnetic and magnetoelas-
tic properties of the FeRh alloy (T r =405 K, Tc=680 K). pu
is the magnetic moment, a the linear thermal expansion
coefficient, A, the anisotropic magnetostriction, and ® the
volume magnetostriction.

FeRh T < Tgar Tear<T<T,
(50 at. % Rh)  (AF phase) (F phase)
HFe (F—B) 3.2 3.2 Ref. 4
HRh (}ln ) 0 0.9 Ref. 4
a (107 K1) 9.5 6 This work
10%A, <10 <10 This work
10%0 8200 <10 This work

thermal expansion (LTE) coefficient @ [=1/L(9L /dT)]
by about 50% (see inset of Fig. 1 and Table I). Within
the local-magnetic-moment approach (Heisenberg mod-
el), this extra contribution to the LTE coefficient arises
from the thermal dependence of the two spin correlation
functions and from the dependence of the exchange in-
tegral with distance.!! On the other hand, within the
itinerant-electron picture (Stoner model), a variation in
the d-band polarization will produce a volume change.
Within this latter scheme, Shiga'? proposed that this con-
tribution should be proportional to the square of the local
magnetic moment rather than of the magnetization, as
predicted by the extended Stoner model. For such an ap-
proach Shiga made use of a “local” band model, prevx-
ously introduced by Korenman, Murray, and Prange, 1*
where longitudinal spin fluctuations (Stoner excitations)
and transverse spin fluctuations (spin-wave excitations)
are responsible for the extra contribution to the LTE,
usually call the “Invar” contribution. The magnitude of
the a change observed at T, in FeRh (Fig. 1, inset) sug-
gests that the transverse spin fluctuations of magnetic
moments with local character are responsible. In fact, a
significant change of the local band polarization (Stoner
scheme) through the transition would produce a magne-
tovolume effect orders of magnitude higher than the
change observed in this compound at T.
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In the temperature range between Tg =405 K and
T, the ferromagnetic order is characterized by the ex-
istence of a large local magnetic moment at the Fe sites,
Upe=3.2up, together with a local moment at the Rh
sites, urp, =0.91p. At Tg sr the F-AF phase transition is
accompanied by a very large and sharp drop of the LTE
(Fig. 1), and the observed volume change amounts to
0.82%. The AF phase is characterized by type-1I AF or-
dering in which pug, keeps the same moment of 3.2u 5 but
there is no local magnetic moment at the Rh sites
(urp=0). At this transition, transverse spin fluctuations
should not have any role, because the transition starts in
the F phase and therefore the large observed contraction
should be ascribed to a large spontaneous volume magne-
tostriction produced by the collapse of the Rh local mag-
netic moment within the AF phase. Consequently, such
behavior can be accounted for within the framework of
the above-mentioned Shiga local band model.

The observed behavior is quite peculiar, since, in gen-
eral, thermal excitations of longitudinal spin fluctuations
tend to collapse the local moments of the Rh atoms, as
happens in Invar alloys'? and also in the RMn, interme-
tallics.'* A recent first-principles total-energy band cal-
culation, based on the augmented-spherical-wave
method, performed by Moruzzi and Marcus® predicted
the existence of a low-volume AF ground state in FeRh
and a high-volume F state, which lies as a metastable
state above the AF state at low temperatures, separated
by an energy barrier. Such a F state can be attainable ei-
ther by thermal overbarrier excitations or under an ap-
plied magnetic field. This would reduce both the energy
barrier and the F energy level below the AF energy level,
giving rise to the transition. According to this theoreti-
cal prediction the thermal-expansion results look com-
pletely understandable, being the opposite of the Invar
effect and thus called anti-Invar. 1°

B. Magnetostriction

We have performed high-pulsed-magnetic-field magne-
tostriction measurements above room temperature and
up to 14.5 T. The measurements were carried out along
the parallel (A;) and perpendicular (1)) directions to the
applied magnetic field. Both magnetostriction values
were found to be independent of the field direction
(Ay=A4,), and consequently the anisotropic magnetostric-
tion A,=A ,—A, is negligible and the volume isotropic
magnetostriction w=A;+2A, reaches a hugh value. In
Fig. 2 we display the volume magnetostriction isotherms
of FeRh obtained above room temperature. As may be
observed, a large value of the magnetostriction
[@=(8.240.2)X 1073] is reached above certain critical
field values. The magnetostriction values above these
critical fields are constant. In Fig. 3 we represent the
thermal dependence of the maximum magnetostriction.
An almost constant value at temperatures well below
T ar is observed. The magnetostriction rapidly vanishes
as we approach T ,g. In fact, in the F phase the volume
magnetostriction is negligible (o < 107%). A first attempt
to explain this large volume magnetostriction might be
based on the hypothesis of a metamagnetic transition in
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FIG. 2. Isotherms of the volume magnetostriction o for FeRh
vs applied magnetic field (the arrows show the direction of the
field variation).

which the antiferromagnetic ordering will be destroyed
by the applied magnetic field. This process would encom-
pass a rotation of the magnetic moments (spin-flip or
spin-flop processes) to reach the F state, where the mag-
netic moments are well aligned. If such is the mecha-
nism, we should also observe a large volume magneto-
striction in the F phase at low fields when the polycrys-
talline sample reaches the saturation magnetization. This
is not the case, and as a consequence we discard such a
hypothesis. We should take into consideration that the
value observed for the field-induced volume magneto-
striction is of the same order as the spontaneous volume
change up to T, observed in the thermal-expansion re-
sults. This fact constitutes clear evidence that the effect
of the field is to induce a transition from the low-volume
AF phase to the high-volume F phase through a first-
order magnetic phase transition at a determined critical
field H  (see Fig. 2). This critical field is temperature
dependent and its thermal dependence is displayed in Fig.
4. The values of H_ were obtained at the maximum
slope of the isotherm curves and display a linear depen-
dence with temperature in the range of our available
magnetic fields. A large hysteresis of about 2 T is also
observed at the first-order field-induced transition, as ex-
pected.
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FIG. 3. Thermal dependence of the volume magnetostriction
w at 14.2 T for FeRh (the line is a visual guide).
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FIG. 4. Thermal dependence of the critical field H . obtained
from the magnetostriction isotherms for increasing field.

CONCLUSIONS

Thermal-expansion results reveal that the FeRh alloy
is an interesting system in which both Invar and anti-
Invar effects are present in different range of tempera-
tures. The Invar-like behavior in FeRh is observed at
and below T, and it is mainly attributed to transverse
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fluctuation of the local magnetic moments, which remain
practically constant through and below the transition
within the F phase. The anti-Invar behavior is observed
at Tg,r and it is attributed to the collapse of the local
Urp as a consequence of the longitudinal spin fluctua-
tions at low temperatures.

We have observed in this alloy a very large field-
induced magnetostriction above room temperature. This
huge volume magnetostriction gives experimental sup-
port to the theoretically predicted existence of a metasta-
ble ferromagnetic high-volume state in which the Rh has
a local magnetic moment. This underlying mechanism
for the huge magnetostriction in FeRh can be related to
that observed in TbMn, which shows a large volume
magnetostriction at low temperatures. However the ex-
istence of such a magnetostriction in FeRh at and above
room temperature makes this alloy very attractive as a
candidate for application as a magnetostrictive transduc-
er.
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