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X-ray magnetic circular dichroism probe of the Rh magnetic moment instability in Fe12xRhx
alloys near the equiatomic concentration
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X-ray magnetic circular dichroism~XMCD! measurements performed at the RhL2,3 edges and PdL3 edge
in Fe0.51Rh0.49 and Fe1.005(Rh0.85Pd0.15)0.995evidence the instability of the Rh magnetic moment (mRh) through
the ferromagnetic-antiferromagnetic transition and demonstrate the induced nature of bothmRh andmPd . In the
case of Fe0.51Rh0.49 these experiments have also revealed the existence of a ferromagnetic ground state at low
temperatures in whichmRh;0.7mB . @S0163-1829~99!11605-9#
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The peculiar magnetic properties of the Fe-Rh alloys n
the equiatomic composition have fascinated a lot of scien
for over 50 years, so that since the pioneer works of Fa
and Hocart,1 a large number of experimental and theoreti
studies have been published.2–4 Equiatomic FeRh undergoe
a first-order transition from paramagnetic~PM! to ferromag-
netic ~F! state atTc;650 K, and a peculiar ferromagnetic
antiferromagnetic phase transition at aboutTF-AF5350 K.
Both Tc andTF-AF transition temperatures are very sensiti
to composition, being the F-AF transition only present in
very narrow concentration range of about 5% aroundx
50.5 in the binary Fe12xRhx phase diagram, and the groun
state becoming ferromagnetic forx50.51.5,6

The magnetic structure of both F and AF phases has b
determined by means of neutron diffraction and Mo¨ssbauer
experiments: in the F phase the Fe and Rh moments
parallel and ferromagnetically ordered, while in the A
phase only the Fe atoms carry magnetic moment. Bertaut
co-workers reportedmFe53.04mB andmRh50.62mB for the
53% Rh alloy at 330 K andmFe52.84mB andmRh50.8mB at
373 K, where the alloy is ferromagnetic, andmFe53.3mB in
the AF phase at room temperature.7,8 On the other hand
Shirane and co-workers reported for a single crystal of
48% Rh alloy, ferromagnetic at room temperature, that
atomic moments aremFe53.2mB andmRh50.9mB .9

The magnetic structure of the AF phase was a matte
discussion as far as the rhodium moment is concerned. O
Shirane and co-workers attempted a determination of the
moment in the AF phase and came to the conclusion th
such a moment existed, it was less than its value of 1mB
found in the F phase. Recent first-principle band struct
calculations have predicted the coexistence of AF and
phases over a wide range of volume.2 The zero pressure
equilibrium state is found to be AF withmFe;3mB and zero
mRh , and the metastable F state can be reached either
mally or by applying a magnetic field.

Consequently, so far there is no direct evidence for
existence of a finite moment at the rhodium site, the gen
opinion widely accepts thatmRh50 in the AF phase, and tha
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both Fe and Rh moments are parallel and ferromagnetic
ordered in the F phase, not only regarding FeRh alloys
also their substitutional derivatives. However, this co
monly accepted picture is mainly based upon the work
Bertaut and co-workers and Shiraneet al. performed in the
early sixties.7–9 To our knowledge, no other results hav
been published regarding both the coupling and magnit
of Fe and Rh moments, as well as no information has b
gained regarding the sign and magnitude of the moments
the substitutional atoms.

In this work we report x-ray magnetic circular dichrois
~XMCD! measurements performed at the RhL2,3 edges and
PdL3 edge in Fe0.51Rh0.49 and Fe1.005(Rh0.85Pd0.15)0.995 com-
pounds. In the case of the Fe-Rh-Pd sample, which exh
the characteristic F-AF transition similar to that found
equiatomic FeRh, the aim of the XMCD study is to get
insight about both the magnitude and nature of the magn
moment on both Rh and Pd atoms. The ferromagn
Fe0.51Rh0.49 system has been studied in order to investig
the possible existence of amRh thermal instability as the
origin for the large magnetovolumic effect observed in th
system belowT5150 K.3

Polycrystalline Fe0.51Rh0.49 and Fe1.005(Rh0.85Pd0.15)0.995
samples were used for the experiments. Details of sam
preparation and characterization can be found in Refs. 3
10. The description of the experimental setup used for
magnetization, thermal expansion and magnetostriction m
surements can be also found in Ref. 3. The XMCD expe
ments at the RhL2,3 edges were carried out at the ESR
beamline 6~ID12A! which is dedicated to polarization de
pendent x-ray-absorption studies.11 The source is the helica
undulator HELIOS II which emits x-ray radiation with a hig
polarization rate of above 97% and flexible polarization~cir-
cular left-circular right!. The first harmonic of the undulato
spectrum was selected to cover the range from 2.9 to
keV, i.e., RhL2,3 and PdL3 edges were tuned. The fixed-ex
double-crystal monochromator was equipped with a pair
Si~111! crystals cooled down to2140 °C. In this configura-
tion the Bragg angle is close to 45° giving rise to the drop
3306 ©1999 The American Physical Society
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the polarization rates from 97% down to about 11%, 5%, a
12% for RhL2 , Rh L3, and PdL3 edges, respectively.12

XMCD signals were obtained through the difference
x-ray-absorption near-edge structure~XANES! spectra re-
corded consecutively either by reversing the helicity
the incident beam or by flipping the magnetic fie
(;10 kOe) generated by a superconducting electroma
and applied along the beam direction. Samples w
mounted with the incident plane tilted 45° away from t
beam direction and XANES spectra were recorded at dif
ent fixed temperatures in the fluorescent detection mode.
spin dependent absorption coefficient was obtained as
difference of the absorption coefficientmc5(m22m1) for
antiparallelm2 and parallelm1 orientation of the photon
helicity and the magnetic field applied to the sample. Spe
were normalized to the absorption coefficient at high ene
to eliminate the dependence of the absorption on the sam
thickness. The comparison of the spectra with those reco
in the transmission mode allows us to consider no correc
for self-absorption effects.13

The thermal dependence of the magnetization
Fe1.005(Rh0.85Pd0.15)0.995 shows all the hallmarks of the cha
acteristic ferromagnetic~F!-antiferromagnetic~AF! phase
transition of the FeRh alloys. As the temperature decreas
is observed an increase of the magnetization atTC
5590 K. Near room temperature a sharp decrease of
magnetization occurs as a consequence of the F-AF,
magnetization becoming practically zero at room tempe
ture under an applied magnetic field of 5 kOe.10 However, in
the case of the Fe0.51Rh0.49 sample the behavior of magnet
zation is markedly different; see Fig. 1. The value of t
magnetization at 4.2 K is;1.47mB under a steady magneti
field of 6 KOe, and it remains nearly constant as tempera
increases up to about 150 K. At this temperature (TFF) the
magnetization departs from the low-temperature constan
gime and starts to increase continuously up to reach a v
of ;1.77mB at room temperature. Linear thermal expans

FIG. 1. Thermal dependence of the magnetization of Fe0.51Rh0.49

under an applied field of 6 kOe. In the inset linear thermal exp
sion ~LTE! ~solid line! and LTE coefficient (s) are shown.
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~LTE! measurements show a decrease of the LTE atTFF and
the thermal dependence of the LTE coefficient present
pronounced anomaly at this temperature. Both effe
indicate the appearance of magnetic transition atTFF resem-
bling the F-AF transition of the FeRh an
Fe1.005(Rh0.85Pd0.15)0.995. However, present results indica
that for the Fe0.51Rh0.49 composition the transition take
place between two F phases of different volume. As the c
of the magnetization at;400 K is due to an equiatomic
FeRh impurity estimated to be less than the 8%, we h
checked that this effect cannot be due to the presenc
a8-FeRh phase. The temperature and field dependenc
both magnetization and magnetostriction rule out t
possibility.14

The magnetic behavior Fe0.51Rh0.49 showing this F-F tran-
sition is outstanding even as compared with the peculiar
havior of the Fe-Rh alloys. Indeed, Fe0.51Rh0.49 exhibits at
the F-F transition all the hallmarks of anti-Invar effect,
previously reported for the F-AF transition of equiatom
FeRh~Ref. 3! in which the transition from the low to high
volume phase has been interpreted in terms of the collaps
the Rh magnetic moment. Therefore, it is of primordial i
terest to determine the evolution ofmRh through this F-F
transition. To this end, we have studied the XMCD at the
L2,3 as a function of temperature. Selected XMCD sign
obtained as a function of temperature as described above
reported in Fig. 2 for the RhL2 edge in the Fe0.51Rh0.49
sample. The shape and signs of the XMCD signals at bothL2
andL3 edges do not vary either at the F-F transition or in
the temperature range studied. This result indicates that
coupling between Fe and Rh sublattices remains unaltere
both low and high volume phases. According to Brouder a
Hikam15 the XMCD signals, defined as above, at theL2,3
edges are proportional to the reduced transition probab
towards spins parallel~antiparallel! to the net magnetization
of the samples↑(↓) through the relationsmcas↑2s↓ and
mcas↓2s↑ for theL2 andL3 edges, respectively. The neg
tive ~positive! sign of the Rh XMCD signal at theL2 edge
(L3) indicates that the Rh spin is antiparallel with respect

-

FIG. 2. Normalized RhL2 XMCD spectra of Fe0.51Rh0.49 re-
corded at different temperatures:T560 K(s), T5180 K ~solid
line!, andT5200 K(h). The spin averaged absorption recorded
180 K is also shown~dots!.
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3308 PRB 59BRIEF REPORTS
the magnetization direction in the material. Therefore, b
Fe and Rh magnetic moments are parallel and ferromag
cally coupled in the two phases.

However, the existence of a non-negligible Rh XMC
signal below;150 K excludes the collapse of the Rh ma
netic moment in the low-temperature low volume pha
This is shown in Fig. 3 where the temperature dependenc
the integrated XMCD signals is reported. There is a cl
difference between the XMCD signals below and aboveT
5150 K, indicating the first-order nature of the F-F tran
tion. Whereas in a characteristic FeRh F-AF transition,
complete collapse of the Rh moment takes place, our XM
data support thatmRh stands, although reduced, in the low
temperature phase. This result is in agreement with the
gestion that this moment is induced by the exchange fiel
a rhodium atom from neighboring Fe moments by a po
ization process.16 Indeed, the temperature dependence of
Rh L2,3 absorption white lines shows that the intensity of t
white line, linked to the localization of the Rh (4d) states,17

is higher and nearly constant for temperatures below 15
than above the F-F transition. Therefore the Rh 4d states are
more localized at low temperatures with a subsequent re
tion of the Rh-Fe hybridization resulting in the depletion
the Rh magnetic moment. This result is supported by
temperature dependence of the RhL2,3 and PdL3 XMCD
signals of Fe1.005(Rh0.85Pd0.15)0.995. The sign of the XMCD
indicates that not only Rh but also Pd atoms carry a n
negligible magnetic moment in the F phase, and that b
mRh and mPd are ferromagnetically coupled tomFe . The
temperature dependence of the integrated XMCD sign
through the F-AF transition is shown in Fig. 4. Both Rh a
Pd signals follows the whole magnetization behavior
agreement with the hypothesis that these,mRh and mPd ,
magnetic moments arise from the exchange field at Rh
Pd atoms induced from neighboring Fe moments throug
polarization process.

Finally, trying to obtain a deeper insight on the magnitu

FIG. 3. Temperature dependence of the integrated XMCD sig
at the RhL2 edge in the Fe0.51Rh0.49 compound. The inset report
the RhL3 integrated XMCD.~The dotted line is an eye guide.!
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of mRh in both ferromagnetic phases, we have applied
sum rules derived by Thole and Carra to the XMCD spec
~corrected for the rate of circular polarization!.18 For the Rh
L2,3 edges they can be written as:̂Lz&52(A31A2)
3(n4d /s tot) and ^Sz&53/2(A322A2)3(n4d /s tot)
27/2̂ Tz&. A3 and A2 are the integrals over the dichroi
signal at theL3 andL2 edges, respectively,n4d is the number
of holes in the Rh 4d band ands tot is the unpolarized 2p
→4d cross section. It should be noted that we have assu
^Tz& to be negligible in the spin sum rule as previously d
cussed by Vogelet al.20 We have use two different ways t
estimate (n4d /s tot): ~i! we have deduced experimental
s tot as 3/2(s11s2) and fixed the number of 4d holes ac-
cording to different Rh configurations (4d75s2 and
4d85s1),19 and ~ii ! we have estimatedn4d /s tot from the
experimental RhL2,3 spectra by subtracting Ag-foilL2,3
spectra as proposed by Vogelet al.20 Moreover, we have
normalized the value ofmRh derived by applying the sum
rules to the XMCD of Fe1.005(Rh0.85Pd0.15)0.995 at 310 K, to
the 0.9mB value proposed for the F phase,9,10 and then ap-
plying this factor to the Fe0.51Rh0.49 XMCD data. The results
are displayed in Table I. Both methods yield similar resu
when using the Rh 4d75s2 configuration, being in agreemen
with neutron data. These results imply that the magnetic m
ment on Rh atoms decreases by about 30% in the low
ume ferromagnetic as compared with high-temperature
phase. The depletion ofmRh in the low volume phase sup
ports the hypothesis that this moment is induced by the
change field at a rhodium atom arising from Fe neighbo
Indeed, combined XMCD and magnetization data yields
reduction of the iron magnetic moment from;2.5mB to
;2.2mB when cooling down through the F-F transition. T
this respect, it is important to note that the values ofLz /Sz
deduced from XMCD~see Table I! exhibit an increase in the
low-temperature phase. It implies a reduced quenching of
orbital moment by the crystal field, that is in agreement w

al FIG. 4. Temperature dependence of the integrated XMCD sig
at the RhL2 edge in Fe1.005(Rh0.85Pd0.15)0.995. The inset reports the
Pd L3 integrated XMCD.~The dotted line is an eye guide.!
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PRB 59 3309BRIEF REPORTS
observed localization of the Rh 4d states for temperature
below the F-F transition and the subsequent reduction of
Fe(3d)-Rh(4d) hybridization.

Summarizing, we have demonstrated the induced na
of both mRh andmPdFe1.005(Rh0.85Pd0.15)0.995. We have also
shown that in Fe0.51Rh0.49 the characteristic ferromagnetic

TABLE I. Values of mRh derived from the XMCD spectra o
Fe0.51Rh0.49 by considering two different atomic configurations f
Rh (d7,d8); using Vogel’s method~Ag!; and normalizing the
XMCD at 310 K of Fe1.005(Rh0.85Pd0.15)0.995 to 0.9mB ~Nor! ~see
text for details!.

T(K) (d7) (d8) ~Ag! ~Nor! Lz /Sz

180 1.1360.05 0.7060.05 1.0360.05 0.92 0.1860.02
140 0.7760.05 0.4760.05 0.7060.05 0.63 0.2260.02
130 0.7660.05 0.4860.05 0.6660.05 0.59 0.2460.02
120 0.7760.05 0.4860.05 0.6960.05 0.62 0.3060.02

310 1.0460.05 0.6260.05 1.0060.05 0.90 0.2760.03
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antiferromagnetic~F-AF! showed by FeRh alloys is replace
by a new transition between two different ferromagne
phases at about 150 K. The Rh magnetic moment is foun
vary, as a first order process, between both phases. Estim
of mRh have been obtained from the analysis of the XMC
data at the RhL2,3 edges, showing its depletion from 1.03mB

in the high-temperature phase to 0.70 in the low-tempera
one. The magnetic behavior of Fe0.51Rh0.49 at the F-F transi-
tion can be accounted in terms of the anti-Invar effect. Mo
over, while in the case of the F-AF transition this effect
linked to the complete collapse of the Rh moment, in t
present case it yields to a partial depletion ofmRh through the
reduction of the iron exchange field due to the localization
the Rh 4d states and, therefore, the decrease of
Fe(3d)-Rh(4d) hybridization for temperatures below th
F-F transition.
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