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Boundary spin disorder in nanocrystalline FeRh alloys
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The magnetic properties of the ball-milled nanocrystalline fcc phase of FeRh alloys are reported and dis-
cussed. The observed features~maximum of ac and zero-field cooling susceptibility at a temperatureTmax

weakly dependent on the frequency and on the applied field! suggest a progressive blocking of moments of
nanograins with decreasing temperature, followed by their collective freezing in random directions atTmax.
The shifted hysteresis loop observed after field cooling as well as the remarkable irreversibility in high fields
indicates thatTmax corresponds to the freezing temperature of the strongly deformed grain boundaries, which
behave as a spin-glass-like phase.@S0163-1829~98!08633-0#
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The magnetic properties of FeRh alloy1–3 have been re-
ceiving a renewed interest in the last few years,4 due to the
variety of structural and magnetic phases exhibited depe
ing on the composition, temperature, and preparation
processing methods. The Fe-Rh phase diagram indicates
FeRh alloys solidify as paramagnetic fcc solid solutions,
upon cooling, undergo a first-order transformation to pa
magnetic ordered (B2) bcc for compositions with more tha
50 at. % Fe content. Upon further cooling, the Fe-rich pa
magnetic orderedB2 or (a8) compositions become ferro
magnetic near 680 K. At still lower temperatures, usua
below 400 K, a ferro-antiferromagnetic (a8→a9) transfor-
mation occurs in properly annealed samples in a range
close to Fe50Rh50.

1 It is also known that input of mechanica
energy during milling~filing or rolling! transforms bcc FeRh
compositions into the metastable state of theg-fcc high-
temperature solid solution, which is paramagnetic.2 In this
paper we report a low-temperature~down to 4.2 K! investi-
gation of magnetic properties for a wide composition 26,x
,65 range of FexRh1002x nanocrystalline fcc alloys obtaine
by ball milling of the equilibrium phases. A maximum of th
susceptibility is observed, and its nature is discussed.

For the present study, four compositions were selected
Fe65Rh35, which corresponds to the middle of the ferroma
netic ordered bcc phase field, antiferromagnetic Fe50Rh50,
which is also ordered bcc, and Fe28Rh72 and Fe26Rh74, which
are fcc and paramagnetic. Ingots were prepared by induc
melting the pure components under pure argon gas, m
spun to reduce sample thickness, and subsequently
milled into powder form. At each stage, phase identificat
was performed using a Siemens diffractometer with cop
PRB 580163-1829/98/58~9!/5181~4!/$15.00
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Ka radiation and in 2u geometry. Magnetization and dc su
ceptibilities were measured in a commercial superconduc
quantum interference device~SQUID! magnetometer~Quan-
tum Design! and ac susceptibilities using a commercial su
ceptometer~Lakeshore!. Mössbauer experiments were ma
with a conventional constant-acceleration spectrometer
standard transmission geometry using a57Co source in a Rh
matrix.

After ball milling, all four compositions are single phase
After severe deformation due to ball milling
Halder-Wagner5 as well as Scherrer6 peak profile analysis
yielded an approximate coherent domain or grain size ra
ing from 9 to 17 nm with an increase in Rh content~Table I!.
This is consistent with the well-known fact that the low
limit of grain size increases with increasing ductility.7 The
samples were submitted to differential scanning calorime
~DSC! analysis. As expected, the fcc to ordered bcc trans
mation is signaled by a large exothermic peak near 600 K
Fe65Rh35 and Fe50Rh50, but not for Fe28Rh72, which is also
fcc at equilibrium.

TABLE I. Average grain size (D), maximum of the thermal
dependence of real part of the ac susceptibility measured at 11
(Tmax), and shift of hysteresis loop after FC in a field of 2 T and at
5 K, for Fe65Rh35, Fe50Rh50, and Fe26Rh74.

Compositions D ~nm! Tmax ~K! Shift ~Oe!

Fe65Rh35 8.6 59 1610
Fe50Rh50 13.2 85 500
Fe26Rh74 17.3 120 130
5181 © 1998 The American Physical Society
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FIG. 1. ~a! Real part of the ac susceptibility as a function
temperature of FeRh powders measured in a dc field of 100
and frequency of 111 Hz. The values are normalized by the sus
tibility at T5Tmax. ~b! Magnetization vs temperature for differen
fields of ball-milled Fe65Rh35 measured during heating after ze
field cooling~ZFC,.! and field cooling~FC,m!. Inset: Remanent
magnetization~after cooling down in a field of 100 Oe!, as a func-
tion of temperature for Fe65Rh35.
ac susceptibility@Fig. 1~a!# and magnetization@Fig. 1~b!#
measurements in both zero-field cooling~ZFC! and field
cooling ~FC! regimes were performed. The temperature
the maximum,Tmax, of the ZFC magnetization depend
weakly on the applied field, unlike the splitting temperatu
Tsp between the ZFC and FC branches, which strongly
creases by decreasing the field. The observed maxima
irreversibility are typical either of a blocking of superpar
magnetic moments or of a spin glass freezing. For Fe26Rh74
the maximum is much broader. Theg phase of Fe50Rh50 was
also studied with Mo¨ssbauer spectroscopy. In Fig. 2~a! the
4.2 K Mössbauer spectrum is presented. It is similar to t
of an amorphous magnet with a rather broad distribution
hyperfine fields around a quite low average value of 13.6
in good agreement with an earlier study of Sumiyamaet al.8

The spectrum measured at 300 K has a paramagnetic si
@Fig. 2~b!#. The broad distribution of hyperfine fields can b
due either to a distribution of relaxation times in superpa
magnetic grains or to a spin glass state. At 475 K the me
stable g Fe50Rh50 phase transforms irreversibly into th
stable bcc one@Fig. 2~c!#. The occurrence of the maximum
in the susceptibility, the irreversibility, and the large dist
bution of hyperfine fields should be in principle correlat
with the nanocrystalline structure induced by ball milling.

The increase ofTmax with Rh content corresponds also
an increase in grain size~Table I!. It is therefore tempting to
associate the occurrence of the maxima with a blocking
moments of nanosized superparamagnetic particles. Bu
the present case, for our polycrystalline samples, the gr
are in contact and only separated by grain boundaries
order to allow a superparamagnetic behavior, the grains h
to be exchange decoupled. In such a case the maximum

m
p-

FIG. 2. Mössbauer spectra for Fe50Rh50: ~a! T54.2 K, ~b! T
5300 K, and~c! 475 K, and hyperfine filed distribution at 4.2 K.
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the susceptibility could arise because of a blocking proc
of the superparamagnetic grains. In order to verify this p
sibility, we studied the frequency dependence ofTmax by
measuring the real part of the ac susceptibility as a func
of temperature at frequencies of 57, 111, 222, 333, 400, 5
666, and 1000 Hz. The results indicate that this depende
is too small to be explained by the blocking of superpa
magnetic moments. The frequency sensitivity ofTmax, usu-
ally taken as @Tmax(n1)2Tmax(n2)#/$^Tmax&@log10(n1)
2 log10(n2)#%, for Fe65Rh35 (n1 andn2 being 1000 and 100
Hz, respectively!, is 0.005, one or two orders of magnitud
lower than that reported for weakly or noninteracting sup
paramagnetic particles, respectively,9 and it is comparable to
that reported for spin glasses.10 Moreover, the very weak
field dependence ofTmax is not compatible with a blocking
temperature which is expected to clearly decrease with
creasing field, due to the decrease of the anisotropy en
barrier.

In order to ascertain the occurrence of a pure spin g
transition characterized by its own order parameter, we h
analyzed the temperature dependence of the nonlinear
ceptibility ~up to 150 K! of fcc Fe50Rh50 measuring the FC
magnetization as a function of temperature for differe
fields (5 Oe,H,500 Oe). In spin glasses,xnl is expected to
show a power law critical divergencexnl;(T2Tf)

2g due to
the divergence of the correlation length.11 The analysis was
performed according to the Sherrington-Kirpatrick me
field model.12 We considered a development in terms ofx0H
instead ofH, introducing the real thermal variation ofx0 .13

Actually, no linear dependence is observed in theM /x0H
versus (x0H)2 plots except for very low field values. Thes
curves superpose for temperatures ranging from 60 to 15
Independently of the type ofM expansion as a function ofH,
the behavior of the nonlinear susceptibility can be analy
by plotting xnl5x02M /H as a function of temperature fo
different fields. Such plots ofxnl , as shown in Fig. 3, did no
show any change with temperature, confirming the abse
of the singular behavior in proximity ofTmax. Therefore all
observations rule out the existence of a pure thermodyna
spin glass transition in fcc Fe50Rh50.

Since both superparamagnetic blocking and canon
spin glass freezing can be discarded as origins of the sus
tibility maximum, a different mechanism associated with t

FIG. 3. xnl vs temperature for different fields for Fe50Rh50.
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nanograin structure has to be considered. Magnetiza
curves and hysteresis loops were then measured and
lyzed. The magnetization curves of Fe50Rh50, obtained be-
low ~5 K! and aboveTmax ~100 K! ~see the hysteresis loop
in Fig. 4!, clearly include two contributions: one saturatin
at low fields and another varying linearly with the field. Th
latter one reveals the presence of antiferromagnetic inte
tions, whereas the first contribution indicates that the m
ments actually are not spontaneously compensated~as in a
ferrimagnet! and can be oriented by the magnetic field. T
magnetization due to the noncompensated moment isMnc
51.1 emu/g, estimated by extrapolating to zero field the
ear part of the magnetization at high fields.

In Figs. 4~b! and 4~d! the hysteresis loop obtained afte
cooling the sample in a field of 2 T is also reported. The
most interesting result is the shifted hysteresis loop~shift of
500 Oe! observed after field cooling@Fig. 4~b!#, which dis-
appears at temperatures aboveTmax @Fig. 4~d!#. For Fe65Rh35
and Fe26Rh74 compositions, the same behavior is observ
The shift of hysteresis loop~calculated from the difference
between the coercivity fields of FC and ZFC curves! de-
creases as the grain size increases~Table I!.

This effect, due to exchange anisotropy, is similar to t
shown by oxide nanoparticles or oxide-coat
nanoparticles14 and by spin-valve systems.15 The shifted hys-
teresis loop is well known to be due to the exchange c
pling between antiferromagnetic~or spin glass! phases and
ferromagnetic~or ferrimagnetic! phases. Moreover, the re
markable irreversibility in high field observed belowTmax
@i.e., open hysteresis loops in Figs. 4~a! and 4~b! at least for
fields below 5 T# indicate that the boundary spins have mu
tiple configurations for any orientation of the grain magne
zation. In our case the loop shift and the open hystere
loops strongly indicate that the grain boundaries, which fo
the outer shell of the ferrimagnetic nanograins, behave a
spin-glass-like phase. The coexistence of both ferromagn
and antiferromagnetic interactions in FeRh~Refs. 1 and 2! as

FIG. 4. Hysteresis loops for Fe50Rh50 at T55 K ~a! after zero-
field cooling and~b! after field cooling in a field of 2 T, and atT
5100 K ~c! after zero-field cooling and~d! after field cooling in a
field of 2 T.
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well as the broad distribution of interatomic distances in
highly deformed intergranular region16 accounts for the spin
glass-like behavior.

It can be concluded that the presence of two magn
regimes, below and aboveTmax, is due to the spin-glass-lik
character of the intergranular region. At low temperature,
exchange between uncompensated moments of the
ograins, carried through the frozen moments of the bou
aries, gives rise to a cluster glass arrangement. As the
perature rises, reaching the freezing temperature of
boundaries, the grains become uncoupled and the susc
bility reaches a maximum. The presence of a small re
a
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nence@inset in Figs. 2~b! and 4~d!# up to temperatures muc
higher thanTmax clearly indicates that nanograin momen
coexist in superparamagnetic and blocked states aboveTmax.
The increase of the freezing temperature of the bound
with increasing grain size indicates the influence of the str
tural disorder on the spin disorder@Fig. 1~a!#. A behavior
similar to that reported in this paper is expected for oth
nanocrystalline samples in which ferromagnetic and anti
romagnetic interactions compete at the grain boundaries.16 In
particular, spin-glass-like and reentrant-spin-glass beha
observed for samples with anomalously high Fe cont
might be also due to the effects of the exchange anisotrop17
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