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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 featur@saximum of ac and zero-field cooling susceptibility at a temperafiyg
weakly dependent on the frequency and on the applied) feelggest a progressive blocking of moments of
nanograins with decreasing temperature, followed by their collective freezing in random directibpg.at
The shifted hysteresis loop observed after field cooling as well as the remarkable irreversibility in high fields
indicates thafT 5, corresponds to the freezing temperature of the strongly deformed grain boundaries, which
behave as a spin-glass-like phals&0163-182608)08633-0

The magnetic properties of FeRh alfoy have been re- Ka radiation and in 2 geometry. Magnetization and dc sus-
ceiving a renewed interest in the last few yehdsje to the  ceptibilities were measured in a commercial superconducting
variety of structural and magnetic phases exhibited dependjuantum interference devi¢8QUID) magnetometefQuan-
ing on the composition, temperature, and preparation antdm Design and ac susceptibilities using a commercial sus-
processing methods. The Fe-Rh phase diagram indicates thegptometeLakeshorg Mossbauer experiments were made
FeRh alloys solidify as paramagnetic fcc solid solutions, butvith @ conventional constant-acceleration spectrometer in a
upon cooling, undergo a first-order transformation to paraStandard transmission geometry using’@o source in a Rh
magnetic orderedg2) bcc for compositions with more than Matrix. . - _

50 at. % Fe content. Upon further cooling, the Fe-rich para- After ball milling, all four compositions are single phased.
magnetic ordere®2 or (a') compositions become ferro- After —severe deformation due to ball milling,
magnetic near 680 K. At still lower temperatures, usua”yl-!alder-Wagnér as well as Scherr%rpea_k profile analysis
below 400 K, a ferro-antiferromagnetier(— «”) transfor- ylelded an approximate coh_erent dor_nam or grain size rang-
mation occurs in properly annealed samples in a range ved from 9to 17 nm with an increase in Rh contéhable ).
close to FeRhe, ! It is also known that input of mechanical .h|.s is coq5|st_ent _Wlth the we'II-known fgct that .the lower
energy during millingfiling or rolling) transforms bcc FeRh  limit of grain size increases with increasing _dUCt'ﬁtWhe
compositions into the metastable state of théce high- samples were submitted to differential scanning calorimetry
temperature solid solution, which is paramagngtio. this ~ (DSO analysis. As expected, the fcc to ordered bcc transfor-
paper we report a low-temperatuigown to 4.2 K investi- mation is signaled by a large exothermic peak near 600 K for
gation of magnetic properties for a wide compositionra6  F&sRhss and FgRhgo, but not for FggRhy,, which is also
<65 range of FgRhyg,_, Nanocrystalline fcc alloys obtained f¢C at equilibrium.

by ball milling of the equilibrium phases. A maximum of the o .

susceptibility is observed, and its nature is discussed. TABLE I. Average grain size p), maximum of the thermal

For the present study, four compositions were selected: dependence o_f real part of t_he ac susceptlbl_llty measured at 111 Hz
FeysRhss, Which corresponds to the middle of the ferromag-(Tmax)’ and shift of hysteresis loop after FC in a fieldl2T and at
netic ordered bcc phase field, antiferromagnetiggRl, — ° < 'O F&sRMs FaoRNso and FeeRhy,.
which is also ordered bcc, and fgBhy, and FggRh;,, which
are fcc and paramagnetic. Ingots were prepared by induction

Compositions D (nm) T max (K) Shift (Oe)

melting the pure components under pure argon gas, melt FegRhss 8.6 59 1610
spun to reduce sample thickness, and subsequently ball FeRh, 13.2 85 500
milled into powder form. At each stage, phase identification Fe,Rh,, 17.3 120 130

was performed using a Siemens diffractometer with coppet
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FIG. 1. (a) Real part of the ac susceptibility as a function of
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FIG. 2. Mcssbhauer spectra for fRhsy (@) T=4.2K, (b) T
=300 K, and(c) 475 K, and hyperfine filed distribution at 4.2 K.

ac susceptibilityf Fig. 1(a)] and magnetizatiophFig. 1(b)]
measurements in both zero-field coolitgFC) and field
cooling (FC) regimes were performed. The temperature of
the maximum,T ..., Of the ZFC magnetization depends
weakly on the applied field, unlike the splitting temperature
Tsp between the ZFC and FC branches, which strongly in-
creases by decreasing the field. The observed maxima and
irreversibility are typical either of a blocking of superpara-
magnetic moments or of a spin glass freezing. Fogfe,
the maximum is much broader. Thephase of FgRhgg was
also studied with Mesbauer spectroscopy. In Figap the
4.2 K Mossbauer spectrum is presented. It is similar to that
of an amorphous magnet with a rather broad distribution of
hyperfine fields around a quite low average value of 13.6 T,
in good agreement with an earlier study of Sumiyashal®
The spectrum measured at 300 K has a paramagnetic singlet
[Fig. 2(b)]. The broad distribution of hyperfine fields can be
due either to a distribution of relaxation times in superpara-
magnetic grains or to a spin glass state. At 475 K the meta-
stable y FegRhsy phase transforms irreversibly into the
stable bcc ongFig. 2(c)]. The occurrence of the maximum
in the susceptibility, the irreversibility, and the large distri-
bution of hyperfine fields should be in principle correlated
with the nanocrystalline structure induced by ball milling.

The increase of ,,, With Rh content corresponds also to

temperature of FeRh powders measured in a dc field of 100 A/n@N increase in grain sizdable ). It is therefore tempting to

and frequency of 111 Hz. The values are normalized by the susce@SSociate the occurrence of the maxima with a blocking of
tibility at T=T .. (b) Magnetization vs temperature for different Moments of nanosized superparamagnetic particles. But in
fields of ball-milled FgsRhss measured during heating after zero the present case, for our polycrystalline samples, the grains
field cooling(ZFC, ¥) and field coolingFC, A). Inset:

tion of temperature for RgRhgs,

Remanent
magnetizatior(after cooling down in a field of 100 Qeas a func-

are in contact and only separated by grain boundaries. In
order to allow a superparamagnetic behavior, the grains have
to be exchange decoupled. In such a case the maximum in
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the susceptibility could arise because of a blocking process
of the superparamagnetic grains. In order to verify this pos- G, 4. Hysteresis loops for EfRhy, at T=5 K (a) after zero-
sibility, we studied the frequency dependenceTqf, bY  field cooling and(b) after field cooling in a field of 2 T, and &t
measuring the real part of the ac susceptibility as a function=100 K (c) after zero-field cooling an¢d) after field cooling in a
of temperature at frequencies of 57, 111, 222, 333, 400, 506ield of 2 T.
666, and 1000 Hz. The results indicate that this dependence
is too small to be explained by the blocking of superparananograin structure has to be considered. Magnetization
magnetic moments. The frequency sensitivityTaf,,, usu-  curves and hysteresis loops were then measured and ana-
ally taken as [Tmad?)— Tmad¥2) {Tmapl10910( 1) lyzed. The magnetization curves of jgehg, obtained be-
—logyo(v2) ]}, for FessRhgs (v and v, being 1000 and 100 low (5 K) and aboveT ., (100 K) (see the hysteresis loops
Hz, respectively; is 0.005, one or two orders of magnitude in Fig. 4), clearly include two contributions: one saturating
lower than that reported for weakly or noninteracting super-at low fields and another varying linearly with the field. The
paramagnetic particles, respectiv@lgnd it is comparable to latter one reveals the presence of antiferromagnetic interac-
that reported for spin glassé€sMoreover, the very weak tions, whereas the first contribution indicates that the mo-
field dependence of 5 is not compatible with a blocking ments actually are not spontaneously compens@edn a
temperature which is expected to clearly decrease with inferrimagnet and can be oriented by the magnetic field. The
creasing field, due to the decrease of the anisotropy energyagnetization due to the noncompensated momem js
barrier. =1.1 emu/g, estimated by extrapolating to zero field the lin-
In order to ascertain the occurrence of a pure spin glasgar part of the magnetization at high fields.
transition characterized by its own order parameter, we have In Figs. 4b) and 4d) the hysteresis loop obtained after
analyzed the temperature dependence of the nonlinear sussoling the sample in a fieldf® T is also reported. The
ceptibility (up to 150 K of fcc FegRhsg measuring the FC  most interesting result is the shifted hysteresis I¢&igft of
magnetization as a function of temperature for different500 O¢ observed after field coolinfFig. 4(b)], which dis-
fields (5 Oe<H <500 Oe). In spin glasseg,, is expected to  appears at temperatures abdvg,, [Fig. 4(d)]. For FgsRhgs
show a power law critical divergenog,~(T—Ts) " Ydue to  and FeggRh;, compositions, the same behavior is observed.
the divergence of the correlation lendfhThe analysis was The shift of hysteresis loopcalculated from the difference
performed according to the Sherrington-Kirpatrick meanbetween the coercivity fields of FC and ZFC cuivee-
field model*? We considered a development in termsygH creases as the grain size increaSeable |).
instead ofH, introducing the real thermal variation gf.*3 This effect, due to exchange anisotropy, is similar to that
Actually, no linear dependence is observed in MéyyH shown by oxide nanoparticles or oxide-coated
versus foH)? plots except for very low field values. These nanoparticle¥ and by spin-valve systeni8 The shifted hys-
curves superpose for temperatures ranging from 60 to 150 Keresis loop is well known to be due to the exchange cou-
Independently of the type &fl expansion as a function éf, pling between antiferromagnetior spin glass phases and
the behavior of the nonlinear susceptibility can be analyzederromagnetic(or ferrimagneti¢ phases. Moreover, the re-
by plotting xn=xo— M/H as a function of temperature for markable irreversibility in high field observed beloW,,,
different fields. Such plots of,,, as shown in Fig. 3, did not [i.e., open hysteresis loops in Figgagand 4b) at least for
show any change with temperature, confirming the absendéelds below 5 T indicate that the boundary spins have mul-
of the singular behavior in proximity of ... Therefore all  tiple configurations for any orientation of the grain magneti-
observations rule out the existence of a pure thermodynamization. In our case the loop shift and the open hysteresis
spin glass transition in fcc EgRhg,. loops strongly indicate that the grain boundaries, which form
Since both superparamagnetic blocking and canonicahe outer shell of the ferrimagnetic nanograins, behave as a
spin glass freezing can be discarded as origins of the susceppin-glass-like phase. The coexistence of both ferromagnetic
tibility maximum, a different mechanism associated with theand antiferromagnetic interactions in Fef®efs. 1 and Pas
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well as the broad distribution of interatomic distances in thenencefinset in Figs. 20) and 4d)] up to temperatures much
highly deformed intergranular regithaccounts for the spin- higher thanT,, clearly indicates that nanograin moments
glass-like behavior. coexist in superparamagnetic and blocked states abgye

It can be concluded that the presence of two magneti@The increase of the freezing temperature of the boundary
regimes, below and abovk,,,, is due to the spin-glass-like with increasing grain size indicates the influence of the struc-
character of the intergranular region. At low temperature, theéural disorder on the spin disordgFig. 1(a)]. A behavior
exchange between uncompensated moments of the nasimilar to that reported in this paper is expected for other
ograins, carried through the frozen moments of the boundranocrystalline samples in which ferromagnetic and antifer-
aries, gives rise to a cluster glass arrangement. As the temmemagnetic interactions compete at the grain boundafiks.
perature rises, reaching the freezing temperature of thparticular, spin-glass-like and reentrant-spin-glass behavior
boundaries, the grains become uncoupled and the suscepbbserved for samples with anomalously high Fe content
bility reaches a maximum. The presence of a small remamight be also due to the effects of the exchange anisottopy.
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