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Crossover in magnetic properties of FeSi
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The magnetization of high quality iron monosilicide single crystals has been studied in a wide temperature
and magnetic-field range. These data are analyzed by taking into account strong Hubbard correlations between
€y andt,y states of Fe and the formation of spin polarons in the cubic FeSi matrix at low temperatures
(T<100 K). These heavy particles are transformed into ferromagnetic microregiohs=di5 K, which
result in the appearance of the low-temperature anomalies in transport and thermodynamic properties of this
compound. The suppression of the many-body resonanég atccurs in FeSi at high temperatures, thus
leading to the crossover in magnetic properties of FeSi. The transition to the temperature induced magnetic
moments causes a dramatic increase of the magnetic susceptibility at tempefatli@s K.
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Interest in iron monosilicide FeSi dates back to the end ohavior of FeSi has been proposed in the framework of the
1930s when Foexhad discovered that the magnetic suscep-general self-consistent renormalization theory of spin
tibility of this compound increased with temperature abovefluctuations” This approach® has been quite successful in
200 K. These results were later confirmed by Befeitho  explaining the temperature induced local magnetic moments
observed the broad susceptibility maximwT) near 540 K formed in FeSi at temperatures above 10Qn&et in Fig. 1,
(see, for example, the inset in Fig. &nd theny(T) depen- interval 1b. Moreover, inelastic neutron-scattering
dence was analyzed in detail in Ref. 3, where a simplifiecexperiment have confirmed the presence of thermally in-
semiconductor two-band model with a ggg~0.1 eV was duced spin fluctuations in FeSi. At the same time, no alter-
proposed to describg(T) and specific-heat anomalies. Ad- native was worked out in addition to the localized moments
ditionally a Curie-Weiss-type behavior was established frondescription of they(T) behavior in FeSi at>100 K3 up to
the x(T) measurements in FeSi at high temperaturesiow.

700-1500 K(Ref. 4 (see the inset in Fig. 1, interval)la In contrast to the explanation of the magnetic properties at
with the Curie constant corresponding to the localized mointermediate and high temperatures 100 K, the origin of
ment of about g per Fe atom. The absence of the long-the low-temperature magnetic anomalies in iron monosili-
range magnetic order has been verified by neutrortide (inset in Fig. 1, intervals II-1l} still remains a contro-
diffraction® 2°Si NMR, and >’Fe Mssbauétexperiments.  versial issue. At present there are only a few rather diverging
A theoretical model of the unconventional magnetic be-approaches applicable for the interpretation of both the low-
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temperature T<70 K) “Curie-Weiss-like tail” of the mag- compound. In this paper we present magnetization measure-
netic susceptibility*19-2%(inset in Fig. 1, interval land the =~ ments carried out in a broad temperat(te5—300 K and
absence of the magnetization saturat(H,T=4.2 K) in  magnetic fieldlup to 120 kOg range on high quality single
fields up to 200 kO&! Among these approaches the mostcrystals of FeSi. The samples are the same as the ones used
commonly used one is the description based on the idea that our previous studie€?> The magnetizatioM (H,T) was

local fluctuations in the relative concentrations of Fe and Simeasured along different directions in 1] plane using

in the FeSi structure play very important role in this the Oxford Instruments magnetometer VSM12/V.

compound together with some residual imperfections in the A typical family of the experimentaVl (H, T,) curves ob-
crystal such as lattice defects, impurities, off-stoichiom®try. tained in several magnetic-field scans for one of the FeSi
From this point of view the low-temperature Curie-lik€T)  samples is given in Fig. 1. These isothermal field dependen-
behavior can be attributed to the presence of paramagnetiGes of magnetization were measured by first increasing and

impurity moment**%~*>4"*yhich are rather unusual for e decreasingl. The M (H) curves are completely revers-
the B20 cubic lattice of iron monosilicide. Moreover, a very except of a small magnetic-fields regi¢h<3 kOe

weak ferromagnetic response ha_s been Qetected.at _heli ere only a very weak ferromagnetic response has been
temperatures even for very high quality FeSi single 22 .

2151718 . . detected belowl;~15 K.=“ It should be mentioned here
crystalg?~1>17183nd it was attributed to the presence of the ) ¢ - o
uncompensated iron in these samples. Despite the aforeme?‘?—"’lt in these experiments th'e.mggnetlc-f[eld directibins .
tioned “impurity problem” it is, however, believédthat ll])lha\./e bzeen .usgd to. minimize possible ferromagnetic
“...the low-temperature properties can, even if impurity in- contributions at liquid-helium temperatures.
fluenced orbecausethey are impurity influenced, play an "€ M(H) isothermal dependencies do not demonstrate
important role in clarifying the physical characteristics of @y trend to a saturation in the fields up to 120 KBi. 1),
FeSi."4 in agreement with the results of Motokaved al?* for T

Another approach to the interpretation of the low- =4.2 K.In Fig. 2 the temperature dependencies of the mag-
temperaturey(T) behavior has been proposed in the frame-netic susceptibilityy(T) =M (Hq,T)/H,, obtained from the
work of a disordered conductor modfeivhere the suscepti- magnetization measurements at fixed magnetic fidigsare
bility x=xo(1— 7+/T) is derived from the analysis of the presented in a double logarithmic plot. As found previously,
density of states anomalies caused by the electron-electron decreases from 300 K down to liquid nitrogen and then
interactions. At the same time, the results of Arushanovises again at lower temperatures.
et al'® show that the contribution to the magnetic suscepti- To analyze the magnetization behavibigs. 1 and 2, we
bility from the single-occupied Anderson-localized states infocus first on the so-called low-temperature Curie-Weiss-like
the FeSi samples is negligible. Using all these models it igail (interval I). It is well known from the general self-
difficult to explain the observation that the presence of im-consistent renormalization theory of spin fluctuatiotit in
purities and their random distribution in the iron monosili- {he case of itinerant magnetic metals or nearly ferromagnetic
cide matrix do not depend dramatically on the tech(ﬁaue semiconductors the Curie-Weiss-type susceptibility depen-
used to synthesize these sampee also the inset of Fig. 1, gence does not correspond to any sort of an analytical solu-
intervals 11-11). . . tion. Moreover, such approximations of tR€T) behavior in

Recently, EZEta"ed transport a_nd th_erm_oelec_trlcthe itinerant electron magnetic systems are usually valid only
measurement$?>have been carried out in combination with ) 4

e o . . . in a narrow range of microscopic parametéiEhe conclu-
a preliminary magnetization study on high quality single _. :
crystals of FeSi. It was shown that strong Hubbard correla>'o"s fprmglated In Ref. 7 can be used to analy;e the data
tions in iron monosilicide at low temperature§<€100 K) given in Figs. 1 and 2. From thM(H’T), data (Fig. 2,
can be considered as the mechanism responsible for the a\ff-h'Ch include also an empty cell c_or_rec'uon for every tem-
pearance of the numerous anomalies in transport and thermBerature and magnetic-field scan, it is easy to come to the
dynamics properties of FeSi. Moreover, the formation ofconclusion that the/(T) behavior cannot be described by the
heavy quasiparticles—spin polarons with effective masseSurie-Weiss lawy ~*~T. Instead, the formy *~T~“ rep-
m,~100my—occurs below liquid-nitrogen temperatures re- resents the susceptibility data quite well with the exponents
sulting from a strong polarization of the Fe magnetic mo-varying from a=0.89 at lowH, values H,<20 kOe) to
ments located in the nearest environment of the charge car=1.04 at high magnetic fieldd>100 kOe(see fits in Fig.
riers in the upper Hubbard band. The presence of these hea@y. Moreover, the tendency to saturation of the susceptibility
fermions in the cubic FeSi matrix may be interpreted iny(T)=M(T)/H is clearly seen below 10 K, especially for
terms of a strong renormalization of the density of statesnagnetic fieldsH>20 kOe (Fig. 2), contrary to any low-
(DOS) and the transition to the narrow-band transpbf  field approximation based on the Brillouin-like dependence.
The DOS renormalization effects lead to the magnetic susthe problems with the previously discussed impurity based
ceptibility increase in FeSi at temperatuies. 70 K, which  models used for the/(T) interpretations in FeSi become
arises due to the Pauli paramagnetic contribution from thenore evident when the Brillouin-type double logarithmic
charge carriers in the narrow conduction bantany body plot of magnetization is appliedrig. 3). Indeed, at low tem-
resonanceat Fermi levelEg . peratures the magnetization défags. 1 and 2can be fitted

To verify this approach, it is important to carry out a by the dependencd®! ~(H/T)“ with <1, where the expo-
detailed study of magnetic characteristics of this unusuahent« is temperature dependefsiee the upper inset in Fig.
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3). Thus any kind of impurity models fails to shed the light (k5 : Boltzmann constang: g facton and variation in mag-
on the origin of the low-temperaturg(T) increase in iron  njtude of the effective magnetic moment on Fe sjigs(T).

monosilicide. ) o As a result, the analysis in the framework of a simple rela-
It is worth noting here that, opposite to the situation attion,

low temperatures, the Brillouin-type behaviar<€ 1) can be
certainly used to analyze the data at intermediate and high 2
temperature§>70 K (Figs. 1-3. According to the classi- M = NoeXP( — Eg/2KpT) e(T)
fication proposed in Refs. 20 and 22-23 for FeSi, the inter- 3kgT ’
val T>70 K (I) corresponds to the intrinsic conduction re-

gion. In this temperature range one can obtain a lifdar makes it possible to reveal the.¢(T) variation between
~H/T dependence(see, for example, the curve fof 2up at room temperature angese~ug at temperatures
=130 K in Fig. 3. Then, taking into account that the slightly above 100 Kinset in Fig. 2. It should be mentioned
ground state of FeSi is nonmagneti§=0) and that the here thatu.;~ug coincides with the value typical for a
system is thermally excited t8&=1 state with increasing delocalized electron witk=1/2 andg~2. This transforma-
temperatur® (see also a simplified view of the band schemetion of the charge carriers characteristics may be interpreted
of FeSi in the Fermi level vicinity, lower inset in Fig),3tis  in terms of acrossoverin magnetic properties of FeSi from
easy to estimate the changesyi() in the intrinsic conduc- thermally induced magnetic moments behavior to a narrow-

2

tion region of iron monosilicide, band spin polaron transport through the intragap states
y 2 (manybody resonance &t , lower inset in Fig. 3
(T)= Ng“ug 2 0 In Ref. 20 the DOS renormalization effects in FeSi have
X keT 3+expEq/kgT) been estimated in the approximation of the low-temperature
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Pauli-like paramagnetic contribution from the charge carriers At the same time, it is natural to expect that fast spin

in the narrow conduction band of the widEy~6 meV at  fluctuations betweer, andt,, states which are responsible

Er . Adramatic DOS transformation is predicted for the fully for the manybody resonance formation in FeSi are sup-

frustrated Hubbard model at half filling from the metallic yressed by a sufficiently high magnetic field. To verify this

side l.J.<ﬁLiC~3D of a Mott-Hubbard type metal-insulator ,55mption the magnetization data of Figs. 1 and 2 were

g‘:ﬂ;'t'ﬁalf vEnL(J:i ﬂ')s ?’ﬂeoTr_zggiti(c:)ﬁu:‘?cr)nrr? ilrzlttr?;iicct:loc'ﬁgnljutchti)n analyzed by a numerical differentiation procedure, where the
' susceptibility y4(H,T)=dM(H,Ty)/dH was deduced from

through the iron 8 states to the spin polaron transport at low . .
temperatures can be considered as a crossover between tfts M(H.To) dependencies. The results of these calculations
different regimes of a metallic-type behavior in FeSi. Be-2'€ shown in Figs. 4 and 5. A universal behavior is clearly

sides that, essential changes have been detected from d&en in the family of theyy(H,T) curves, when allyq4(H)
tailed Hall and Seebeck coefficients dataithin the low-  dependencies converge to the lowest temperajyy@)
temperature “spin polaron phase” in FeSi. As a result, thecurve(Fig. 4). From this point of view there is no qualitative
appearance of a ferromagnetic contribution was found belowlifference between the susceptibility behavior BT,
T.~15 K from these studies and also from the low-field ~15 K andT>T, although the transition from “the heavy
magnetization measurements along thél) axis??> Addi-  fermions” to ferromagnetic microregions possibly occurs at
tional features, such as hysteresis and “memory effects,” toT.. In this situation it is natural to interpret the resifs,
gether with a long-time relaxation behavior, allowed us towhere a uniform activation energi,~6 meV has been
conclude in favor of the formation of ferromagnetic microre- detected both for spin polaron transpoH(is a so-called
gions (<10 A in size in the nearest environment of the spin polaron well and for reversal of magnetization in the
charge carriers in the uppet,f, inset in Fig. 3 Hubbard small ferromagnetic domains, in terms of a universal nature
band?? of these paramagnetic and ferromagnetic particles with a
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magnetic phase transition @t in the microregions. More- matrix at low temperaturesi(<100 K). The transition from
over, to support the picture it is necessary to point out a goothe heavy fermion regime to ferromagnetic microregions for-
agreement in the exchange magnetic field value in these femation atT.~15 K may explain numerous low-temperature
romagnetic domainsH,,<500 kOe as estimated from anomalies, which are observed in transport and thermody-
anomalous Hall coefficient study in Ref. 22, and the maghamic properties of this compound. The exchange magnetic
netic moments saturation field ~350+100 kOe, which field in these ferromagnetic domairts,~350+100 kOe
The suppression of the spin fluctuations’ amplitude andWhich is comparable with the valug,,<500 kOe obtained
as a consequence, the susceptibility decrease in FeSi at higi@™ the anomalous Hall coefficient data. At temperatures
magnetic fields is in a good agreement with the data prel'/9n enough {>100 K) to destroy the many-body reso-
sented in Fig. 5, where the family qfy(T,H,) temperature nhance atEe the transition to the temperature induced mag-
dependencies is given. Indeed, the magnetic susceptibilit etlgtggg;ngptéetfha(v;grlezrza]l gﬁg'&?;'o?eggitr%e?ggaag?a
i i i 29 eff ~ B ) 3
:{_nckrjeasi attliv;éekngoerstltjﬁs: 30 Kis stragglﬁrejalijgeg "N matic increase of the magnetic susceptibility. Due to that, at
lields about 12 € both in paramagne AT~ ' intermediate and high temperatures both the transport and
interval Il in Fig. 5 and ferromagneticT<T,, range Il)

i dditional ked b . magnetic properties of FeSi may be reasonably well inter-
regimes. Moreover, additional featur@sarked by arrows in - yreteq in terms of an electronic structure which consists of

Fig. 5 in theseyy(T,Hg) curves can be well established and two narrow (D~210 meV) and rather localized Fed3
possibly attributed to the ferromagnetid &15 K) and  ,544s in the vicinity of the Fermi level.
mictomagnetic T,~7 K, Ref. 22 transitions inside and
between short-range(10 A) spin polarons in the FeSima-  The authors are grateful to Y. Bruynseraede, B. P. Gor-
trix. A detailed study of the iron monosilicide magnetic shunov, and M. Dressel for useful discussions, and to V. Yu.
phase diagram at low temperatures is in progress now an@anov for his help in experiments. We acknowledge support
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In summary, the magnetization of high quality iron mono-02-16067, Programs of the Russian Ministry of Sciences-
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