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Anomalous Hall effect in B-FeSh
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The dependence of the Hall resistivity, on the magnetic inductioB was investigated op-FeS) single
crystals and molecular-beam-epitaxy-grown layers. The strength of anomalous contribugig(BYdound in
most samples critically depends on the growth conditions. Measurements of the magnelkatiene per-
formed on single crystals. Measurement®g{B) andM (B) were performed on the same sample. It is shown
that the anomalous contributions g¢q(B) have a magnetic origin. The measurementMadnd the results of
neutron diffraction gave no indication of a magnetic phase transitiggt BES}). It is suggested that the cause
of the anomalous contributions to the Hall resistivity found in most samples investigated is of extrinsic nature.
We propose that the effects arise from clusterlike regions which carry large magnetic moments and behave
superparamagneticallyS0163-18208)06047-0

[. INTRODUCTION carrying large magnetic moments and behaving like super-
paramagnetic cluster are the cause of the nonlinear depen-
B-FeS) belongs to the group of semiconducting silicides.dence ofpy(B).
This semiconductor found special interest due to the direct
gap at about 0.87 eVwhich suggests applications combin-
ing optoelectronics and Si technology. An example of a Si
LED using 8-FeS}, precipitates in the active region showing  The single crystalline samples were grown by chemical
electroluminescence at a wavelength of & was demon-  vapor transporCVT) using iodine as a transport agent. The
strated recently.Other applications have been proposed instarting material was introduced into a silica ampoule. The
the field of thermoelectrics. evacuated ampoule was inserted horizontally into a two-zone
For all fields of applications a thorough knowledge of thefurnace with a temperature gradieft-T,. T, is the tem-
electrical properties of the material is necessary. Investigaperature in the dissolution zone afig is the temperature in
tion of the resistivity and the Hall coefficient can yield valu- the crystallization zone. The growth time was typically 200
able information on transport properties such as the conceri. Single crystals were grown at Hahn-Meitner-InstiiLab
tration and the mobility of the free carriers. However, 1), the University of KonstanZLab 2), and the Institut fu
interpretation of Hall data oB-FeS} has been complicated Festkaper- und Werkstofforschung, Dresdérab 3). A sur-
by nonlinear dependences of the Hall resistiyify on the  vey of the samples investigated is given in Table I. For fur-
magnetic inductiorB especially at low temperaturés’Hys-  ther details, see Ref. 10, 11, and 12. The CVT-made crystals
teresis effects of the Hall resistivity have been reportedshowed needlelike shapes with lengths of up to 10 mm and
too.® Interpretation of these anomalous contributions to thediameters of up to 1 mm. The needles were investigated by
Hall effect are discussed controversially in the literature. Orx-ray diffraction. For all further investigations only needles
the one hand, the effects are believed to be caused by were used that were in the semiconduct®ghase.
contribution of an anomalous Hall effect due to the transition Thin layers were grown by molecular-beam epitaxy
of B-FeSh to a magnetic phase at low temperattOn  (MBE) using a template technique omntype S{111) sub-
the other hand, nonlinear dependenceppbn B for n-type  strates having a resistivity of 5(kcm. All layers were
samples have been explained by a two-band model in whichrown under the same conditions by codeposition of Fe and
the free electrons have different effective ma$s@his in-  Si in stoichiometric quantities at a temperature of 660 °C.
terpretation excludes the contribution of an anomalous HallThe purity of the Si source wasNa The purity of the Fe
effect. source material varied between 99.95%oodfellow and
General results of our resistivity and Hall effect measure-99.9985%Alfa). The thickness of the layers ranged between
ments onB-FeSi, samples are reported elsewh@ra this 200 and 350 nm. All layers showgetype conduction in the
paper we report on the investigations of the dependence aémperature rang€<200 K where the influence of the sili-
the Hall resistivity on the magnetic field in the temperaturecon substrate on the electrical measurement is negligible.
range 12—-300 K on a variety @-FeSp single crystals pre- For electrical measurements, six-point arrangements of
pared by chemical vapor transp@@VT) and of thin layers contacts were attached to the crystals directly by a Pt adhe-
deposited with molecular-beam epitayBE). In addition, sive or by soldering with In. Layers were cut into
magnetization measurements were performed on individua@ x 5 mn? pieces and Al dots in the corners provided a van
single crystals. Neutron diffraction experiments were carrieddler Pauw configuration. The contacts were proved to be
out to look for a magnetic phase prFeSp. We will show  Ohmic by coplanar IV measurements in the whole tempera-
that(i) there is a magnetic cause of the nonlinear behavior ofure range. The dependence of the Hall resistivity on the
pn(B) and(ii) it is probable that nonstoichiometric regions magnetic induction was measured with a sweep technique in
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TABLE I. Growth conditions and characterization of the samples used for the experiments. An asterisk
denotes purity of Si source 5N for all samples, except for needles grown from FeSi powiteticated by
a dagger symbol

purity
Grown  Doping T,-T, °C Fe pu(B) hysteresis

Sample in Lab. element n-orptype (CVT only) sourcé nonlinear of py(B)
N1 2 n 1000-800 =3N yes yes
N2 2 Cr p 1050-800 =3N yes no
N3 1 P n 1000-800 B yes no
N4 1 Mn p 1000-800 3l yes yes
N5 1 n 1000-800 G| yes yes
N6.N7,N8 1 Cr P 950-680 AT yes yes
N9 1 p 950—680 AT yes yes
N10 3 n 1000-750 B yes yes
N11 3 Cr p 1050-750 6 yes no
N12 3 Co n 1050-750 B yes no
L1 (layen p 99,95% yes no
L2 (layen p 99,9985% no no

the temperature range 12—300 K with fields of up to 0.8 T. s
The measured voltage/,, consists of several signal y(B)=B¢/2— ———=—7—. (4)
contributions® 1+ ex;{ C)

dB
V= .

m=VostVi+ Vet Vi @ In this expressioM g denotes the value of saturatid®y the
From Vy, the contributions due to the misalignment of the yalue of the coercive force, ardB the width of the curve.
Ohmic contacts {og) and the contribution induced induc-  Neutron diffraction experiments were performed at the
tively by the time-varying magnetic field/() were sub- diffractometer E6 of the BER Il reactor of the Hahn-Meitner-
tracted. The remaining signslg consists of the Hall voltage Institut, Berlin. Powder diffraction patterns were taken in an
Vy and the voltage due to the change of the magnetoresisingular range from 5° to 84°. The incident neutron wave-
tanceVyr. In the B-FeSj samples, a small negative mag- length was 2.4 A. The powder was ground from about 40
netoresistance arises only at very low temperaturés (needles(Lab 1) grown under similar conditions without in-
<50 K, AV /Vy<0.5% at 0.6 J and could mostly be ne- tentional doping. The samples came from charges where
glected. If Vg was significant, the separation of the two investigated needles showed hysteresispgfB) (N9 in

signals was achieved using the following formulas: Table ).
Vwr=0.9Vg(Bo) +Va(—Bo)], 2
Ill. RESULTS
Vu=0.9Vg(Bo) —Va(—Bo)]. ()

The dependence of the Hall resistivipy,=V /1 on the
The magnetization was measured with a commercial SQUIDNagnetic inductiorB [ py(B)] for the sampledN1, N2, and
magnetometefQuantum Design The measurements were N3 at 15 K is shown in Fig. 1N1 is representative for
performed on single needles in order to enable comparisod@mples which show a pronounced hysteresis of the Hall
with electrical measurements on the same sample. We used@sistivity at low temperaturggoercive forceBc~24 mT at
special (diamagnetit sample holder and fixed the sample 15 K). The hysteresis is strongly dependent on temperature
with commercial adhesiveUHU Hart), which is known to and vanishes around 150 K2 and N3 exhibit nonlinear
cause only little magnetic background. The samples werdependence without hysteresis. At 60 K, two sample2 (
measured in magnetic fields betweerd T in the tempera- andN3) show linear dependence of the Hall resistivity on
ture range 15—300 K. Only one branch of the hysteresis looghe magnetic field, while sampl1 shows a hysteresis ef-
was measurefrom +1 T to —1 T). Due to the long delay fect with a coercive forcd8c~2 mT (Fig. 2). The general
time after each change of the value of the magnetic field andbservation is that nonlinear dependences and hysteresis ef-
the long averaging time due to the small value of the sampléects of p,;(B) vary from sample to sample. The sign of the
signal, each measurement for one fixed temperature valugomalous contribution is positive regardless of whether the
took about 12 h. The background signal from the samplesign of the normal Hall coefficient is positivd@) or nega-
holder and the adhesive was measured in a separate run five (N3) at higher temperatures. Samples with a hysteresis
each temperature and subtracted from the data. The diamagf py(B) at low temperatures still show a nonlinear depen-
netic parts of the sample signal were subtracted from thelence of the Hall resistivity in the temperature range where a
data, too. For the analysis of the ferromagnetic parts of théiysteresis of Hall resistivity is no longer noticeable. In some
data, the following equation which describes a hysteresisf these sampleg,(B) was nonlinear up to room tempera-
curve was used: ture. Apparently the hysteresis of the Hall resistivity can
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FIG. 1. Hall resistivityp, as a function of the magnetic induc- FIG. 3. py as a function ofB for two MBE-grown layers

tion B for the single crystalline sampléél, N2, andN3 at 15 K. (L12). LayerL1 was grown with starting material of lower pu-
Note the different range of the magnetic induction for sani® rity than in the case of laydr2.

(insey.

L2, py(B) shows the regular linear dependence down to the
merely be considered to be the result of a particularly prolowest temperatures. No anomalous contribution to the Hall
nounced nonlinear dependence. resistivity was found in this layer. The samples andL?2

The nonlinear dependence @f(B) was also observed in were grown under the same conditions but using different Fe
some of the MBE-grown layers at low temperatu(€ig. 3.  sources. The purity of the Fe source was 99.98% for sample
However, the effect is orders of magnitude smaller in thesé.1 and 99.9985% for sample2 (purity of Si source 8l for
samples (1) than in single crystals. In the case of sampleboth samples This suggests that the purity of the starting

material may influence the strength of the anomalous contri-
— — T butions to py(B). However, some slight changes of the
growth conditions due to, e.g., a possible instability of the Fe
sources cannot be excluded.

The results of the measurements @f(B) for various
samples are summarized in Table I. They suggest that the
existence and the strength of a nonlinear behavigr@B)
are not exclusively correlated with the purity of the starting
material but that other details of the growth process such as
the temperature regime of the CVT process also play an im-
portant role.

In order to address the question of whether anomalous
contributions topy(B) are related with magnetic effects,
magnetization measurements were performed on single crys-
tals taken from a growth ampoule with Cr-doped crystals
which showed hysteresis effects in the Hall resistivigge
Table ). Figure 4a) shows results of magnetization mea-
surements for a single needNT) at a temperature of 60 K.
Note that the dominant diamagnetic part of the signal was
subtracted as described above. The magnetization shows a
small hysteresis witlB-~7 mT. A fit to the data using for-
mula (4) is shown, too. The parameters of the fit curve were
M¢=0.0115 emu/cry Bc=6.7 mT, anddB=36 mT. In or-

B (mT) der to obtain an estimate of the density of the magnetic mo-
ments we used the equation

FIG. 2. py as a function oB for the sample®1, N2, andN3 at
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o . L i FIG. 5. Neutron diffraction measurements for undopgkeé&eSj
FIG. 4. MagnetizatioM as a function of the magnetic induction . 590 and 1.6 K. An offset was added to the 200 K data set.
B for the single crystalline sampld7 at 60 K (a). Temperature

dependence of the coercive forBg for the hysteresis loops of Hall —
resistivity (®) and magnetizatiofi]) measured on samphe8 (b). Two data sets measured at 1.6 and 200 K are shown in Fig.

5. No additional reflection could be observed in the 1.6 K
with N being the concentration of the contributing centgrs, SPECtrum in comparison with the spectra taken at 200 K.
the Landefactor, Sthe spin, andug Bohr's magneton. With  From the difference in the peak intensities we could not de-
the valueM from the fit, 1 emer 1.1X 10°% andg =2, we termine a contribution of a magnetic phase in the 1.6 K data
obtained a value of & 1017 cm~2 for NS HenceN should be  S€t- From these observations we have to conclude that no
in the range 1§—10 cm™3. This value is far below the intensity contributions due to a magnetic phase are present in

atomic density and also considerably smaller than the cort® 1.6 K spectrum within the signal-to-noise ratio.
centration of the Cr acceptor which was determined to be Prévious investigations suggested that for Feamples
=1x 10" cm2 by our Hall-effect measurements. The result Showing hysteresis effects of,(B), the remnant Hall volt-
shown in Fig. 4a) suggests that the anomalous contributions29€ V(B=0)(t) was not stablé.We performed measure-
to pny(B) are related to the magnetization of the samples. wénents of the time dependence of the Hall voltage at zero
were able to prove this suggestion directly by measurinif'd for sampleN8 with strong hysteresis effects at low
both magnetization and Hall effect in the temperature rang&Mmperatures. After applying a magnetic field of 0.5 T, we
15-100 K on the same sample. The specimen udég) ( measured t_he _HaII V(_)Itage as a function of time well outside
exhibited pronounced hysteresis phenomena,iB) and in the magnetic field. Figure 6 shows the decgy of the remnant
M(B) at low temperatures. In Fig.(#) we use the coercive Hall voltageV,,(B=0)(t) at 12 K. The baseline of the mea-
force B to represent a characteristic feature of these hysteSUrement was determined from an extrapolation to long
esis curves sincdc is the only parameter of a magnetic IMeS[VH(B=0)(t—)]. It is important to note that only a

hysteresis loop which is not influenced by the demagnetizaPOrtion of the remnant Hall voltage relaxes such that a re-
tion factor. Figure 4) demonstrates th@c. for the py(B) sidual signal remains, which appears to be stable at the time

and theM (B) hysteresis loops exhibits the same temperatur§C@le Of these measurements. We estimated that about 50%
dependence in the range 15—100 K. It is important to notic®' the initial Vi, (B=0) decays at this temperature. The inset

that no extra adjustment of the two sets of data has beef Fi9- 6 shows that the decay is exponential with a time

applied. The comparison of the two curves in Figh)deads constantr~9.8 s. An increase of the temperature to 21 K led
us to the conclusion that the observed hysteresis of the Haif & Strong decrease of

resistivity is directly related to the magnetization of the
samples.

It has been suggested in the literature that anomalous con-
tributions to py(B) might be related to a magnetic phase The different behavior of the various samples indicates
transition of 3-FeSi.*® Although the above results contra- that anomalous contributions te(B), i.e., hysteresis ef-
dicted the assignment of these effects to an intrinsic propertfects and nonlinear dependences, are not caused by an intrin-
of the samples, we performed neutron scattering in order tsic property of the3-FeSp. On the contrary, there are sev-
look for a possible magnetic phase transition of the materialeral factors which influence the occurrence and strength of

IV. DISCUSSION
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tion zone of at least 1050 °C show only small anomalous
contributions to the Hall resistivity and no hysteresis effects.

We thus conclude that the observed anomalous contribu-
tions to the Hall resistivity in th@-FeSp samples are caused
by deviations from the ideal crystal structure rather than by
intrinsic properties of the material. These deviations are in-
fluenced by several factors, including the purity of the start-
ing material and the temperature regime of the CVT process.
An influence of additional factors cannot be excluded. An
optimized growth process should lead goFeSj samples
which show no anomalous contributions to the Hall resistiv-
ity.

Up to now, hysteresis effects iB-FeSjp crystals were
only reported by Teicheret al”® In these works, crystals
from Lab 1 were investigated. Hysteresis behavior was re-

ported for all the samples at low temperatures. At room tem-
perature, nonlinear dependencespg{B) were only found

in n-type sample&.Our results obtained from a broader spec-
trum of samples show that the type of conduction plays no
role. On the one hand, we have foupdype single crystals

* showing a nonlinear dependencemf(B) up to room tem-
perature N4). On the other hand, there are single crystals in
which we found only small anomalous contributions to
pn(B) and no hysteresis down to 15 (K-type, N3; p-type,
t(s) N6). We conclude that the type of conduction and the

FIG. 6. Time decay of the remnant Hall voltage of sami strength of the anomalous contributionsdg(B) are unre-

for two different temperatures. The baseline was determined b\}ated. .
V4(B=0)(t—x). The decay is exponentiéihsed. Note that only Models which assume that band-structure effects are the

about 50% of the initiaV(B=0)(t=0) decays. cause of the observed nonlinear dependences-iype
crystal§ are not consistent with the experimental results. Our
these effects. Comparing the investigated samples, it bexperiments prove that anomalous contributionspiB)
comes obvious that the purity of the starting material is arfre related to the magnetization of the sample and therefore
important factor. MBE layers grown with an Fe source ofhave to be interpreted with the additional contribution of an
purity 99.95% do show nonlinear dependence of the HalRnomalous Hall effect.
resistivity at low temperatures, while all layers grown with ~ For ferromagnetic materials the following empirical rela-
the purer Fe sourc€9.9985% under otherwise unchanged tion is generally used to describe the additional contribution
conditions show no anomalous contributions to the Hall reof an anomalous Hall effect tp,(B) (in SI units.*®
sistivity down to 15 K. The effect of the purity of the starting
material can also be seen to some extent in the case of single
crystalline needles grown by the CVT technique. Generally
the samples grown with a starting material of high purityIn this formula,Ry denotes the normal Hall coefficierRRy
showed only small anomalous contributions to the Hall rethe anomalous Hall coefficient, arld the magnetization.
sistivity which vanished at temperatures not far above 15 KValassiade®t al* and Teicheft explain anomalous contri-
Samples with strong anomalous contributions, i.e., hysteresisutions topy(B) in their samples as being due to the addi-
of the Hall resistivity and nonlinear dependency up to hightional contribution of such an anomalous Hall effect. They
temperatures, are usually the samples grown with startingropose that this anomalous Hall effect is related to a mag-
material of poor purity. netic phase transition of th@-FeS} to a ferromagnetic and
However, the purity of the starting material is not the only antiferromagnetic phase, respectively. Our results, on the
factor which influences the strength of the anomalous contriether hand, prove thag-FeSi, shows no phase transition to
butions. Our results suggest that in the case of the CVT magnetic phase in the relevant temperature range. The fer-
crystals the temperature regime during growth plays a rolegomagnetic signal in our magnetization measurements on in-
too. For example, only some samples from latedy.,N1) dividual needles is of the order 18 emu/cnd, which is in
and from lab 3(e.g.,N10) showed hysteresis effects. They agreement with the order of magnitude that was reported for
were grown at a temperatufg of 1000 °C in the dissolution magnetization measurements on several single cryfsTaiis
zone. On samples grown @{=1050 °C(e.g.,N2,N11, and signal is only a small contribution to the total magnetic mo-
N12), hysteresis effects were not observed. In the case of lamentum of the sample. The main contribution being diamag-
1 in which generally lower temperatures were used, most ofietic is proportional to the field. The additional ferromag-
the samples showed hysteresis effects. They were most praetic contributions are thus by far too small to be caused by
nounced in the samples6—-N8 grown at the lowest tem- a ferromagnetic phase of th FeSj, sample® Moreover, we
peratures(950-680 °Q. Thus it seems that CVT crystals have found no hint of a magnetic phase transition in the
made with 9N material and at a temperature in the dissolu-temperature-dependent measurementgdfB) and M(B)

0 5 10 15 20 25

Pry(B)=RyB+RaM. (6)
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or in the neutron scattering experiment. EPR measurements Being related to inhomogeneities, it is reasonable to as-
performed by Irmscheet al. on 8-FeSj needles also gave sume that the superparamagnetic clusters in our samples
no indication of a magnetic phase transittdnSzymanski have a size distribution. In this interpretation the relaxation
et al. performed measurements of the magnetic susceptibilityf Fig. 6 arises from clusters with a blocking temperature
on FeSj_,Al, down to 4.2 K with magnetic fields up to 5 well below 12 K. Clusters of larger size are responsible for
T.® The samples were produced with iron of relatively low the residual contribution of the remnant magnetization. With
purity (99.95%. The authors reported that they found Nnoincreasing temperature the number of superparamagnetic
indication of a magnetic phase transition but observed ijysters which are still stable shrinks. This explains the
some cases weak ferromagnetic signals which saturated gfaqual decrease of the strength of nonlinear effects in
fields lower tha 1 T and had a transition temperature be- (B) [see Fig. 4a)]

tween 100 and 150 K. The authors interpreted these addf’ B
tional signals by some inhomogeneities and speculated that

they are caused by precipitates of iron-rich Fe-Si particles

behaving like superparamagnetic clusters.

We suggest that the observed small ferromagnetic signals |n summary, anomalous contributions to the Hall resistiv-
in the magnetization and the anomalous contribution to th¢ty in B-FeSj are not caused by an intrinsic property of the
Hall resistivity are caused by inhomogeneities in thematerial but by deviations from the ideal crystal structure.
samples. The assumption of superparamagnetic clusters cahe strength of the anomalous contributions sensitively de-
explain important details of our experimental observationspends on the growth conditions. The optimization of such
The relaxation effect shown in Flg 6isa strong indication Ofparameters as the purity of the Starting material and the tem-
the existence of superparamagnetism in our samples. Supgferature regime of the CVT process reduces or completely
paramagnetism is characterized by a relaxation of the renjuenches these anomalous contributionsptgB). In the
nant magnetization which accelerates with increasingnagnetization measurements we found small ferromagnetic
temperaturé? The time constant deSCfibing this relaxation Signa|s_ By measuring the hysteresiS)QKB) andM (B) on
is also extremely sensitive to the size of the superparamaghe same sample, we proved that anomalous contributions to
netic particles. By definition, particles are considered to, ,(B) have a magnetic origin. Neutron scattering gave no
be stable, i.e., ferromagnetic, #>100s. The tempera- hint of a magnetic phase transition of tifeFeSj. The ob-
ture at which7=100s is called the blocking temperature. served anomalous contributions @ (B) can be explained

Observations of the anomalous Hall effect due to theyy the assumption of superparamagnetic clusters in our
presence of superparamagnetic clusters are not unusugdmples.

in materials which contain atoms carrying large magnetic
moments. For example, in a recent investigation of
Ing gMng 1AS/AlG sGay ;Sb heterostructures,  nonlinear

V. SUMMARY
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