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We have measured the electrical resistivity, Hall effect, and magnetization of a NdB6 single crystal, in a
temperature range from 2 to 300 K, and in magnetic fields of up to 7 T. We find that the low-field Hall
resistivity varies strongly with temperature. This variation arises entirely from the large anomalous Hall effect
we find in NdB6. In the paramagnetic region, the anomalous Hall coefficient is much larger than the ordinary
one and is independent of temperature. As the antiferromagnetic order sets in, below,8 K, it decreases
sharply with decreasing temperature. We do not find any significant variations of the anomalous Hall coeffi-
cient in the neighborhood of the critical point. Both magnetization and Hall resistivity show an anomaly in low
magnetic fields, which may arise from domain rotations.

DOI: 10.1103/PhysRevB.71.134426 PACS numberssd: 75.50.Ee, 72.15.Gd

I. INTRODUCTION

Electronic transport studies can reveal interesting features
in magnetic materials. In particular, the Hall effect contrib-
utes an anomalous term, proportional to the magnetization of
the material, in addition to the ordinary contribution which
arises from the Lorentz force. This spontaneoussor anoma-
lousd contribution can be brought about by asymmetric scat-
tering of the current carriers which are subject to spin-orbit
interactions. In addition, there is a spontaneous contribution,
independent of the scattering rate, arising from a spin-
dependent “anomalous velocity” that current carriers acquire
in magnetic systems.1 The anomalous Hall effectsAHEd co-
efficient Rs is usually much larger than the ordinary Hall
effect coefficientRo in metallic magnetic materials.2 More-
over, its magnitude has been shown to be proportional to the
third moment of the deviation of the magnetization from its
mean value.3,4 Consequently, large variations of the anoma-
lous Hall coefficient can be expected near critical points.
Indeed, they have been observed in intermetallicR2Fe14B
single-crystalline compounds in the vicinity of both spin re-
orientation and paramagnetic-ferromagnetic transitions.5

Here, we extend our studies of the Hall effect to antiferro-
magnetic metallic compounds such as NdB6.

The rare-earth hexaboride compound NdB6 crystallizes in
the CsCl-type cubic lattice. It can be viewed as two interpen-
etrating simple cubic lattices of B6 octahedra and of Nd ions,
set apart by the vectork1/2,1/2,1/2l. Its magnetic and elec-
tronic properties have been the subject of rather intensive
research, both experimental and theoretical, for the last few
decades. NdB6 orders in anA-type collinear antiferromag-
neticsAFd structure belowTN<8 K.6 The ground state of the
Nd3+ ions sJ=9/2d in a crystalline electric fieldsCEFd is the
G8

s2d quartet.7 The first excited energy is 133 K above the

ground state. A CEF-induced weak magnetic anisotropy
would align magnetic ion spins along the easyf111g
direction.8 However, the experimentally found ordering is
along thef001g direction.6 Calculations of magnetic excita-
tions in NdB6 show that ferroquadrupolarsFQd interactions,
whose importance has been pointed out in several previous
studies,9–11 favor fourfold easy axes.12 Therefore, the low-
field magnetic anisotropy in NdB6 most likely arises from
competition between CEF and FQ effects. The anisotropy
energy is much weaker than isotropic magnetic exchange
interaction. Band structure calculations indicate that 4f levels
are rather deep in NdB6.

13 A simple folding procedure can be
used to obtain the AF bands from their paramagnetic
counterparts.14 The experimentally found frequency branches
of the de Haas–van Alphen effect15 can be well reproduced
by calculated Fermi surfaces.16

Both experiments and calculations show that 4f electrons
hardly affect the AF band structure. Measurements of the
Hall coefficient, which has been found to be temperature
independent in the 0.7 to 300 K range, seem to support
this.15 It would imply that magnetic energy gaps, induced by
magnetic Brillouin zone boundaries in the AF state,17 do not
affect electronic transport. However, it was later observed
that, belowTN, the Hall coefficient in a single crystal of
NdB6 increases as temperature decreases.18 These measure-
ments were performed in magnetic fields of 8 and 15 T, ap-
plied along thef001g direction, with the current in thef110g
direction. Superzone gaps and their effect on effective carrier
concentration were then invoked in order to explain the ob-
served variation of the Hall effect. Nevertheless, it was as-
sumed in both Refs. 15 and 18 that the anomalous Hall con-
tribution is negligible in NdB6. We aim to cast additional
light on these issues by studying the Hall effect of NdB6 in
low magnetic fields. We thus expect to avoid smearing out
anomalies near the critical points.
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In this paper we report results for the electrical resistivity,
Hall effect, and magnetization measurements in NdB6 single
crystals in a temperature range from 2 to 300 K and in mag-
netic fields of up to 7 T. We find a large, unprecedented
variation of the low-field Hall resistivity which arises en-
tirely from the anomalous Hall effect. To the best of our
knowledge, such behavior has not been reported for NdB6.
The experimental procedure is described in Sec. II. Results
of magnetization, resistivity, and Hall effect measurements
are reported and discussed in Sec. III. Conclusions are drawn
in Sec. IV.

II. EXPERIMENT

Single crystals of NdB6 were prepared by solution growth
from Al flux. We performed all measurements on one speci-
men with dimensions of 0.3531.535.0 mm3. In this way,
we expect to avoid domain- and sample-shape-related effects
when comparing results of different experiments. We mea-
sured the electrical resistivity and Hall effect with a six-
probe method. Contact leadss25 mm gold wired were sol-
dered to the sample using pure indium. In our experiments,
we used a dcs100 mAd or low-frequency ac current. An
external magnetic fieldH, between 0 and 7 T, was oriented
along thef001g direction, perpendicular to the sample, while
the electrical current direction was alongf110g, which is the
longest dimension of the sample. The Hall resistivityrH was
measured as a function of magnetic field, from −1 up to 1 T,
for all experimental points. In addition, the variation ofrH
with magnetic field, up to 7 T, was checked at 5, 10, 100,
and 300 K. The magnetization measurements in the tempera-
ture range from 2 to 300 K and in magnetic fields up to 5 T
were made in the same geometry with a commercial super-
conducting quantum interference device magnetometer.

III. RESULTS AND DISCUSSION

We first report magnetization measurements results. Fig-
ure 1 shows how the low-temperature dc magnetic suscepti-
bility, obtained for several external magnetic fields, depends
on temperatureT. The inset of Fig. 1 exhibits how the in-
verse susceptibilityx−1sTd, obtained forH=0.1 T, varies
with T. Above about 100 K,x−1sTd obeys the Curie-Weiss
law. We obtain a value of 3.15mB for the paramagnetic effec-
tive magnetic moment of Nd. A pronounced maximum in the
M /H curve at low magnetic fields corresponds to the anti-
ferromagnetic phase transition. As the applied field in the
f001g direction becomes larger, the maximum inM /H broad-
ens and the magnetization does not drop any longer below
TN. The field dependence of the magnetization atT=2 and
10 K is shown in Fig. 2. A clear change in the slope of the
MsHd curve is observed atH,0.25 T for T,TN. Such be-
havior may come from domain rotations. Because of the cu-
bic anisotropy of NdB6, the equilibrium orientation of the
magnetic sublattices in the AF state is not unique. Therefore,
formation of antiferromagnetic domains may occur.19 At zero
field, the magnetization within a given domain can be
aligned along one of the three easy axes, which are the cubic
axes. The distribution of domains among the easy axes is

most likely random. When a fieldH is applied, domains
where spins are nearly perpendicular toH grow in size, at the
expense of the other domains. This process generally de-
pends on temperature and on the magnitude of the applied
field.20 When H*0.6 T, all spins are antiferromagnetically
ordered in thef001g plane, slightly canted toward thez axis
sfield directiond. We observe some hysteresisssee dashed
curve in Fig. 2d in the low-temperatureMsHd curves which
may well arise from domain-wall motions. Hall effect and
magnetoresistance data also show anomalies in approxi-
mately the same magnetic field range. We discuss them be-
low.

How the resistivityr of a NdB6 single crystal varies with
temperature in the range from 2 to 300 K is shown in Fig. 3.
The resistivity drops sharply belowTN as the magnetic order
sets in. CEF effects give rise to a broad shoulder, observed

FIG. 1. Temperature dependence of the dc magnetic susceptibil-
ity at several magnetic fields. The inset shows the inverse magnetic
susceptibility as a function of temperature. The solid lines are
guides to the eye.

FIG. 2. Field dependence of the magnetization in NdB6 at T
=2 and 10 K. The solid lines are to guide the eye. The dashed line
shows magnetization behavior for a field-down sweep atT=2 K.
The inset showsdM /dH versusH at T=2 K.
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around 70 K.21 For temperatures below approximately 7 K,
the magnetic resistivityrmag, obtained by subtracting from
the total resistivity the lattice termfgiven by the lattice term
of LaB6 sRef. 21dg and some constant residual resistivity, is
proportional toT2 srmag=AT2d. This variation, shown in the
upper inset of Fig. 3, may come from electron scattering by
spin fluctuations. A least-squares fit yieldsA=2.4
310−8 V cm K−2. We find thatA is strongly enhanced with
respect to the usual values of electron-magnon scattering in
magnetic metals.22 Such a strong enhancement of the electri-
cal resistivity is expected for antiferromagnetic materials
when electron correlations are taken into account.23 We note
that the residual resistivitys2.3310−7 V cmd of the sample
we have studied is quite small.

The magnetic field variation of the transverse resistivity in
NdB6 is shown in the lower inset of Fig. 3 for several tem-
peratures. The resistivity decreases slightly when a magnetic
field is applied at temperatures higher than 20 K. This de-
crease can be attributed to the suppression of spin fluctua-
tions in the paramagneticsPMd state by the external mag-
netic field. At low temperatures, the resistivity increases
rapidly with magnetic field up to,1 T and stays constant or
increases much more slowly for larger values ofH. The ini-
tial rise ofr with field in the AF region may be related to the
domain-wall motions. The behavior of the resistivity at
higher fields can be explained by classical mechanisms. In
particular, rsHd /rs0d~H2 for H.1.5 T at T=5 K. Using
known values for the effective electron mass15 and the mo-
bility values we have measured, we find that the cyclotron
classical motion of electrons gives a good account of the
measured magnetoresistance. Within this approximation,

rsHd /rs0d<smHd2, wherem is the average mobility in the
plane perpendicular to the applied magnetic field. We obtain
values of 63102 and 2.33102 cm2 V s−1 for m at 5 and
10 K, respectively. This yieldsrsHd /rs0d=3.6310−3H and
5310−4H sH is in units of teslad at T=5 and 10 K, respec-
tively, in excellent agreement with experimental data.

Figure 4 exhibits the low-temperature behavior ofrmagsTd
for several magnetic fields. TheT2 variation found for the
magnetic resistivity at zero magnetic field is not followed at
fields larger than 2 T. The inset shows the temperature de-
rivative of the resistivity in the critical region, determined
numerically forH=0 and 7 T.dr /dT falls off nearly verti-
cally above the transition, far below the specific heat of
NdB6.

18 dr /dT resembles the specific heat behavior just be-
low TN. In terms of the Fisher and Langer theory,24 this
points to negligible short-range order aboveTN. The critical
temperature decreases slightly with applied magnetic field,
from 7.7 K atH=0 T to 7.55 K atH=7 T.

We now turn to the Hall effect results. Hall resistivityrH
data, for a field applied along thef001g direction, are plotted
as a function of temperature in Fig. 5. At low fields,rH
increases asT decreases down toTN; it drops sharply below
the critical temperature. The inset in Fig. 5 exhibits how the
Hall voltage and the magnetization vary with magnetic field
at T=3 K. The Hall resistivity follows quite closely the mag-
netization of the sample. The Hall voltage and the magneti-
zation show similar anomalies at low fields. As discussed
above, this anomaly may be produced by domain rotations. It
is clear that the measuredrH is very sensitive to the magnetic
state of the sample.

To interpret these results, we use for the Hall resistivity
the phenomenological expressionrH=RoB+Rs4pMs, where
Ro is the normal Hall coefficient,Rs is the AHE coefficient,B
is the applied magnetic induction, andMs is the spontaneous
magnetization. For temperatures aboveTN, there is no spon-
taneous moment contribution torH, but the paramagnetic
moment induced by the applied field is important. In the
paramagnetic regionMs=xH, wherex is the magnetic sus-
ceptibility. Using this relation we obtainrH /H=Ro
+4px*fRs+Ros1−Ndg, wherex* =x / s1+4pNxd is the effec-
tive susceptibility which includes the effects of the demag-

FIG. 3. Resistivity versus temperature in NdB6 single crystals.
The upper inset exhibits the magnetic contribution to the resistivity
versusT in the temperature range 2øTø20 K. The solid line
shows aT2 dependence. Variation of the electrical resistivity with
the external magnetic field atT=5, 10, 100, and 300 K for the same
sample is shown in the lower inset.

FIG. 4. Temperature dependence of the resistivity in NdB6 for
various magnetic fields. The inset showsdr /dT versusT at H=0
and 7 T.
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netization fieldsN is the demagnetization factord. The total
Hall resistivity is linear inH; however, it has a normal part
and a part that depends on the magnetic susceptibility. The
magnetic field variation ofrH in the PM state is exhibited in
the inset of Fig. 6 for several temperatures. Indeed, we find a
linearrHsHd dependence. PlottingrH /H versusx* we obtain
the linear behavior shown in Fig. 6. This implies that both
Hall coefficients are independent ofT. The ordinate intercept
yields Ro=−4.59310−12 V cm/Oe while the slope of the
straight line givesRs=2.4310−10 V cm/G. The value of the
ordinary Hall coefficient agrees very well with those reported
previously.15,18 However, no temperature variation of the
Hall effect aboveTN has been observed in Refs. 15 and 18.
Here, we find experimentally a strong temperature depen-
dence of the Hall resistivity in the paramagnetic state which
comes entirely from the magnetic susceptibility. A large
anomalous contribution to the Hall effect in the PM phase
has also been observed in the parent compound EuB6.

25

In order to estimateRs below TN, we assume that the
ordinary Hall coefficient does not vary with temperature.

This is contrary to what has been argued in Ref. 18. A rise of
the Hall resistivity belowTN for fields of 8 and 15 T, re-
ported in this reference, was interpreted in terms of the ordi-
nary Hall effect and ascribed to a modification of the Fermi
surface induced by an antiferromagnetic modulation. Our
data do not support such a picture. In the first place, we
observe a large AHE in the PM region. Therefore, we expect
an important contribution from the AHE to the Hall resistiv-
ity in the ordered phase. In addition, the Fermi surface re-
construction upon AF ordering in NdB6 is not a drastic one.
In the AF phase, the cyclotron mass of the nearly spherical
Fermi surface is only slightly heavier than the one observed
in the PM region.14,15 Therefore, the density of states and,
consequently, the effective carrier concentration is not ex-
pected to be significantly affected by magnetic ordering. In
addition, superzone gaps, if their effect were important,
would affect the resistivity as well. However, this is not ob-
served. Consequently, we putRo=const in the expression for
rH. To obtainRs, we use values of the longitudinal magneti-
zation, measured belowTN, for Ms. Ms in the equation forrH
is the spontaneous magnetic moment. However, whatMs
stands for in AF materials is not so obvious. With our choice,
we calculate some “effective” AHE coefficient from the re-
lation Rs

eff=srH−RoHd /4pM.
How the effective AHE coefficient varies with tempera-

ture in the whole temperature range we have studied is
shown in Fig. 7. Up toTN, Rs

eff rises quite sharply with in-
creasing temperature and becomes independent ofT beyond
TN. Rs

eff does not show any large variations through the mag-
netic phase transition, contrary to what is observed in
uniaxial ferromagnets.5 Such variations may come from criti-
cal fluctuations of the magnetization. However, we do not
expect large magnetization fluctuations along the direction of
the applied magnetic fieldsf001gd in NdB6, since magnetic
moments in the AF phase are perpendicular toH for small
magnetic fields. On the other hand, critical scattering atTN,
clearly evident at zero field, can be completely washed out
by high magnetic fields.20 Therefore, we also expect no im-
portant effects in large magnetic fields when Nd spins are
along the field direction.

FIG. 5. Hall resistivity atH=0.1 T as a function of temperature
for NdB6 single crystal. The solid line is a guide to the eye. The
insets show the magnetic field variation of Hall voltage andM at
T=3 K.

FIG. 6. Slope ofrH versusH in the paramagnetic region plotted
against the effective susceptibility for the NdB6 single crystal. The
solid line is the linear fit to experimental points. The normal Hall
effect coefficientRo has the constant value indicated.

FIG. 7. Anomalous Hall coefficientRs as a function of tempera-
ture in the NdB6 single crystal. The solid line is a guide to the eye.
The inset exhibitsRs as a function of the total resistivity for the
same crystal.
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The variation ofRs
eff with the total resistivity for NdB6 is

exhibited in the inset of Fig. 7. The AHE coefficient in-
creases fairly linearly withr in the AF region, in agreement
with predictions for skew scattering.26 In this mechanism,
spin-polarized electrons are displaced preferentially to one
side of the scattering center because of spin-orbit coupling,
and the AHE resistivity is proportional to the longitudinal
resistivity. However, since our data points cover only a small
temperature interval belowTN, we cannot rule outRs

eff~r2.
In the paramagnetic region,Rs

eff is independent ofr, in ac-
cordance with predictions for scattering ofs electrons by
localized magnetic moments.3

Very large Hall constants with anomalous positive signs
are often found in mixed-valence and Kondo-lattice com-
pounds, particularly in heavy-fermion systems. A model in-
voking skew scattering and anomalous velocity contributions
to the Hall effect givesrHsTd /H=Ro+gx8sTdrmagsTd for
heavy-fermion systems, wherex8sTd=xsTd /C is the reduced
susceptibility andC is the Curie constant.27,28 The prefactor
g is related to the phase shifts of the conduction electrons in
scattering processes. Our data forrHsTd at high temperatures
sT*100 Kd follow this relation quite well. Fortuitously, the
value of Ro, obtained by plottingrH versusxrmag and ex-
trapolating toxrmag=0, is −4.9310−12 V cm/Oe, which is
very close to the value we estimate above. Therefore, high-
temperature results for the Hall resistivity in NdB6, which is
not a heavy-fermion material, agree with predictions of cal-
culations for incoherent skew scattering in heavy-fermion
compounds. This may imply an important role for 4f levels
in scattering processes in NdB6.

IV. CONCLUDING REMARKS

Our measurements of the magnetization, resistivity, and
Hall effect in a NdB6 single crystal reveal some interesting

features. BelowTN, both magnetization and Hall resistivity
show anomalies at low magnetic fields. They may arise from
magnetic domain-wall motion. This follows from the cubic
anisotropy of NdB6 which permits equilibrium orientations
of the staggered magnetization along the three crystalline
axes. When a weak magnetic fieldH is applied, domains
with spins perpendicular toH grow in size. This phenom-
enon may lead as well to the large initial increase of resis-
tivity we observe in magnetic fields.

The temperature variation of the electrical resistivity at
low temperatures is unusually high in NdB6. We attribute
this to spin fluctuations of correlated electrons. We find that
the low-field Hall resistivity varies strongly with tempera-
ture. Such a variation has not been previously reported for
NdB6. Taking into account thatsid in the paramagnetic phase,
the Hall effect depends on temperature only through the
magnetic susceptibility, andsii d Fermi surface reconstruction
cannot account for the Hall effect changes in the antiferro-
magnetic phase, we conclude that the observed behavior
arises from the large anomalous contribution to the Hall ef-
fect. BelowTN, skew scattering is likely responsible for the
observed temperature variation of the Hall effect, as ex-
pected for pure magnetic materials. The anomalous Hall co-
efficient rises quite sharply as the critical temperature is ap-
proached, and becomes independent of temperature above
TN, in agreement withs-f interaction-based models. We do
not find any large variation of the Hall effect through the
magnetic phase transition.
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