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The Hall resistivity ��xy�, resistivity ��xx�, and magnetization of three metallic ferromagnets are investigated
as a function of magnetic field and temperature. The three ferromagnets, EuFe4Sb12 �Tc�84 K�, Yb14MnSb11

�Tc�53 K�, and Eu8Ga16Ge30 �Tc�36 K� are Zintl compounds with carrier concentrations between 1�1021

and 3.5�1021 cm−3. The relative decrease in �xx below Tc ��xx�Tc� /�xx�2 K�� is 28, 6.5, and 1.3 for EuFe4Sb12,
Yb14MnSb11, and Eu8Ga16Ge30, respectively. The low carrier concentrations coupled with low magnetic
anisotropies allow a relatively clean separation between the anomalous ��xy� �, and normal contributions to the
measured Hall resistivity. For each compound the anomalous contribution in the zero field limit is fit to
a�xx+�xy�xx

2 for temperatures T�Tc. At T=0 the anomalous Hall conductivity �xy
0 , is −220±5 ��−1 cm−1�,

−14.7±1 ��−1 cm−1�, and 28±3 ��−1 cm−1� for EuFe4Sb12, Yb14MnSb11, and Eu8Ga16Ge30, respectively,
and is independent of temperature for T�Tc if the change in spontaneous magnetization �order parameter� with
temperature is taken into account. These data are consistent with recent theories �T. Jungwirth, Q. Niu, and
A. H. MacDonald, Phys. Rev. Lett. 88, 207208 �2002�; Y. Yao, L. Kleinman, A. H. MacDonald, J. Sinova,
T. Jungwirth, D.-S. Wang, E. Wang, and Q. Niu, Phys. Rev. Lett. 92, 037204 �2004�; I. V. Solovyev, Phys. Rev.
B 67, 174406 �2003�; Z. Fang, N. Nagosa, K. S. Takahashi, A. Asamitsu, R. Mathieu, T. Ogasawara, H.
Yamada, M. Kawasaki, Y. Tokura, and K. Terakura, Science 302, 92 �2003�; and Y. Taguchi, Y. Oohara, H.
Yoshizawa, N. Nagaosa, and Y. Tokura, Science 291, 2573 �2001�� of the anomalous Hall effect that suggest
that even for stochiometric ferromagnetic crystals, such as those studied in this article, the intrinsic Hall
conductivity is finite at T=0, and is a ground state property that can be calculated from the electronic structure.

DOI: 10.1103/PhysRevB.73.224435 PACS number�s�: 75.47.�m, 75.50.Cc

INTRODUCTION

The origin of the large “anomalous” contribution to the
Hall resistivity of ferromagnets has remained a source of
confusion since the seminal experiments of Hall1,2 in the
1880s. The quantity measured in a standard dc Hall experi-
ment is the Hall resistivity �xy =Ey /Jx=Vyd / Ix where a dc
current Ix flows through a rectangular slab of thickness d in
the x direction, the voltage is measured across the sample in
the y direction with a magnetic field B applied along the z
direction. In materials with no significant magnetism, the
Hall resistivity is proportional to the applied magnetic field
and describes the effect of the Lorentz force on the motion of
the free carriers. In simple one band materials the Hall resis-
tivity can be used to measure the type �electrons or holes�
and number of carriers. In ferromagnetic compounds or ma-
terials with a substantial magnetic susceptibility, there is an
additional contribution to the Hall resistivity that is propor-
tional to the magnetization, M, of the material and is usually
at least one order of magnitude larger than the Lorentz term.
For a magnetic material the Hall resistivity is described by
�xy =RoB+Rs4�M =RoB+�xy� where RoB is the ordinary con-
tribution and �xy� describes the anomalous contribution to the
Hall effect �AHE�. In a good metal �like iron� the coefficient
Rs is much larger than Ro. Various theories3–6 of the origin Rs
have shown that Rs can be described by intrinsic and extrin-
sic contributions that are proportional to �2 or �, respectively,

where � is the zero field resistivity �=�xx�0�. The extrinsic
contribution3,4 accounts for the skew scattering of carriers by
magnetic impurities and defects but is hard to quantitatively
model in real materials. The pioneering work of Karplus and
Luttinger,6 however, showed there was an intrinsic contribu-
tion to the AHE that arose from the spin-orbit coupling of
Bloch bands, i.e., a contribution that in principle could be
extracted from the calculated electronic structure. Thus the
anomalous Hall resistivity in zero applied magnetic field, �xy�
can be parametrized7 by �xy� =�xy� �2+a�, where �xy� is the
intrinsic anomalous Hall conductivity, and a describes the
extrinsic contribution of skew scattering. We emphasize that
in zero applied field the normal Hall contribution is zero and
the anomalous contribution vanishes when T�Tc. To be con-
sistent with the notation used in the theoretical calculations
we set �xy� =�xy. In the case of Fe metal, the calculations of
Yao et al.8 predict an intrinsic Hall conductivity of �xy
=751 �� cm�−1 at T=0 and �xy =734 �� cm�−1 at T=300 K
as compared to the room temperature experimental9 value of
1032 �� cm�−1. An interesting consequence of this calcula-
tion is that temperature has very little effect on �xy as long as
there is no significant change in the magnetization over the
temperature range of interest. This observation has important
consequences on the best way to separate the intrinsic and
extrinsic contributions from experimental data.7,10

In the present article, we investigate the intrinsic and ex-
trinsic contributions to the AHE in three unusual ferromag-
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nets: EuFe4Sb12, Yb14MnSb11, and Eu8Ga16Ge30. All three
ferromagnets are stoichiometric Zintl compounds11,12 which
implies both ionic and covalent bonds. The compounds can
be regarded as heavily doped semiconductors or bad metals
with typical carrier concentrations of 1–3.5
�1021 carriers/cm3. The dominant carriers are holes in
EuFe4Sb12 and Yb14MnSb11 and electrons in Eu8Ga16Ge30.
Although the three compounds are magnetically soft ferro-
magnets, the crystal structures are relatively complex with
34, 208, and 54 atoms in the conventional unit cell, respec-
tively. One of the goals of the present work is to see how
well current thinking about the origin of the AHE applies to
more complex materials.

SYNTHESIS AND EXPERIMENTAL METHODS

The synthesis of EuFe4Sb12, Yb14MnSb11 and
Eu8Ga16Ge30 has been described in detail previously.13–16

Briefly, EuFe4Sb12 was prepared directly from the elements
in a carbon-coated, evacuated and sealed silica tube. The
tube was heated to 1030 °C for 40 h, quenched into a water
bath, and then heated at 700 °C for one week to form the
correct cubic skutterudite phase. The resulting powder was
ball milled in Ar gas, and then hot pressed in vacuum in a
graphite die into a dense polycrystalline solid. The density of
the hot-pressed polycrystalline sample was 98% of the theo-
retical x-ray density of 7.98 g/cm3. X-ray diffraction con-
firmed that the samples were single phase with the cubic
skutterudite structure �space group Im-3, lattice constant a
=0.917 nm, 34 atoms per unit cell�. From x-ray structure
refinements the estimated filling of the Eu site was 0.95, a
value comparable to that found in single crystals.17 Heat ca-
pacity, magnetization, and resistivity measurements on the
hot pressed sample indicate EuFe4Sb12 becomes ferromag-
netic below about 84 K, a value similar to that reported by
Bauer18 but a little lower than the value of 87 K reported for
a single crystal.17 A thinned polycrystalline plate is used for
the Hall and resistivity measurements.

Crystals of Yb14MnSb11 were grown from a Sn flux using
the method described by Fisher et al.14 This phase, originally
reported by Chan et al.,19 crystallizes with a tetragonal lattice
in the space group I41/acd with a=1.661 nm and c
=2.195 nm, and 208 atoms in the conventional unit cell.
Heat capacity, resistivity, and magnetization data on
Yb14MnSb11 crystals indicate ferromagnetism below
53 K.14,15 A thinned single crystal plate with H � �110� and
current along c is used for the Hall measurements.

The cubic clathrate compound Eu8Ga16Ge30 �space group
Pm-3n, a=1.070 nm, 54 atoms in unit cell� could be pre-
pared by several methods, the simplest of which was the
direct arc melting together of the elements on a water-cooled
copper hearth in an Ar atmosphere. Crystals are also grown
by cooling a stoichiometric melt of the elements in a carbon
coated silica ampoule.16 A small unoriented single crystal
plate �H� ��4 3 2�� of Eu8Ga16Ge30 is used in the present
experiments with Tc�36 K. The crystal was not large
enough to orient it along a principle direction, but we note
that since the crystal structure is cubic, the resistivity is iso-
tropic, and the Hall resistivity is not likely to show much
variation with orientation.

Hall effect, resistivity, and heat capacity data are taken
using a physical property measurement system from Quan-
tum Design. Hall and resistivity data are obtained using a
standard six lead method and either rotating the sample by
180° in a fixed magnetic field or by sweeping the direction of
the field from positive to negative values. Low resistance
electrical contacts are made to EuFe4Sb12 with silver epoxy,
and to Yb14MnSb11 with silver paste. For the Eu8Ga16Ge30
crystals, however, the surface is first etched with Ar ions and
then sputter coated with gold pads. Silver paste is used to
attach 0.025-mm-diam Pt wires to the gold pads. The Hall
data from the three materials are qualitatively the same re-
gardless of the orientation of the crystal with respect to the
current or field directions. Magnetization data are taken us-
ing a commercial superconducting quantum interference de-
vice magnetometer from Quantum Design.

MAGNETIC DATA AND BACKGROUND INFORMATION

Magnetization curves at 5 K for the three compounds are
shown in Fig. 1. For each ferromagnet there is very little
hysteresis and the full saturation moment is reached at rela-
tively low applied magnetic fields �H�1 T�. The magnetic
anisotropy is small �a few hundred Gauss� for the cubic com-
pounds �EuFe4Sb12 and Eu8Ga16Ge30� while for Yb14MnSb11
the maximum anisotropy corresponds to a field of about 1 T
�i.e., if the field is applied along the magnetically hard �110�
direction it takes about 1 T to reach full saturation at 2 K�.
The magnetization data for Yb14MnSb11 shown in Fig. 1 is
taken with the applied field along the easy �001� direction.

The magnetization curve for Eu8Ga16Ge30 is the simplest
to understand since the saturation magnetization nearly cor-
responds to the ionic Hund’s rule value of 7 	B per Eu2+.
The large separation distance between neighboring Eu2+ ions
in the Eu8Ga16Ge30 structure �about 5.4 Å�, and the poor
bonding between the Eu2+ ions and the Ga and Ge atoms
forming a cage around each Eu suggests that the magnetic
order in this material occurs via a Ruderman-Kittel-
�Kasuya�-Yoshida �RK�K�Y� indirect exchange inter-
action.16,20,21 There are two types of Ge-Ga cages in the

FIG. 1. �Color online� Magnetization vs magnetic field at 5 K
for the three ferromagnetic compounds.
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type-I clathrate structure corresponding to polyhedra consist-
ing of either 20 �small cage� or 24 �large cage� atoms of Ge
or Ga with Eu ions residing near the center of each cage. In
the large cage, the Eu is poorly bonded and moves off center
to one of four nearly equivalent sites.16

Remarkably, Mossbauer and rf absorption measurements
show that the Eu ions actually tunnel among the four sites at
a slow frequency of about 450 MHz!22 Elastic constant mea-
surements and theory also suggest �although indirectly� a
similar tunneling frequency.23 The slow dynamics due to
movement of the Eu ions in the large cages does not appear
to affect the dc magnetic properties, but may contribute to
the unusually low carrier mobility well below Tc.

The compound Yb14MnSb11 may be a rare example of an
under-screened Kondo lattice.15,24 In the material all of the
Yb ions are divalent and hence nonmagnetic. The magnetism
comes from the Mn 3d electrons and the antiferromagnetic
coupling of these electrons to holes in the Sb 5p bands. The
shortest Mn-Mn distance in Yb14MnSb11 is 1.0 nm. The elec-
tronic state of the Mn is believed to be the d5+hole configu-
ration that is found, for example, in GaAs doped with Mn.25

The antiferromagnetic coupling between a local magnetic
moment and extended Bloch states can result in ferromag-
netism due to the RK�K�Y interaction, but can also give rise
to Kondo physics. In Yb14MnSb11, the ferromagnetic ground
state is accompanied by a substantial ��20 me� mass en-
hancement of the holes near the Fermi energy. A reduction of
the hole concentration in Yb14MnSb11 by chemical replace-
ment of 5% of the Yb by La, lowers Tc to 39 K, but increases
the ferromagnetic saturation moment because there are fewer
carriers to screen the Mn d5 moment.15

The ferromagnetism of the filled skutterudite EuFe4Sb12 is
more complex than we initially thought. The skutterudite
compounds with divalent cations, such as CaFe4Sb12, are in-
cipient band ferromagnets26,27 in the sense of the Stoner
model. A further increase in the carrier concentration by the
replacement of divalent Ca by monovalent Na, results in a
ferromagnet28 with a Tc of 85 K, surprisingly close to the
84 K of EuFe4Sb12. This suggests that the polarization of the
Fe 3d bands caused by the substitution of Ca by magnetic Eu
ions is enough to drive the compound ferromagnetic. In ad-
dition, careful Mossbauer22 and x-ray magnetic circular
dichromism measurements29 on our Eu0.95Fe4Sb12 samples
indicate that about 10%–15% of the Eu is Eu3+, which has a
nonmagnetic J=0 ground state. The dichromism measure-
ments also show a small moment of �0.1–0.2 	B per Fe,
and that this moment is oriented opposite to the Eu2+ mo-
ment. Taken together, all of these effects predict a saturation
moment of about 5 	B per formula unit of EuFe4Sb12, which
is near the value measured in Fig 1.

As discussed in the Introduction, the Hall resistivity of a
ferromagnet is described by �xy =RoB+Rs4�M, where the
second term is the anomalous contribution to the Hall resis-
tivity. If a relatively small magnetic field is applied �H
�1 T� to a soft ferromagnet, essentially all of the domains
will be aligned and the Hall resistivity will be dominated by
the second term. As the temperature is increased to an appre-
ciable fraction of Tc, however, the maximum value of M will
depend on how the spontaneous magnetization �order param-
eter� changes with temperature. This behavior is illustrated

by the magnetization curves shown in Fig. 2 for EuFe4Sb12.
For temperatures not too close to Tc �T�0.9 Tc� the approxi-
mate variation of the order parameter with T can be esti-
mated by extrapolating the high field portion of the magne-
tization curves back to H=0. Alternately, the magnetization
versus temperature can be measured at the lowest field �H
�1 T� where all of the domains are aligned. Both analyses
give essentially the same variation of M�T� /M�0� with T /Tc

as shown in Fig. 3.

RESISTIVITY AND HALL DATA

The dc resistivity versus temperature for each ferromag-
net is shown in Fig. 4�a�. At room temperature the magnitude
of the resistivity is similar for all three compounds with val-
ues of 0.38, 0.54, and 1.7 m� cm for EuFe4Sb12,
Eu8Ga16Ge30, and Yb14MnSb11, respectively. The resistivity

FIG. 2. Magnetization vs magnetic field at various temperatures
for the ferromagnet EuFe4Sb12.

FIG. 3. �Color online� Normalized magnetization M�T� /M�0� vs
T /Tc for the three ferromagnets. The larger points correspond to
estimates of M�T� /M�0� obtained from magnetization curves such
as shown in Fig. 2. The remaining data were obtained from mag-
netization vs temperature measurements with an applied field of
1 T. M�0� is the value of the magnetization at 2 K.
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of tetragonal Yb14MnSb11 is measured with the current along
the �001� direction. These values are suggestive of a heavily
doped semiconductor or a bad metal. Below the ferromag-
netic transition temperature of each compound there is a
rapid decrease in the resistivity due to the loss of spin disor-
der scattering. The relative decrease in the resistivity below
Tc is defined as ���Tc� /��2 K�� and is 28, 6.5, and 1.3 for
EuFe4Sb12, Yb14MnSb11, and Eu8Ga16Ge30, respectively. The
relatively small change in the resistivity with temperature for
the Eu8Ga16Ge30 single crystal is probably due to the random
distribution of Ga and Ge on the framework sites and the
disorder due to the Eu atoms in the larger cages slowly tun-
neling or hopping among four off center positions. The nor-
malized resistivity for each compound below Tc is shown in
Fig. 4�b�. These data illustrate the relatively large decrease in
the resistivity of EuFe4Sb12 and Yb14MnSb11 below Tc,
which makes possible an accurate evaluation of the depen-
dence of the AHE on � and �2.

The Hall resistivity at 7 T versus temperature is shown in
Fig. 5 for all three compounds. For EuFe4Sb12 and
Eu8Ga16Ge30 the Hall resistivity is relatively constant for
temperatures from 150 to 300 K with values of 2�10−6 and
−2.5�10−6 � cm, respectively. Assume a single carrier band
yields a carrier concentration of 2.2�1021 holes cm−3 for

EuFe4Sb12 and 1.75�1021 electrons cm−3 for Eu8Ga16Ge30.
The decrease in the Hall resistivity of EuFe4Sb12 below 40 K
is related to a large anomaly in the elastic constants,30 which
may reflect a subtle change in the crystal structure. Only the
Hall resistivity of Yb14MnSb11 well above Tc�53 K has a
significant contribution from the AHE even at room tempera-
ture. This anomalous contribution to the Hall resistivity
above Tc �in an applied field of 7 T� is large and measurable
because at high temperatures the resistivity of Yb14MnSb11 is
about 3–5 times larger than the other two compounds, but
also because Kondo physics appears to be important in
Yb14MnSb11.

15,24 As discussed in Ref. 15, the Hall data of
Yb14MnSb11 from 100 to 300 K can be accurately described
by a constant plus a Curie-Weiss term or a constant plus a
Curie-Weiss term times the resistivity �or resistivity
squared�. All three fits to the data give very similar values
for the constant, which corresponds to a carrier concentra-
tion for this crystal of 9.3�1020 holes cm−3. At 5 K the mag-
netization for each compound is nearly constant for fields
greater than 2 T, and the linear slope of the Hall resistivity
for H�2 T can be used to estimate the carrier concen-
tration �assuming one carrier band�. At 5 K the carrier
concentrations are found to be 3.5�1021 holes cm−3, 1.55
�1021 electrons cm−3, and 1.1�1021 holes cm−3, for
EuFe4Sb12, Eu8Ga16Ge30, and Yb14MnSb11, respectively.
These values are not too far from those estimated from
the data well above Tc. The carrier concentration of 1.55
�1021 electrons cm−3 found for the Eu8Ga16Ge30 single
crystal at 5 K is similar to the value of 1.25
�1021 electrons cm−3 previously found by Paschen et al.21

for a polycrystalline sample at 2 K.

FIG. 4. �Color online� �a� Resistivity vs temperature for the
three ferromagnets. The data for the Yb14MnSb11 crystal is taken
with the current along the c axis. �b� Normalized resistivity vs T /Tc

for the three ferromagnets.

FIG. 5. �Color online� Hall resistivity vs temperature data for
the three ferromagnets taken in a field of 7 T. For EuFe4Sb12 and
Eu8Ga16Ge30 the Hall resistivity is relatively constant for tempera-
tures from 150 to 300 K with values of 2�10−6 � cm and −2.5
�10−6 � cm, respectively. Assume a single carrier band yields a
carrier concentration of 2.2�1021 holes cm−3 for EuFe4Sb12 and
1.75�1021 electrons cm−3 for Eu8Ga16Ge30. The feature near 40 K
in the Hall data from EuFe4Sb12 is related to a subtle change in the
crystal structure. The Hall resistivity of Yb14MnSb11 well above
Tc�53 K has a significant contribution from the AHE �with an
applied field� even at room temperature. Analyses of these data
using several models �see text� give a consistent value of 0.93
�1021 holes cm−3 for 100 K�T�300 K.
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The anomalous Hall resistivity in the limit of zero applied
magnetic field is determined from isothermal plots of the
Hall resistivity versus applied magnetic field for T�Tc. An
example of the analysis used is shown in Fig. 6. The Hall
resistivity data for fields larger than the value needed to align
the domains �denoted as Maligned in the figure� are extrapo-
lated back to H=0. This intercept is the anomalous portion of
the Hall resistivity �AHE=�xy� . For each compound, �xy� is de-
termined in this manner at several temperatures below Tc.
The isothermal plots of the Hall resistivity versus field for
the three ferromagnets are shown in Figs. 7–9.

ANALYSIS AND DISCUSSION

As discussed in the Introduction, theory suggests that �xy�
can be described by an extrinsic contribution that is propor-
tional to � and an intrinsic contribution proportional to �2 so
that �xy� =�xy� �2+a�, and to be consistent with recent theoret-
ical calculations �xy� =�xy. At low temperatures, T�0.2 Tc,

where the spontaneous magnetization is nearly constant, lin-
ear fits to plots of �xy� /� versus � can be used to determine
�xy and a. However, this does not use most of the experi-
mental data that is taken between 0.2 and �0.9 Tc. If we
assume that �xy and a have no intrinsic variation with tem-
perature except through the variation of the magnetization
order parameter with temperature, then �xy� = �M�T� /M�0��
��xy

0 �2+a0��, where �xy
0 and a0 are the values of �xy and a at

T=0. Calculations8 of �xy for Fe as a function of temperature
indicate that from T=0 to T=300 K, �xy does not change
much with temperature although even at 300 K, T�0.3 Tc of
Fe. We make the further assumption that �xy and a are pro-
portional to the spontaneous magnetization as T approaches
Tc. This assumption is motivated by the original empirical
observation by Hall that �xy� is proportional to M and, as
shown below, this approximation seems to hold for the three
ferromagnetic compounds investigated in this article. It also
appears to be valid in the recent investigation31 of the AHE
in ferromagnetic thin films of Mn5Ge3. However, it is impor-
tant to note that in some ferromagnetic compounds with un-

FIG. 6. Example of how the zero field contribution to the
anomalous Hall resistivity, �AHE=�xy� is determined. The data
shown is the measured Hall resistivity of EuFe4Sb12 at 50 K as a
function of applied field.

FIG. 7. �Color online� Isothermal Hall resistivity vs magnetic
field data from a polycrystalline sample of EuFe4Sb12.

FIG. 8. �Color online� Isothermal Hall resistivity vs magnetic
field data from a single crystal of Yb14MnSb11 with H � �110� and
the current along the c axis.

FIG. 9. �Color online� Isothermal Hall resistivity vs magnetic
field data from an unoriented crystal of Eu8Ga16Ge30.
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usual electronic structures, such as SrRuO3, the anomalous
Hall effect is not a simple linear function of the spontaneous
magnetization.32–34

Plots of M�0� /M�T� ��xy� /�� vs � are shown in Fig. 10�a�
for EuFe4Sb12. The variation of the magnetization and
resistivity with temperature is taken from the data shown
in Figs. 3–5. The data are well described by a line with �xy

0

=−220 �−1 cm−1and a0=0.0046. If we assume that the ex-
trinsic contribution to �xy� from a stoichiometric compound
can be neglected, i.e., M�0� /M�T� ��xy� ���xy

0 �2, then analy-
sis of the EuFe4Sb12 data neglecting skew scattering �Fig.
10�b�� gives �xy

0 =−196 �−1 cm−1. Although EuFe4Sb12 ex-
hibits the largest relative decrease in resistivity below Tc, the
magnitude of �xy� below 25 K is below our detectability limit
for a bulk sample �see Fig. 7�. The resistivity of EuFe4Sb12 at
T=2 K is about 7.5 	� cm which is too metallic to directly
measure the expected value of �xy� of 3.5�10−8 � cm. A
similar analysis of the Yb14MnSb11 data shown in Fig. 8
results in values of a0=−0.0033 and �xy

0 =−14.7 �−1 cm−1

�Fig. 11�a�� or �xy
0 =−19 �−1 cm−1 if skew scattering is

neglected �Fig. 11�b��. As can been seen from Fig. 8, at the
lowest temperature �10 K for this figure� the intercept �xy� can

be clearly extracted from the data. This is also true for all
temperatures below 10 K down to our lowest attainable
temperature of 2 K �data not shown in Fig. 8�. The ability
to measure �xy� for the Yb14MnSb11 crystal down to the
lowest temperatures is related to the large residual resistivity
��200 	� cm�. The resistivity of Eu8Ga16Ge30 only varies
by about 30% below Tc=36 K. This implies that there is not
much variation �xy� which makes it impossible to accurately
decompose �xy� into intrinsic and extrinsic components. As
can be seen from Fig. 9, the extrapolated intercept of the Hall
resistivity data to H=0 ��xy� � does not vary much from
5 to 20 K, and there is not much variation at 25 or 30 K
once the change in magnetization is accounted for. For these
data we were unable to determine both �xy

0 and a0, because
the value and sign of a depended on exactly how the extrapo-
lation from higher fields was done. There is not enough in-
formation in the data �Fig. 9� to determine both �xy and a.
The best we can do is to give an average value for �xy.
Analysis of the data in Fig. 9 assuming M�0� /M�T� ��xy� �
��xy

0 �2, gives �xy
0 �28±3 �−1 cm−1 �Fig. 12�. An approxi-

mate analysis of the Hall data previously reported by Pas-

FIG. 10. �a� Analysis of the intrinsic and extrinsic contribu-
tions to the AHE of EuFe4Sb12 from �xy� = �M�T� /M�0�� ��xy

0 �2

+a0��. �b� Analysis of the intrinsic contribution to the AHE
of EuFe4Sb12 assuming that skew scattering can be neglected
��xy� ��M�T� /M�0���xy

0 �2�.

FIG. 11. �a� Analysis of the intrinsic and extrinsic contributions
to the AHE of Yb14MnSb11 assuming �xy� = �M�T� /M�0�� ��xy

0 �2

+a0��. �b� Analysis of the intrinsic contribution to the AHE of
Yb14MnSb11 assuming that skew scattering can be neglected ��xy�
��M�T� /M�0���xy

0 �2�.
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chen et al.21 on a polycrystalline sample of Eu8Ga16Ge30
yields �xy

0 �22 �−1 cm−1.
We were curious as to how the fraction of the intrinsic

contribution to the AHE varied with temperature. The values
of a0 and �xy

0 determined for EuFeeSb12 and Yb14MnSb11 are
used to estimate the fraction of �xy� that is intrinsic as the
temperature is varied from T=0 to about 0.9 Tc �Fig. 13�. At
the lowest temperatures more than half of �xy� is due to an
extrinsic contribution linear in � such as skew scattering.
This is rather surprising since �xy� can also be described fairly
well by a single term proportional to �2 �Figs. 10�b� and
11�b��. This means that fairly linear plots of �xy� vs �2 do not
necessarily imply that there is no extrinsic contribution. Plots
of �xy� /� vs � are clearly a more sensitive way to separate
intrinsic and extrinsic components.

Some relevant properties from all three ferromagnets are
summarized in Table I. There are several important observa-
tions. There is clearly a substantial and finite intrinsic con-

tribution to �xy� as T approaches 0. This result supports recent
theories,8,35,36 which attribute the intrinsic AHE to a ground
state property that can be determined from electronic struc-
ture calculations. The excellent linear variation of
M�0� /M�T� ��xy� /�� vs � over a wide range of temperatures
and resistivities implies that both a and �xy can only weakly
depend on temperature. A weak variation of �xy with tem-
perature was theoretically predicted for iron at temperatures
below 300 K. The present results suggest that for these com-
pounds this weak variation may hold for all temperatures
below Tc if the temperature variation of the spontaneous
magnetization is taken into account. For all three ferromag-
nets, the sign of �xy is opposite to the normal Hall compo-
nent. This was also the case in a careful recent study on Co
films7 but in older studies37 on Gd crystals, and on various
transition metal films38 �xy appears to have the same sign as
the normal Hall component. Current theory8,31,35,36 has
shown that the sign of the intrinsic Hall conductivity
is dominated by specific “hot spots” in the electronic
structure and has no simple relationship to the sign of the
normal Hall coefficient. The magnitude of �xy

0

=220 �−1 cm−1 for EuFe4Sb12 is much larger than the values
of �xy

0 �10–30 �−1 cm−1 found for the other two ferromag-
nets. The value for EuFe4Sb12 is similar to the value of
240 �−1 cm−1 found for Co films and is probably related to
the weak itinerant magnetism associated with the Fe 3d
bands. It would be interesting if theory could calculate �xy
for EuFe4Sb12 or the related weak ferromagnet NaFe4Sb12.

27

While the values of �xy for Yb14MnSb11 and Eu8Ga16Ge30
are substantially smaller than found for EuFe4Sb12, they are
comparable to the “gigantic anomalous Hall effect” found39

in the magnetically complex pyrochlore Nd2Mo2O7. Another
observation is that the magnitude of the extrinsic skew scat-
tering coefficient, a0, is about the same for the two crystals
where it could be accurately determined ��a0��0.004�. This
may indicate a similar degree of disorder and defects in the
two materials.7,31 Finally, the recent ideas of the AHE have
only been carefully tested on relatively simple materials such
as Fe8 and Co7 and a few other ferromagnets.31–34,39 The
apparent applicability of these ideas to considerably more
complex ferromagnets, bodes well for our general under-
standing of the origin of the AHE.
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