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faster with pressure, and it appears to win in the
competition in all the Eu monochalcogenides with
the exception of EuO. EuO is thus the first Eu
chalcogenide to exhibit a valence transformation
from the 2' towards 3' state due to 4f-to-5d
electron delocalization, prior to the CsCl trans-
formation. Qualitative optical observation shows
that the CsC1 form of Euo is also metallic in
nature. Pew contra, the CsCl phases of EuTe,
EuSe, and EuS do not exhibit any metallic re-
flectivity to about 350 kbar pressure, "which
suggests that there is no significant change in
the valence state of Eu in these cases up to the
above pressure.
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Experimental Evidence of the Anomalous Hall Effect in a Nonmagnetic Semiconductor
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The anomalous Hall effect is measured in InSb at low temperature. In this nonmagnetic
semiconductor the polarization of the conduction electrons is obtained by application of an
external magnetic field Bo The spin-dependent Hall effect is separated from the much lar-
ger ordinary Hall effect by magnetic resonance of the conduction electrons. Two physical
mechanisms responsible for the anomalous Hall effect are separated and the experimental
results agree within a factor of 2 with the theoretical predictions without any adjustable pa-
rameter.

The discovery of a strong anomalous Hall ef-
fect in ferromagnetic materials initiated an abun-

dant literature on the theory of the spin-depen-
dent Hall effect, ' but this theory was obscured
for a long time by the extreme complexity of the
ferromagnetic systems at finite temperatures.
The theories conflicted in the interpretation of
the physical mechanisms responsible for the ef-
fect, although most of them agreed on the im-
portance of the spin-orbit interaction. Recently, '
the consideration of much simpler physical sys-
tems like III-V semiconductors has somewhat
clarified the situation, acknowledging for the
most part the validity of the pioneering work of
Luttinger. ' However, an experimental study of
the anomalous Hall effect in one of those simple

nonmagnetic systems, permitting a direct com-
parison with the theory, was still lacking. In
this work we present the first anomalous Hall
effect obtained in a semiconductor, thus provid-
ing experimental evidence of the validity of the
theoretical model. In this material there is no
spontaneous magnetization, and the polarization
of the conduction electrons is obtained by appli-
cation of an external magnetic field 8,. The ex-
perimental difficulty is to separate unambiguous-

ly the small spin-dependent Hall effect, corre-
sponding to the equilibrium polarization, from
the much larger ordinary Hall effect. This is
achieved by observing the effect on the Hall volt-

age of a change of the electronic spin polariza-
tion. This change is obtained by a magnetic res-
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onance method. 4 The experiment is performed
in indium antimonide at low temperature (1.3'K).
The applied magnetic field is Bo= 130 6 which
corresponds, with a g factor of g*=-5l, to a
spin resonant frequency &u/2w = 9.2 6Hz. '

%e present first a short review of the current
theoretical situation relevant to a comparison
with our experimental results. '~' Two different
mechanisms contribute to the spin-dependent
Hall effect in a semiconductor at low tempera-
ture:

(a) The scattering of a polarized spin on an
impurity, when calculated to the second-order
Born approximation, '9 contains an asymmetric
part. The resulting skeso scattering on an indi-
vidual impurity leads to an average scattering
angle 8,. If one neglects multiple scattering,
this angle 18 precisely the angle of the spin-de-
pendent Hall effect due to this mechanism. Its
calculated value is'0

= 0.86 ~ 10 rad. (2)

The effect changes sign from an attractive to a
repulsive potential and will therefore be propor-
tional to the degree of compensation. '

(b) The other mechanism contributing to the
anomalous Hall effect is the transverse displace
ment undergone by an electron subject to colli-
sions or to a longitudinal force.""' It can be
shown that for a wave packet of longitudinal ve-
locity (v„) the transverse position (along the y
axis) is not the same for a spin-up and a spin-
down electron, "and that this transverse dis-

where E is the forbidden gap and 6 the spin-
orbit splitting of the valence band. This is a sim-
plified expression obtained for a short-range
scattering potential, so that V(k, k') = V is inde-
pendent of k, O'. To obtain the order of magnitude
of the effect, we consider the scatteriDg by Rn

ionized donor, i.e., by a screened Goulomb po-
tential. If the inverse Debye screening radius
k, is much larger than the value of k at the Fermi
level, the assumption that V is independent of
k, k' is justified and one has simply V= —2EF/Sn.
For degenexate electrons, the equilibrium polar-

ato . a ag t.cf.eMC espo d. gtothe
I armor frequency ~ is p= SS~/4EF. Inserting
these values in Eq. (1), we obtain

5& m* 2E, + b, Sr@

placement is proportional to the longitudinal ve-
locity. The origin of this displacement lies in
the fact that the quantum state of an electron in
the conduction band is not a pure spin state, but
is admixed with the orbital variables through
the spin-orbit interaction & in the valence band";
the effect is particularly important in Insb where
the spin-orbit interaction 6 is large (0.9 eV) and
the gap E is small (0.235 eV). On application of
an electric field E,„, we obtain the usual longitud-
inal current Z; but also, because of this trans-
verse displacement, there appears a transverse
current 8,

'

proportional to the polarization p of
the conduction electrons along the z axis. The
relevant parameter for this effect is therefore
the transverse mobility p.„„=J„/neE„. Its theo-
retical value is"

Note that p.,„depends only on the intrinsic prop-
erties of the material. For the type of samples
used in the present experiment (electronic den-
sity of the order of 10'~ cm ') and the same po-
larization as that considered before, Eq. (3) gives
a value p.„„=-7.0 cm' V ' sec '. This mecha-
nism will therefore give an anomalous Hall effect
of the same order of magnitude as the effect of
the skew scattering for the highest mobility sam-
ples (=8 x 10' cm' V ' sec ') and a larger effect
for lower mobilities.

The principle of the experimental method is to
change the spin polarization leaving the applied
field Bo constant, The ordinary Hall effect re-
mains constant and the recorded change of the
Hall voltage measures the variation of the spin-
dependent Hall effect, thus separated from the
much larger ordinary Hall effect. The straight-
forward method of decreasing the spin polariza-
tion by passing through the spin resonance line
with high-power microwave field" (the so-called
"saturation" of the line) cannot be used here be-
cause of the microwave heating of the conduction
electrons. This heating is due to the microwave
electric field E„whereas the saturation of the
line increases with the microwave magnetic field

In order to maximize the ratio 8,/E„we use
a very thin sample (50 p.m) placed on the bottom
of a TE», cavity. With this arrangement, 8, is
still limited to some 10"~ 0 for a heating of the
order of 1'K. This imposes a severe limitation
on the saturation of the spin resonance line. For
a linewidth 2~ of 2 0, the decrease of the polar-
ization at resonance is of the order of —bp/p
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FIG. 1. The arrangement of Juretschke {Ref. 4) to
measure the spin-dependent Hall effect. Near reso-
nance, the magnetization. M precesses around the ap-
plied field Bp. The product of the microwave electric
field E„with the component M» of M gives a dc Hall
voltage along Oy.

= (B,/rd3)' = 10 '. With this method the decrease
of the Hall voltage is thus only a fraction times
10 4 of the full spin-dependent Hall effect, which
is beyond our detecting capability. We have there-
fore used the ingenious arrangement of Juret-
schke, ' which does not use the decrease of the
polarization along B, but the appearance, near
resonance, of a transverse rotating magnetiza-
tion (the Larmor precession). The magnitude of
this transverse magnetization is a fraction B,/4B
= 10 of the equilibrium magnetization. We thus
gain a factor ~/B, = 100 over the saturation
method, which is enough to make the detection of
the effect compatible with our sensitivity. Figure
1 shows the experimental arrangement. The ap-
plied current J„ is due to the microwave electric
field E, along the x axis, and the rotating magne-
tization varies with time at the same microwave
frequency. Since the spin-dependent Hall voltage
along the y axis is proportional to the cross term
J„M„ it has a dc component 1/', that gives a mea-
sure of the effect. The relevant magnetization is
the component along the z axis which is in phase
with the microwave electric fieM; passing through
resonance, it is easily seen to be proportional to
the "dispersion" curve. " As usual, the magnetic
field is modulated (300 Hz) and the recorded sig-
nal, after lock-in detection, has the shape of the
derivative of a dispersion curve (Fig. 2).

MAGNETIC FIELD (Gauss)

FIG. 2. Spin-dependent Hall voltage obtained along
the y axis {Fig. 1) when the magnetization of the con-
duction electrons is affected by passage through spin
resonance at 9.2 GHz. {InSb, tt type 10'4 cm 3, 1.3'K).
The recorded signal, after lock-in detection at 300 Hz,
has the shape of the derivative of a dispersion curve.

In an attempt to separate the two mechanisms
responsible for the Hall. effect, we considered
two samples with approximately the same carrier
content" but with different compensations:

"Compensated" InSb: The number of carriers
is Nl, —N~= 1.1 x10" cm ' and the mobility is
p, =2.2x10' cm' V ' sec ', from which we es-
timate a compensation N„/N~= 60-70%. In such
a sample the Hall angle associated with the dis-
placement effect is enhanced because of the rath-
er low longitudinal mobility; in contrast, the
skew scattering is strongly decreased because of
the existence of impurity potentials of both signs.
Therefore, the Hall angle should be dominated in
this sample by the displacement effect which has
a calculated value, from Eq. (3), of 6= p, ,„/)t,
= —3.1x10 '. The measured value, extrapolated
for the equilibrium polarization, is -(2.6+ 0.5)
x].0 4.

"Noncompensated" InSb: Our less- compensated
sample has a number of carriers N~-N„=1.3
x 10"cm ' and a mobility p = 4 x 10 cm y ' sec '
which indicates a compensation N~/N~ hopefully
less than 30%%uo. With a mobility nearly doubled,
we expect the contribution of the displacement
effect to be reduced by a factor of 2, with a value
getting thus very close to the contribution of the
skew scattering. Since the two mechanisms have
opposite signs we should obtain almost complete
cancelation and the measured spin-dependent
Hall effect in this sample should be very small.
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The measured value is 8=+ 0.3X10, nearly 1
order of magnitude smaller than for the compen-
sated sample. The effect has changed sign, indi-
cating a skew scattering (), = (1.6+ 0.5) X 10 4 which
is nearly twice the calculated value 0, =0.86
X10 '. In view of the experimental uncertainties,
particularly because of the macroscopic inhomo-
geneities of the sample, the result can be con-
sidered as very satisfactory.

In conclusion, the measurement of the anoma-
lous Hall effect in indium antimonide has pro-
vided an unambiguous and quantitative verifica-
tion of the theory. The existence of the two phys-
ical mechanisms responsible for the effect, the
skew scattering and the transverse displacement,
is illustrated by the variation of the magnitude
and sign of the Hall effect from a compensated to
a noncompensated sample.

We wish to thank Professor P. Nozieres and
Mrs. C. Lewiner for extremely valuable discus-
sions concerning many aspects of the anomalous
Hall effect.
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We show that steady translation of a magnetic bubble possessing Bloch lines requires
the application of both longitudinal and transverse field gradients. The predicted lon-
gitudinal gradient obeys the usual relation valid for a normal bubble. The transverse
gradient is proportional to the product of velocity and number of Bloch lines. Experi-
ments of Tabor et al. support the theory.

Instances of magnetic-bubble motion in a di-
rection different from that of the applied field
gradient have been reported recently. ' The ex-
periment of Tabor et al. ' shows that such skewed
motion is a general property of "hard" magnet-

ic bubbles, which are known to contain vertical
Bloch lines. "' Vella-Coleiro, Rosencwaig, and
Tabor' proposed a nonlinear theory of both lon-
gitudinal and transverse components of mobility
to explain this effect. Although it is consistent


