
Testing the Berry phase model for extraordinary Hall effect in SrRuO3

Yevgeny Kats,* Isaschar Genish, and Lior Klein
Department of Physics, Bar-Ilan University, Ramat-Gan 52900, Israel

James W. Reiner† and M. R. Beasley
T. H. Geballe Laboratory for Advanced Materials, Stanford University, Stanford, California 94305, USA

(Received 25 May 2004; revised manuscript received 30 July 2004; published 29 November 2004)

Recently it has been suggested that the complicated temperature dependence of the extraordinary Hall effect
(EHE) in the itinerant ferromagnet SrRuO3 could be explained by the Berry phase effect in the crystal
momentum space. We test this model by measurements of EHE as a function of an applied magnetic field at a
constant temperature and show that the results seem to contradict the Berry phase mechanism.
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The Hall effect in magnetic materials includes, in addition
to an ordinary (or regular) Hall effect (OHE), which origi-
nates from the Lorentz force and depends on the magnetic
induction B, an extraordinary (or anomalous) Hall effect
(EHE), which depends on the magnetizationM . Usually, the
EHE is attributed to spin-dependent scattering, and the total
Hall effect is given by

rxy = rxy
OHE + rxy

EHE = R0Bz + Rssrdm0Mz, s1d

whereR0 is the ordinary Hall coefficient related to the carrier
densityn, andRs is the extraordinary Hall coefficient, which
depends on the resistivityr asRs=ar+br2, where the linear
term is due to a spin-dependent preferred direction in scat-
tering(“skew scattering”),1 and the quadratic term is due to a
lateral displacement involved in the scattering(“side
jump”).2

Recently, it has been suggested that the Berry phase
effect3 in the crystal momentum space(k space) can also
give rise to EHE.4–6 This is an intrinsic effect, which does
not involve scattering, but it depends on the Bloch states and
their occupation. In this model, the EHE is described as

rxy
EHE = − r2sxy

BPsMd, s2d

where the Berry phase transverse conductivitysxy
BPsMd does

not depend onr, and the dependence ofsxy
BP on M should be

calculated from the band structure. First, this mechanism was
invoked to explain the EHE in(III,Mn )V ferromagnetic
semiconductors,4 then in SrRuO3 (Ref. 5) (which is the sub-
ject of the current paper), and later it was shown that the
Berry phase effect ink space can be the dominant mecha-
nism even in iron.6 Actually such mechanism for the EHE
had been suggested by Karplus and Luttinger7 a long time
ago, but it was disregarded later. This effect should be dis-
tinguished, however, from the Berry phase effect related to a
motion in a topologically nontrivial spin background inreal
space, which has been also proposed as a source of EHE for
some materials.8

The EHE in the 4d itinerant ferromagnet SrRuO3 exhibits
a nonmonotonic temperature dependence, including a change
of sign9,10 (see Fig. 1), andRs does not follow the relation
Rs=ar+br2.10 Fanget al.5 argued that this behavior can be

explained by the Berry phase effect ink space, which pre-
dicts a peculiar nonmonotonic dependence ofsxy

BP on M. The
authors supported their contention by band calculations,
which predicted EHE of a correct order of magnitude and
roughly reproduced its temperature dependence. However,
band calculations for SrRuO3 are very sensitive to the input
parameters.5,12 Therefore, while the calculations support the
explanation, they leave open the possibility that in practice
the Berry phase effect in SrRuO3 is much smaller, and the
EHE is caused by a different mechanism.

Another point which raises questions regarding the appli-
cability of the calculations of Fanget al. is their assumption
that the exchange band splitting vanishes atTc. In many itin-
erant ferromagnets, and probably also in SrRuO3,

13 the band
splitting does not disappear atTc, but at a temperature higher
by an order of magnitude. In such materials, atTc, the mag-
netization disappears on the long scale, but the short-range
order remains, and the spin-split bands are quite well defined
locally (see, e.g., Ref. 14). According to the calculation of
Fanget al., the EHE changes sign when the band splitting is

FIG. 1. Extraordinary Hall effectrxy
EHE (due to the spontaneous

magnetization) as a function of temperature. The inset shows the
longitudinal resistivityr as a function of temperature.
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about one-third of its zero-temperature value, which prob-
ably does not happen belowTc.

The experiment presented here explores the changes in
EHE resulting from changes inM due to a magnetic field
applied at a fixed temperature. This allows us to test the
applicability of the Berry phase model directly, by a com-
parison between temperature-dependent and field-dependent
behavior, without making assumptions regarding the details
of the band structure. Particularly, we inquire whether the
quantity that vanishes atT.127 K in Fig. 1 is the
r-dependentRs from Eq. (1) or the M-dependentsxy

BP from
Eq. (2).

We study epitaxial films of SrRuO3 grown by reactive
electron beam coevaporation15 on miscuts,2°d SrTiO3 sub-
strates. The films are single phase, with a single easy axis of
magnetization roughly at 45° out of the plane of the film(the
direction of the easy axis varies slightly as a function of
temperature).16 The film whose results are presented here has
a thickness of 30 nm, andTc.147 K. The films were pat-
terned by photolithography. The current path was perpen-
dicular to the easy axis. The residual longitudinal offset in
Hall effect measurements was canceled by repeating the
measurements with a reversed magnetic field and taking half
the difference of the results. All measurements were per-
formed with the films uniformly magnetized, including at
zero magnetic field.

In order to separate the OHE contribution, we measured
the Hall effect at a low magnetic field(H less than 0.4 T) as
a function of the direction of the field. In such fields, the
change inrxy is linear inH, implying that the change inrxy

EHE,
if it is significant, is also linear inH. In addition, for such
fieldsM does not rotate away from the easy axis because the
anisotropy field is of order of 10 T.17 Since the easy axis is at
a.45° (a is defined at the right bottom part of Fig. 2), the
EHE and the OHE contributions have different symmetries,
and can be separated. Particularly, the EHE contribution
should not be affected at all when the magnetic field is ap-

plied perpendicularly to the easy axis. In general, we expect

Drxy = R0H cosa +
drxy

EHE

dM
xH cossa − aead, s3d

whereaea is the direction of the easy axis,x is the suscep-
tibility, and rxy

EHEsr ,Md is considered to be a function ofM
alone, since for constant temperature and magnetization di-
rection r is a function ofM (Lorentz magnetoresistance is
negligible at the temperature of our measurement).11 Figure 2
shows the additional Hall effect(i.e., after subtracting the
EHE measured at zero field) as a function of the direction of
the field, and a fit according to Eq.(3). It turns out that the
parts of the OHE and the EHE in the field-induced Hall
effect are comparable in magnitude. For a field applied along
the easy axiss60±3d% of the change in Hall effect was due
to the OHE, whiles40±3d% was due to the EHE.

Figure 3 shows the EHE as a function of the magnetic
field H at different temperatures, after subtracting the OHE
contribution.(The field was applied along the easy axis, in
order to create maximal possible changes inM.) Interest-
ingly, while the magnetization increases with the increasing
field, not only does the EHE decrease, it even changes sign.
Furthermore, EHE exists even atT=127 K, where the zero-
field Rs (see Fig. 1) vanishes.

These results seem to qualitatively agree with the predic-
tions of the Berry phase model for these temperatures, since
by applying a magnetic field we reach values ofM that at
zero field exist at lower temperatures: Figure 1 implies that
in the range of temperatures presented in Fig. 3,usxy

BPsMdu
decreases with increasingM; therefore, the EHE is expected
to decrease when a magnetic field is applied.

On the other hand, the increase inM diminishes magnetic
scattering, resulting in a negative magnetoresistance(MR)
DrsHd=rsHd−rs0d (see Fig. 4). Thus the results can quali-
tatively agree also with the prediction based on Eq.(1), since
by applying a magnetic field we attain lower resistivitiesr,

FIG. 2. Field-induced contribution to the Hall effect at
T=127 K,H=0.4 T, as a function of the direction of the field(the
anglea is shown at the right bottom part of the figure). The solid
curve is a fit from which the OHE contribution was evaluated.

FIG. 3. Extraordinary Hall effect as a function of the magnetic
field H at several temperatures(indicated in the legend).
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and in our range of temperatures,Rs decreases with decreas-
ing resistivity (see Fig. 1 and inset).

Quantitative examination of the results supports the sec-
ond possibility. It turns out, for example, that the
MR s.−7 mV cmd which is required atT=134 K to make
the EHE vanish brings the resistivity to the zero-field resis-
tivity of T=127 K (where the EHE vanishes at zero field).
Figure 5 shows this pattern for a range of temperatures: the
EHE always vanishes at the same value ofr. This behavior
is consistent with Eq.(1).

The vanishing of EHE at constant resistivity cannot be
consistent with Eq.(2), since the identical resistivities do not
correspond to identical values ofM. While direct magnetic
measurements could be advantageous, accurate magnetiza-
tion measurements of thin films are plagued by big substrate
contributions. On the other hand, it is possible to analyze the
question by considering changes in magnetic scattering in-
volved in our experiment.

From a temperatureT.127 K, vanishing EHE can be
achieved either by lowering the temperature to 127 K or by
applying an appropriate magnetic field. In both casesr de-
creases to the same value. However, in the first case, the
decrease inr is partly related to a decrease in nonmagnetic

scattering(phonons, etc.), while in the second case the whole
change inr is due to change in magnetic scattering.11 There-
fore, the magnetic scattering is different in the two cases,
indicating different values ofM. Thus, it is not a particular
value ofM in sxy

BPsMd, which makes EHE vanish.
Quantitatively, we estimate that the nonmagnetic part of

dr /dT around 130 K is about 0.50mV cm/K, which is the
value ofdr /dT aboveTc where the magnetic resistivity satu-
rates. Therefore, nonmagnetic resistivity plays an important
role. For example, only 3.5mV cm of the 7mV cm differ-
ence in the zero-field resistivity between 134 and 127 K is
due to magnetic resistivity. The magnetic resistivity of 127 K
is achieved at 134 K already forH=3.4 T [this is the field for
which the MR is 3.5mV cm (see Fig. 4)], while the EHE
vanishes only atH=8.1 T.

In conclusion, when temperature- and field-dependent
measurements of the EHE are combined, the results cannot
be simply explained in terms of the Berry phase model. On
the other hand, it seems that Eq.(1) describes the EHE cor-
rectly, although the microscopic origin of ther dependence
of Rs remains unclear.
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