PHYSICAL REVIEW B 82, 174430 (2010)

Extraordinary Hall effect in Ba,;_.Sr,RuQOj films
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We have investigated the extraordinary Hall effect of Ba;_,Sr,RuO; thin films with x=1 and 0.8. For x=1,
the extraordinary Hall resistivity can be interpreted by the skew scattering mechanism in the paramagnetic
region above about 160 K. In the ferromagnetic region above about 60 K, the extraordinary Hall coefficient R;
can be expressed by the combination of the skew and the side-jump scattering mechanisms as R,=ap+bp’
using the electrical resistivity p, as usually observed in ordinary ferromagnetic metals. Below 60 K, the field
dependence of the Hall resistivity py at intermediate field region cannot be expressed as py=RyB+RM,
suggesting an additional term in the field dependence of the extraordinary Hall resistivity. R, below 60 K
derived from the high field region does not follow the relation R,=ap+bp?, suggesting that the coefficients a
and b of the skew and the side-jump scattering depends on temperature below 60 K. On the other hand in the
sample with x=0.8, no anomalies were observed below 60 K both in temperature and field dependence.
According to the structural analysis of the samples, we infer that the modulation of the Fermi surface due to the
structural change plays an important roll on the anomaly of the temperature dependence of the extraordinary

Hall effect for x=1.
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I. INTRODUCTION

The Hall effect in magnetic metals consists of two com-
ponents; the ordinary Hall effect and the extraordinary one.'
The former contains information on the Fermi surface such
as the carrier concentration and the k& dependence of the con-
duction electron scattering. The latter provides information
on the left-right asymmetry of the scattering. The Hall resis-
tivity py under an external field B is expresses by the sum of
the ordinary Hall component RyB and the extraordinary one
R.M as

pH:ROB+RxM’ (1)

where R, and R, are the ordinary and the extraordinary Hall
coefficients, respectively, and M the magnetization. In ordi-
nary ferromagnetic metals, the origin of the left-right asym-
metric scattering responsible for the extraordinary Hall effect
has been classified into two terms; the skew scattering pro-
portional to the resistivity p and the side-jump scattering
proportional to p2.!~ Both the asymmetric scatterings are
based on the spin-orbit interaction between the conduction-
electron spin and the orbital of the scattering center such as
the magnetic impurities. The extraordinary Hall coefficient
R, in ferromagnetic state is described as

R,=ap+bp?, (2)

where the coefficients a and b are the characteristics of the
asymmetric scatterings.! Contrary to the conventional
theory based on the left-right asymmetric scatterings, Kar-
plus and Luttinger have proposed the intrinsic mechanism of
the extraordinary Hall effect, in which the interband transi-
tion of the conduction electron combined with the spin-orbit
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interaction induces a current perpendicular to both the elec-
tric field and the magnetization.*

Recently, It has been reported that the extraordinary Hall
effect shows an anomaly, which cannot be explained by the
left-right asymmetric scatterings in several strongly corre-
lated electron systems such as ferromagnetic oxides.>”’ In
these reports, the origin of the extraordinary Hall effect has
been attributed to the intrinsic mechanism arising from its
electronic structure®~!! based on the theory by Karplus and
Luttinger.* In real materials, however, both R, and R, are
affected by the modulation of the Fermi surface arising from
the change in the structure and the magnetic properties.'>
The experimental works asserting the intrinsic mechanism of
the extraordinary Hall effect have ignored the possibility.

In order to reveal the anomaly in the extraordinary Hall
effect, it is important to decompose the Hall resistivity into
the ordinary and extraordinary Hall components carefully
and to compare both R, and R, with other properties.'>"'* In
addition, the investigation of the crystalline structure is nec-
essary since the modulation of the Fermi surface resulting
from the structural change induces the change in the charac-
teristics of the left-right asymmetric scattering responsible
for the extraordinary Hall effect. We have investigated the
Hall resistivity, the resistivity and the magnetization mea-
sured on the same sample of Ba;_.Sr,RuO; epitaxial films
with x=0.8 and 1.0. Furthermore, we have investigated the
crystalline structure at low temperatures on the same films
using a synchrotron x-ray diffraction, in order to clarify the
structural change associated with the modulation of the
Fermi surface responsible for the anomalous temperature de-
pendence of the extraordinary Hall effect in Ba;_ Sr,RuO;.
The preliminary results of the Hall effect measurements have
been reported in Ref. 15.
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II. SAMPLE PREPARATION AND
EXPERIMENTAL PROCEDURE

The polycrystalline Ba,_ Sr,RuO; for the targets of the
films were synthesized at 1300 °C by a solid-state reaction
of predried BaCOs;, SrCOj;, and RuO, with purity of 99.9%.
The epitaxial films of Ba;_,Sr,RuO; were grown on
SrTiO5(001) substrates by pulsed laser deposition using tar-
gets of polycrystalline Ba,_,Sr,RuO; samples with about 30
mm diameter. The substrate temperature was about 800 °C
and the oxygen partial pressure was about 350 mTorr during
the deposition. The thickness of the films is 500 nm and 20
nm for x=1 and 0.8, respectively. The orientation and the
crystallinity of the films were characterized using Philips
X’pert multi-purpose x-ray diffractometer (MPD) x-ray dif-
fractometer at room temperature. The structure of the
samples was tetragonally distorted. The lattice constants are
a=b=389 A and ¢=3.94 A, and a=b=3.89 A and ¢
=3.97 A for x=1 and 0.8, respectively, where c axis is per-
pendicular to the film plane.

The magnetization measurements were performed with a
Quantum Design superconducting quantum interference de-
vice magnetometer and also with a Quantum Design physical
property measurement system (PPMS) up to 9 T. The Hall
and the resistivity measurements were performed by a con-
ventional dc four-probe method under a magnetic field up to
9 T. For all the measurements, the magnetic field was applied
perpendicular to the film plane.

The synchrotron x-ray diffraction measurements at low
temperatures were performed on a diffractometer at
BL46XU in SPring8 with the photon energy of 12.6 keV.
The x-ray diffraction was measured under the magnetic field
about 0.2 T perpendicular to the film plane using Neody-
mium permanent magnet.

III. EXPERIMENTAL RESULTS
A. Hall effect measurements

The temperature dependence of the Hall resistivity pg, the
resistivity p, and the magnetization M of SrRuQO; are shown
in Fig. 1. First, we show the analysis of the Hall effect in the
paramagnetic region above T,.(=160 K). Above 160 K,
p(T) measured at B=7 T decreases with increasing tem-
perature as M(T). In the paramagnetic region, only the skew
scattering contributes to the extraordinary Hall effect and py
is described as py(T)=RoB+ap(T)M(T). This formula is
transformed as Ry=Ry+ap(T)x(T), where Ry(=py/B) is the
Hall coefficient and y(=M/B) is the magnetic susceptibility.!
In this case, the measured Hall coefficient Ry(7T) is expected
to lie on a straight line as a function of measured p(T)x(7),
where the temperature is an implicit parameter. We plotted
Ry(T) against p(T)x(T) and confirmed the linear relation be-
tween Ry and p(T)x(T) above 160 K for x=1 as shown in
Fig. 2. This finding ascertains that the skew scattering is
dominant on the extraordinary Hall effect of StRuOj; in the
paramagnetic region. From the plot, R and a are obtained as
Ry=0.01(10"° m?®/C) and a=88(10~% T') for x=1. The
analysis of py in the paramagnetic region was not performed
for Bay,SrygRuO; since the accuracy of the magnetization
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FIG. 1. Temperature dependence of the Hall resistivity (pg), the
resistivity (p), and the magnetization (M) of SrRuOj; epitaxial film.

measurement in the paramagnetic region was too poor on the
film with the thickness of only 20 nm.

Next, we show the analysis of py in the ferromagnetic
region below 7T,(=160 K). The field dependence of py for
x=1 measured at 7=5, 100, and 160 K are shown in Fig. 3.
In order to obtain R, and R,, we performed the fitting of the
field dependence of py using py(B)=RyB+RM(B), where
Ry and R, are the fitting parameters and M(B) is the mea-
sured magnetization. Above 60 K, the measured py(B) was

PR B SR S S SR SR
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FIG. 2. The Hall coefficient (Ry=pg/B) versus x-p for STRuO;
above 160 K.
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FIG. 3. (Color online) Field dependence of the Hall resistivity
(pg) of SrRuO;. The ordinary component RyB, the extraordinary
one RM and the fitted py(B)=RyB+R,M with the fitting param-
eters Ry and R, are also shown.

well reproduced by the fitting as shown in Figs. 3(b) and
3(c). Below 60 K, however, py(B) cannot be fitted for the
whole field region measured [see Fig. 3(a)]. We determined
Ry and R, from py(B) above 7 T, where py(B) is linear to the
field B. As a result of the procedure, a difference was ob-
served at intermediate field region between the measured and
the fitted py(B) in the sample with x=1. The difference be-
tween the measured and the fitted py(B) in the sample with
x=1 is shown in Fig. 4. In the sample with x=0.8, py(B) was
well reproduced by the fitting even below 60 K (not shown).
Temperature dependence of R, and R, for SrRuO; and
Bay,SrygsRuO; is shown in Fig. 5, which were obtained by
the fitting of py(B) at each temperature. The temperature
dependence of R, is small and the typical value of R, is
about —0.2(10~ m?/C) for x=1. The magnitude of R, in the
ferromagnetic region is one order larger than that in the para-
magnetic region (0.01[10~° m?*/C]) shown in Fig. 2. For x
=0.8, the temperature dependence of R, and R is similar to
that for x=1 but the values of R, and R, are several times
smaller than those for x=1, which might be due to the inac-
curacy of the size factor of the film responsible for the very
thin and nonuniform thickness.
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FIG. 4. (Color online) (a) Field dependence of the difference
between the measured and the fitted Hall resistivity (pjc®"™d-pfited)
and (b) temperature dependence of the maximum value of

p]n;easured_pt;lned of SI‘RUO3.

In ordinary ferromagnetic metals where R is expressed as
R,=ap+bp*,! R,/ p against p lies on a straight line. Figures
6(a) and 6(b) show R,/ p versus p plots of Ba,_,Sr,RuO; with
x=1 and x=0.8, respectively. In the plots, the temperature is
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FIG. 5. Temperature dependence of the ordinary and the extraor-
dinary Hall coefficients (R, and R, respectively) of (a) StRuO; and
(b) Bay,SrygRuO; in the ferromagnetic region. The Hall coeffi-
cients Ry and R, are obtained by the fitting of py(B) at each tem-
perature (see the text). In Fig. 5(a), Ry and R, in the paramagnetic
region derived from Fig. 2 are also shown by full triangle and open
circles, respectively.
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an implicit parameter and p is the resistivity measured at 9 T.
The linear relation was observed in R,/p versus p plots for
the sample with x=1 above 60 K and for the sample with
x=0.8 in the whole temperature region. The linear relation
between R,/ p and p implies that the extraordinary Hall effect
can be explained by the skew and the side-jump scatterings
with constant a and b, as ordinary ferromagnetic metals. It
holds above 60 K for the sample with x=1 and in the whole
temperature region for the sample with x=0.8. The obtained
coefficients from the plots are a=—61(10"2 T~') and b
=6.7(10"* Q' em™' T for x=1, and a=-10(1072 T
and b=45(10"* uQ~' cm™' T7") for x=0.8, which are com-
parable with those of the ordinary ferromagnetic metals such
as Fe and Co.>!® The sign of a for x=1 is opposite to that in
the paramagnetic region. Below 60 K, R,/ p for x=1 does not
follow the linear relation against p. This fact suggests that
the coefficients a and b of the skew and the side-jump scat-
terings are temperature dependent in SrRuQOj; at low tempera-
tures. For x=0.8, the coefficients a and b are independent of
temperature in the whole temperature region (Fig. 6).

For x=1, the magnitude of R, and the sign of the skew
scattering changes below and above 7., which suggests that
some modulation of the Fermi surface occurs through the
ferromagnetic transition. For x=1, the coefficients a and b of
the skew and the side-jump scattering varies below 60 K.
This observation also suggests the modulation of the Fermi
surface since both the sign and the magnitude of the left-
right asymmetric scattering are largely affected by the Fermi
surface of the materials. Therefore, the present Hall effect
measurements suggest that a two-stage modulation of the
Fermi surface occurs at low temperatures for x=1. On the
other hand, the coefficients a and b are temperature indepen-
dent down to the lowest temperature investigated for x=0.8,
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FIG. 7. (Color online) (a) The profiles of the superlattice reflec-
tion at ¢=(0,0.5,3.5) of SrRuO;. (b) Temperature dependence of
the area intensity of the superlattice reflection. Note that two reflec-
tions were observed below about 60K. In Fig. 7(b), the intensities of
each reflections are also shown (open triangles and full squares for
the profile at the lower and at the higher angles, respectively) along
with the total intensity (full circles).

which suggests that the modulation of the Fermi surface be-
low 60 K vanishes.

B. Synchrotron x-ray diffraction measurements

In order to clarify the possible structural change respon-
sible for the modulation of the Fermi surface in the sample
with x=1, we performed the x-ray diffraction experiments.
As shown in Fig. 6(a), we found a superlattice reflection at
q=(0,0.5,3.5) of the tetragonal unit cell at lower tempera-
tures, which implies the lowering of the lattice symmetry
accompanied with the ferromagnetic transition. With de-
creasing temperature through 7. [see Fig. 6(b)], the superlat-
tice reflection intensity drastically increases. Note that the
superlattice reflection was observed above T, which is pos-
sibly due to the applied magnetic field about 0.2 T. Below
around 100 K, the reflection shifts to lower angle with de-
creasing temperature. The linewidth increases with decreas-
ing temperature and the superlattice reflection shows a shoul-
der below about 60 K. The development of the double peak
becomes apparent with further decreasing temperature as
shown in Fig. 6(a), which suggests the development of an-
other superlattice reflection due to the further change of the
lattice. Also in the sample with x=0.8, a superlattice reflec-
tion at ¢=(0,0.5,3.5) was observed below around T, as
shown in Fig. 8. In contrast to x=1, however, the superlattice
reflection of the sample with x=0.8 does not show the re-
markable change down to the lowest temperature investi-
gated (see Fig. 8). These observations suggest the change in
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FIG. 8. (Color online) The superlattice reflection at g
=(0,05,35) of Ba()‘erO‘SRuO}

the lattice below 60 K vanishes in x=0.8 though the change
through T is basically the same as that in x=1.

IV. DISCUSSION

The present experiment suggests the two-stage modula-
tion of the lattice structure for x=1; one around 7, and an-
other around 60 K, which possibly induces the two-stage
modulation of the Fermi surface. The superlattice reflection
at ¢=(0,0.5,3.5) suggests that the periods of the lattice be-
low T, in the ferromagnetic region becomes longer than that
in the paramagnetic region for b and c¢ axes. When the peri-
ods of the lattice becomes longer, the shape of the Fermi
surface changes, in general, due to the superzone gap forma-
tion. The modulation of the shape of the Fermi surface pos-
sibly change the ordinary Hall coefficient R, which is cor-
related with the cross section of the Fermi surface. This
consideration is consistent with the fact that the magnitude of
R, changes remarkably between the ferromagnetic and the
paramagnetic regions in the present experiment. However,
the change of the resistivity p around 7 is small compared
with the remarkable change of R(. In general, the transport
coefficients such as p and R reflect the magnitude and the
anisotropy of the Fermi surface. In StRuOs, the change in the
cross section of the Fermi surface in ab plane which contrib-
utes to the change of R, in the present experiment may large
while the change of the area of the whole Fermi surface
responsible for the resistivity change may be comparatively
small around 7. In order to discuss the magnitude of p and
Ry, the detailed structural analysis and the band calculation
are necessary. The development of another superlattice re-
flection below 60 K suggests another change in the lattice
structure, leading to a further modulation of the Fermi sur-
face. Since the left-right asymmetric scattering of the con-
duction electrons depends on the Fermi surface,' the
change in the coefficients of the left-right asymmetric scat-
terings a and b is possibly induced by the Fermi surface
modulation below 60 K. In this situation, R is also expected
to change, however, the temperature dependence of R, below
60 K is small in the present experiment. This observation
implies the change in the area of the Fermi surface by the
formation of the superstructure below 60 K is small.

In contrast to the observation in x=1, the change in the
lattice periodicity was observed only around 7, in x=0.8,
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which suggests that the modulation of the Fermi surface be-
low 60 K vanishes in x=0.8. These observations corresponds
to that no anomaly of the extraordinary Hall effect was ob-
served below 60 K in x=0.8. In Ba,,Sr, gRuO3, the chemical
pressure from SrTiO; substrate is expected to be larger than
that in SrRuQOj; since the lattice volume of Ba,Srj gRuO; is
larger than that of SrRuO5 due to the doping of Ba** with a
larger ion radius than that of Sr’*.!'” The stress from the
substrate might suppress the modulation of the lattice struc-
ture responsible for the anomaly of the extraordinary Hall
effect.

Finally we discuss the anomaly in the field dependence.
For x=1 below 60 K, a deviation was observed at interme-
diate field region between the measured and the fitted py(B)
as shown in Fig. 4(a). The deviation becomes evident with
decreasing temperature [see Fig. 4(b)]. Note that a slight de-
viation was still observed in the low field region at 60 K. The
deviation suggests that the extraordinary Hall resistivity can-
not be scaled by the magnetization M(B) and has an addi-
tional term as py(B)=RyB+R,M(B)+c(B). The additional
term c(B) is large at lower field region and decreases with
increasing field. c(B) almost vanishes at higher fields where
M (B) saturates. The field dependence can be understood if a
spin chirality resulting from a noncollinear magnetic struc-
ture originates the additional term of the extraordinary Hall
resistivity.'8-20 The additional term of the extraordinary Hall
resistivity suggested in the present experiment implies the
extraordinary Hall effect by an unconventional mechanism
such as a spin chirality, though the evidence of the chiral spin
structure was not observed in SrRuQOs. In order to elucidate
the origin of the additional term of the extraordinary Hall
resistivity in SrRuQs, specific investigations of the magnetic
structure under a magnetic field are indispensable.

V. CONCLUSION

We have investigated the extraordinary Hall effect of
Ba;_,Sr,RuO; thin films with x=1 and 0.8. For x=1, the
extraordinary Hall resistivity can be interpreted by the skew
scattering mechanism in the paramagnetic region above
about 160 K. In the ferromagnetic region above 60 K, the
extraordinary Hall coefficient R; can be expressed by the
combination of the skew and the side-jump scattering
mechanisms as R,=ap+bp?, which means that the mecha-
nism of the extraordinary Hall effect in the system is basi-
cally the same as that of the ordinary ferromagnetic metals.
Below 60 K, the field dependence of py shows an anomalous
deviation from the relation py=RyB+RM at intermediate
field region, suggesting an additional term in the field depen-
dence of the extraordinary Hall resistivity. Below 60 K, the
temperature dependence of R, shows a deviation from the
relation R ,=ap+bp”. The observation suggests that the coef-
ficients a and b of the skew and the side-jump scattering
depends on temperature below 60 K. On the other hand in
the sample with x=0.8, no anomalies were observed below
60 K both in the temperature and the field dependence. Ac-
cording to the structural analysis of the samples, we infer
that the modulation of the Fermi surface due to the structural
change plays an important roll on the anomaly of the tem-
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perature dependence of the extraordinary Hall effect for x
=1.

ACKNOWLEDGMENTS
This work was performed at BL46XU in SPring-8 with

PHYSICAL REVIEW B 82, 174430 (2010)

the approval of the Japan Synchrotron Radiation Research
Institute (JASRI) (Proposals No. 2006A1326 and No.
2007A1381). This work was supported by Grant-in-Aid for
Young Scientists (B) from the Ministry of Education, Sci-
ence, Sports and Culture of Japan (Research Project No.
19740203).

*Also at Department of Physics, Tokyo Medical University,
Shinjuku-ku 6-1-1, Tokyo 160-8402, Japan; koba@tokyo-
med.ac.jp
'C. M. Hurd, The Hall Effect in Metals and Alloys (Plenum Press,
New York, 1972).

L. Berger, Phys. Rev. B 2, 4559 (1970).

3L. Berger and G. Bergmann, in The Hall Effect and Its Applica-
tions, edited by C. L. Chien and C. R. Westgate (Plenum Press,
New York, 1972), p. 55.

4R. Karplus and J. M. Luttinger, Phys. Rev. 95, 1154 (1954).

SL. Klein, J. R. Reiner, T. H. Geballe, M. R. Beasley, and A.
Kapitulnik, Physica B 281-283, 608 (2000).

6R. Mathieu, A. Asamitsu, H. Yamada, K. S. Takahashi, M. Ka-
wasaki, Z. Fang, N. Nagaosa, and Y. Tokura, Phys. Rev. Lett.
93, 016602 (2004).

7S. H. Chun, M. B. Salamon, and P. D. Han, Phys. Rev. B 59,
11155 (1999).

8. Ye, Y. B. Kim, A. J. Millis, B. I. Shraiman, P. Majumdar, and
Z. Tesanovic, Phys. Rev. Lett. 83, 3737 (1999).

' Lyanda-Geller, S. H. Chun, M. B. Salamon, P. M. Goldbart, P.
D. Han, Y. Tomioka, A. Asamitsu, and Y. Tokura, Phys. Rev. B

63, 184426 (2001).

19M. Onoda and N. Nagaosa, J. Phys. Soc. Jpn. 71, 19 (2002).

1S, Onoda, N. Sugimoto, and N. Nagaosa, Phys. Rev. Lett. 97,
126602 (2006).

12H. Sato, H. Henmi, Y. Kobayashi, Y. Aoki, H. Yamamoto, T.
Shinjo, and V. Sechovsky, J. Appl. Phys. 76, 6919 (1994).

13Y. Kobayashi, Y. Aoki, H. Sugawara, H. Sato, V. Sechovsky, L.
Havela, K. Prokes, M. Mihalik, and A. Menovsky, Phys. Rev. B
54, 15330 (1996).

14Y. Kobayashi, K. Muta, and K. Asai, J. Phys.: Condens. Matter
13, 3335 (2001).

15y, Kobayashi, M. Iwata, T. Kaneko, K. Sato, and K. Asai, J.
Phys.: Conf. Ser. 200, 012090 (2010).

16y, Kobayashi, H. Sato, Y. Aoki, and A. Kamijo, J. Phys.: Con-
dens. Matter 6, 7255 (1994).

I7R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Difft.,
Theor. Gen. Crystallogr. 32, 751 (1976).

18G. Tatara and H. Kawamura, J. Phys. Soc. Jpn. 71, 2613 (2002).

19H. Kawamura, Phys. Rev. Lett. 90, 047202 (2003).

20T, Taniguchi, K. Yamanaka, H. Sumioka, T. Yamazaki, Y. Tabata,
and S. Kawarazaki, Phys. Rev. Lett. 93, 246605 (2004).

174430-6


http://dx.doi.org/10.1103/PhysRevB.2.4559
http://dx.doi.org/10.1103/PhysRev.95.1154
http://dx.doi.org/10.1016/S0921-4526(99)01149-7
http://dx.doi.org/10.1103/PhysRevLett.93.016602
http://dx.doi.org/10.1103/PhysRevLett.93.016602
http://dx.doi.org/10.1103/PhysRevB.59.11155
http://dx.doi.org/10.1103/PhysRevB.59.11155
http://dx.doi.org/10.1103/PhysRevLett.83.3737
http://dx.doi.org/10.1103/PhysRevB.63.184426
http://dx.doi.org/10.1103/PhysRevB.63.184426
http://dx.doi.org/10.1143/JPSJ.71.19
http://dx.doi.org/10.1103/PhysRevLett.97.126602
http://dx.doi.org/10.1103/PhysRevLett.97.126602
http://dx.doi.org/10.1063/1.358117
http://dx.doi.org/10.1103/PhysRevB.54.15330
http://dx.doi.org/10.1103/PhysRevB.54.15330
http://dx.doi.org/10.1088/0953-8984/13/14/308
http://dx.doi.org/10.1088/0953-8984/13/14/308
http://dx.doi.org/10.1088/1742-6596/200/1/012090
http://dx.doi.org/10.1088/1742-6596/200/1/012090
http://dx.doi.org/10.1088/0953-8984/6/36/010
http://dx.doi.org/10.1088/0953-8984/6/36/010
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1143/JPSJ.71.2613
http://dx.doi.org/10.1103/PhysRevLett.90.047202
http://dx.doi.org/10.1103/PhysRevLett.93.246605

