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Anomalous and planar Hall effect of orthorhombic and tetragonal SrRuO3 layers
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High quality Pr0.7Ca0.3MnO3/SrRuO3 superlattices were fabricated by pulsed laser deposition. The SrRuO3

layers grew either in orthorhombic or tetragonal symmetry depending on the thickness of the Pr0.7Ca0.3MnO3

layers. Since the Pr0.7Ca0.3MnO3 layers were insulating at low temperatures, magnetotransport measurements of
the superlattices allowed for the measurement of the anomalous and planar Hall effect of the SrRuO3 layers. The
easy axis direction was found to be close to the surface normal, [110]o direction, in the case of orthorhombic
SrRuO3, but in plane along 〈110〉t in the case of tetragonal SrRuO3. The anomalous Hall effect in both the
orthorhombic and tetragonal phases can be understood within the intrinsic Berry-phase mechanism. The carrier
density was 1.5 and 1.25 electrons per formula unit in the orthorhombic and tetragonal phase, respectively.
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I. INTRODUCTION

Epitaxial heterostructures and superlattices (SLs) of per-
ovskite oxides offer a multitude of pathways to modify the
crystalline and magnetic structure of the constituent layers.
Recently it was shown that the crystalline symmetry of SrRuO3

layers in Pr0.7Ca0.3MnO3/SrRuO3 superlattices depended on
the thickness of the Pr0.7Ca0.3MnO3 (PCMO) layers, although
the SrRuO3 (SRO) layer thickness was constant.1 On increase
of the PCMO layer thickness from 1.5 to 4.0 nm the
crystalline symmetry of 4-nm-thick SRO layers changed from
orthorhombic to tetragonal.1 It was further shown that a weak
antiferromagnetic interlayer coupling is present between the
ferromagnetic SRO layers (Curie temperature TC � 145 K)
and the weakly ferromagnetic PCMO layers (TC � 115 K).2

This is similar to the case of La0.7Sr0.3MnO3/SrRuO3 SLs
and bilayers that show strong antiferromagnetic interlayer
coupling.3–7 Since PCMO is insulating, the conductivity of the
PCMO/SRO SLs is determined by the conducting SRO layers.
This opens up the possibility to probe the magnetotransport
properties of orthorhombic and tetragonal SRO layers by
measuring on the SLs.

The anomalous Hall effect of SrRuO3 has attracted consid-
erable interest in recent years, since its unusual temperature
dependence has been attributed to the intrinsic Berry phase
mechanism8 combined with a magnetic-monopole-like struc-
ture in momentum space.9–11 This interpretation, however, has
been contested and the behavior of the anomalous Hall effect
was also found compatible with an extrinsic mechanism for
the anomalous Hall effect;12 moreover, the emergence of a
superstructure modulation below 60 K might affect the Hall
conductivity.13 In any case, SrRuO3 is of general interest
for the understanding of anomalous Hall-effect mechanisms,
since it does not show a scaling between off-diagonal and
diagonal conductivity tensor components, σxy ∝ σα

xx , as found
for other oxide and non-oxide ferromagnets,14 especially
La0.7Sr0.3MnO3,15,16 CrO2,17 and Fe3O4,18 as well as being
predicted theoretically.8 Hall-effect measurements on tetrago-
nal SRO samples are crucial for a further understanding, since

the Berry-phase mechanism was predicted to distinctly depend
on the crystal symmetry.9

In this work we review the structural and magnetic
properties of the PCMO/SRO SLs. We then focus on the
resistivity and the Hall effect of the SRO layers in the SLs
compared to SRO single films. The change in the SRO
crystal structure from orthorhombic to tetragonal modifies
the directions of the magnetic easy and hard axes, while
maintaining the large magnetocrystalline anisotropy. Further,
this structure modification eliminates the sign change in the
anomalous Hall constant characteristic for orthorhombic SRO.
The implications for the Hall-effect mechanism in SRO are
discussed.

II. EXPERIMENT

PCMO/SRO SLs, single PCMO, and SRO films were
fabricated by pulsed laser deposition (248 nm, KrF laser)
from polycrystalline targets. The substrate temperature was
650 ◦C and the oxygen partial pressure was 0.14 mbar. Vicinal
SrTiO3(001) substrates with a miscut angle of about 0.1◦,
uniform TiO2 termination, and an atomically flat terrace
morphology were used. The microstructure of the SLs was
investigated by transmission electron microscopy (TEM),
atomic force microscopy, and x-ray diffractometry. The SLs
grew in the step-flow growth regime and were very smooth
with a mean-square roughness of 0.4 nm, i.e., one unit cell.

The magnetic properties of the SLs were investigated by
superconducting quantum interference device magnetometry
with the magnetic field applied both parallel and perpendicular
to the SL normal. The magnetic moments were normalized
to the total volume of the SLs and were expressed in Bohr
magneton per unit cell using an average unit-cell size of
(0.39 nm)3. Resistivity and anomalous and planar Hall effect
were measured in van der Pauw geometry in magnetic fields up
to 8 T and temperatures up to 300 K. Two SLs and two single
SRO films were chosen for the Hall-effect measurements; see
Table I. Single PCMO films were weakly ferromagnetic with
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TABLE I. Layer thicknesses and Curie temperatures of the SLs.
Curie temperatures of the PCMO layers were determined from mag-
netization, those of the SRO layers from resistivity measurements.
Sample SL1 had orthorhombic, SL3 tetragonal SRO layers.

Sample (PCMO/SRO)15 TC (K) TC (K)
(SRO) (PCMO)

SL1 (1.5 nm/4.4 nm) 143 �110
SL3 (3.8 nm/4.0 nm) 142 �115
SR1 (0/5.0 nm) 143
SR2 (0/40 nm) 145

a Curie temperature in the range 110–115 K.2 For an extensive
characterization of the SRO films, see [19].

III. RESULTS

A. Structural characterization

Figure 1 shows θ -2θ scans close to the substrate STO
(002) reflection for both SLs. The PCMO (002) reflection
is visible for SL3 with the 3.8-nm-thick PCMO layers, but
not for SL1 with the 1.5-nm-thin PCMO layers, either due
to the insufficient resolution of the x-ray diffractometer or
due to fully strained growth of the very thin PCMO layers.
The SRO (002) reflection is buried by the substrate reflection
for both SLs. Both samples show clear satellite reflections at
least up to the second order. From the satellite reflexes the
SL periods were determined as 6.9 ± 0.2 and 7.9 ± 0.2 nm
for SLs SL1 and SL3, respectively. The PCMO layers of SL3
have an out-of-plane lattice constant of 0.385 nm.

An extensive TEM characterization was presented
elsewhere.1 From this as well as from magnetoresistance
measurements it was found that the PCMO layers were
orthorhombic in both SLs, whereas the SRO layers had
orthorhombic symmetry in SL1 and tetragonal symmetry
in SL3.1 With respect to the cubic SrTiO3(001)c substrate
the orthorhombic SRO layers had an epitaxial relation with
[110]o ‖ [001]c, [001]o ‖ [100]c, [110]o ‖ [010]c, and the
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FIG. 1. (Color online) θ -2θ scan near the STO (002) reflection
clearly showing satellite reflections from the superlattice.

FIG. 2. Relative orientation of the (a) cubic STO, (b) the
orthorhombic SRO, and (c) the tetragonal SRO unit cell.

tetragonal SRO layers with [001]t ‖ [001]c, [110]t ‖ [100]c,
[110]t ‖ [010]c. This is schematically illustrated in Fig. 2.
The PCMO layers grew with [110]o ‖ [001]c, but showed two
crystallographic domains with [001]o either along [100]c or
[010]c.

B. Magnetization

Magnetization vs temperature curves measured under var-
ious magnetic fields applied parallel and perpendicular to the
SLs are shown in Fig. 3. The magnetization was measured
on field cooling from 200 K. Both SLs showed a strong
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FIG. 3. (Color online) High-field magnetization vs temperature
curves of SLs (a) SL1 and (b) SL3 for both in-plane (solid symbols)
and out-of-plane (open symbols) magnetic fields (f.u. = formula unit).
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magnetic-field dependence of the magnetization with no sign
of saturation even in 7 T. In the case of SL3 the magnetization
measured in magnetic fields applied parallel to the SL was
always larger than that measured in perpendicular fields. This
showed that the substrate normal was the magnetic hard axis
in this SL.

SL1 showed a more complex behavior. In applied fields
of 0.1 and 1.0 T a maximum was observed in the in-plane
magnetization. This is a signature of antiferromagnetic (AF)
interlayer coupling between the SRO and the PCMO layers
occurring below the Curie temperature of the PCMO layers of
110 K.2 Since the out-of-plane magnetization is larger than the
in-plane magnetization at low temperatures, the magnetic easy
axis might be along or near the SL normal. For comparison,
the easy axis of orthorhombic SRO single films makes an
angle of about 30◦ with the [110]o direction.19,20 Overall,
the magnetization data indicate that there is AF interlayer
exchange coupling in the SLs; this is, however, so weak in
SL3 that it was not observable in magnetic fields of 0.1 T and
higher. The strength of the AF interlayer coupling appears to
be larger in SL1 with orthorhombic SRO layers than in SL3
with tetragonal SRO layers.2 This might be understood by a
favorable spin alignment. Since the b axis is the easy direction
of ferromagnetic PCMO,21 and since the b axis makes an
angle of 45◦ with the surface normal, the spin directions of
Mn and Ru interfacial spins make a smaller relative angle
for orthorhombic than for tetragonal SRO, since the latter has
in-plane magnetic easy axes (see below).

C. Resistivity

The in-plane resistivity of SLs SL1 and SL3 as well as
the SRO single films SR1 and SR2 are shown in Fig. 4 in
comparison to the in-plane resistivity of a 5-nm-thick single
PCMO film grown on SrTiO3. The resistivity of the PCMO
film is orders of magnitude larger than that of the SLs; the latter
is comparable, but somewhat larger than the resistivity of SRO
single films.19,22,23 Accordingly, the resistivity of the SLs was
certainly dominated by the resistivity of the conducting SRO
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FIG. 4. (Color online) Resistivity of superlattices SL1 and SL3
and the SRO films SR1 and SR2. The inset shows the resistivity of
a 5-nm-thick PCMO film for comparison; axis units are identical to
those of the main image.

layers, although interfacial conductivity at the PCMO/SRO
interface could not be ruled out. The resistivity of the SLs
showed a clear change in slope at the Curie temperature of
the SRO layers; this change in slope was used to determine
the Curie temperature values in Table I. The resistivity is
lowest for the 40-nm-thick SRO single film and increases for
the thinner film and the SLs. This might be due to a larger
contribution from surface scattering in the superlattices and
in sample SR1. Moreover, the microstructure of samples SR1
and SR2 is different:19 whereas SR2 shows misfit dislocations
on a scale of a few μm, SR1 is coherently strained; SR2 has a
coherent orientation of the in-plane [001]o axis, whereas SR1
does not. The comparatively large resistivity of SL3 might
further be related to the different crystallographic symmetry
as a similar resistivity enhancement is also seen in tetragonal
SRO single films.24

D. Magnetocrystalline anisotropy

1. From the anomalous Hall effect

Since the resistivity of the SLs was dominated by the
resistivity of the SRO layers, the Hall resistivity was also
expected to reflect the Hall resistivity of the SRO layers. The
Hall resistivity ρyx was measured at various temperatures as a
function of magnetic field applied perpendicular to the SL.
The current direction was diagonal across square samples
with the [100]c and [010]c directions of the STO substrate
along the sample edges. Therefore the current density was
along the [100]t direction in the case of sample SL3 with
tetragonal SRO layers and at an angle of 45◦ with respect to the
[001]o direction in the case of sample SL1 with orthorhombic
SRO layers.

The anomalous Hall effect follows the phenomenological
law25

ρyx = μ0 (RHH + RAM⊥) , (1)

where RH denotes the ordinary, RA the anomalous Hall
coefficient, H the applied field, and M⊥ the magnetization
component perpendicular to the SL. Note that for thin films
and SLs the demagnetizing factor along the SL normal is
close to unity such that the magnetic induction is equal to
the applied magnetic field, B = μ0H . In the case of the
superlattices the Hall resistivity was used to monitor the SRO
layer magnetization only.

Hall resistivity data measured at 10, 110, and 150 K are
shown in Fig. 5. At low temperatures SL1 showed a ferro-
magnetic loop due to the anomalous Hall effect superimposed
onto a straight line, following Eq. (1). The small dips seen
at 10 K and ±1.6 T are attributed to the antiferromagnetic
interlayer coupling leading to an intricate magnetic reversal
mechanism. The Hall resistivity of SL3 is shown in Fig. 5(b).
The magnetic-field dependence of the Hall resistivity of this SL
was completely different than that of SL1; this was directly due
to the change in crystalline symmetry. The S-like contribution
to the anomalous Hall effect is typical for ferromagnetic
films having a hard axis along the film normal.26 This shows
that the SL normal was the magnetic hard axis of SL3,
whereas the Hall-effect loop shape of SL1 indicates that the
magnetic easy axis is close to the SL normal in agreement with
literature.19,20

104413-3



M. ZIESE AND I. VREJOIU PHYSICAL REVIEW B 84, 104413 (2011)

-0.2

0.0

0.2

0.4

-8 -6 -4 -2 0 2 4 6 8
-1.5

-1.0

-0.5

0.0

0.5

1.0

H
al

l r
es

is
tiv

ity
  ρ

yx
 (

µΩ
cm

)

(a) SL1, H || [110]
 o

T (K) =
 10
 110
 150

(b) SL3, H || [001]
 t

 

Magnetic Field  µ
0
H (T)

FIG. 5. (Color online) Hall resistivity ρyx of SLs (a) SL1 and
(b) SL3 as a function of applied field for temperatures 10, 110, and
150 K.

The angle dependence of the Hall resistivity for rotation of
the magnetic field in the (001)o plane of SL1 and the (110)t
plane of SL3 is shown in Fig. 6. Since the magnetocrystalline
anisotropy of SRO is rather large of the order of 500 kJ/m3,19

the magnetization vector is in general not aligned with the
magnetic-field vector in an applied field of 8 T. Therefore hys-
teresis appeared in the angle dependent Hall resistivity curves
close to a magnetic hard axis, since there the magnetization
vector did not follow the field vector any more. In the case
of SL1 hysteresis was observed around −33◦ indicating the
location of a magnetic hard axis in the (001)o plane, 33◦ away
from the [110]o direction toward the [110]o direction. This
is consistent with magnetoresistance measurements on single
SRO films.19 In the case of SL3 hysteresis was observed around
[001]t , i.e., around the SL normal. In this case the magnetic
hard axis is along the SL normal as also indicated by the
magnetization and field dependent Hall-effect measurements
above.

2. From the planar Hall effect

The planar Hall effect was measured for rotation of a
magnetic field μ0H = 8 T within the SL basal plane and is
shown in Fig. 7 for temperatures of 10, 50, and 110 K. In
the case of SL1 a pronounced hysteresis appeared around the
[001]o direction that is known to be a magnetic hard axis.19,27

In this sample spurious hysteresis was also observed around
the [110]o direction, although this is not a magnetic hard axis;
however, it is close to the magnetic hard axis found in the
(001)o plane 33◦ away from the [110]o direction. In the case of
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FIG. 6. (Color online) Angle dependence of the Hall resistivity
of (a) SL1 for field rotation in the (001)o plane and (b) SL3 for field
rotation in the (110)t plane. Applied field was μ0H = 8 T.

SL3 hysteresis was found around −45◦, i.e., a magnetic hard
axis is located along the [100]t direction.

The planar Hall effect had a magnitude of up to 0.02 μ� cm
and was apparently larger in the orthorhombic than in the
tetragonal phase. In the case of SL1 with orthorhombic
SRO layers the planar Hall effect is likely to contain a
sizable contribution from the anomalous Hall effect, since the
magnetization is likely to have some component along the
easy axis perpendicular to the layers. The planar Hall effect
observed here is significantly smaller than in Ref. 28 and is far
from having the “giant” values reported for La0.84Sr0.16MnO3

(Ref. 29) and Fe3O4 (Refs. 30–32) films.

E. Origin of the anomalous Hall effect

Following Eq. (1) the high-field slope of the Hall effect
was determined in the field range between 6 and 8 T. The
subtraction of the high-field slope left a Hall contribution
with a curve shape similar to a magnetization loop. μ0RAMA

was then determined by extrapolation of the flat part of the
corrected Hall resistivity to H = 0.10,25 For samples SL1, SR1,
and SR3 these values are shown as a function of temperature in
Fig. 8(a). Common features are discernible for these samples,
namely a negative value of the anomalous Hall constant at
low temperatures, followed by a sign change and a maximum
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FIG. 7. (Color online) Planar Hall effect of SLs (a) SL1 and
(b) SL3. The applied field μ0H = 8 T was rotated in the (a) (110)o
and (b) (001)t planes, respectively.

at higher temperatures, albeit the exact temperatures of these
features vary from sample to sample. In contrast, μ0RAMA of
sample SL3 with tetragonal SRO layers is positive throughout
the measured temperature regime. One should keep in mind
that MA is a magnetization obtained by an extrapolation
procedure and that MA → 0 above the Curie temperature. The
data obtained here are in qualitative agreement with the data
of Refs. 10–13,33, and 34. The vanishing of the sign change
in the anomalous Hall constant with a change in crystalline
symmetry might indicate its relation to the band structure;9,10

see discussion below.
Under the assumption that the magnetization saturates at

high fields, the high-field slope of the Hall resistivity is
equal to the ordinary Hall contribution μ0RHH . Figure 9(a)
shows this apparent RH for the four samples as a function
of temperature. In the case of the orthorhombic SRO layers
RH shows a sign change, whereas for sample SL3 RH is
negative throughout the temperature range studied. The sign
change has been reported before.13,27 In a two-band model
the sign change would correspond to a change from electron
in the ferromagnetic to hole conduction in the paramagnetic
phase.35 This appears, however, unlikely, since the resistivity
does not show any anomalies and since the assumption that
the magnetization is saturated in an applied field of 8 T is not
valid close to and above the Curie temperature. Moreover, for
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FIG. 8. (Color online) Extrapolated anomalous Hall resistivity
(μ0RAMS) as a function of temperature for (a) SL1 and SRO single
films SR1 and SR2 and (b) SL3.

sample SL3 the out-of-plane direction is magnetically hard and
it might be doubtful whether the magnetization is saturated in
this sample at any temperature. Within measurement error RH

saturates for T → 0. Within a one-band model the saturation
value yields a carrier density of about 1.5 electrons/f.u. for
samples SL1, SR1, and SR2 and of about 1.25 electrons/f.u.
for sample SL3. These values are sensible35,36 and the former
value is in agreement with Refs. 13 and 37. Therefore we
regard the extrapolated values as good estimates of the carrier
density in the samples. Since SRO is a metal, the carrier density
is likely to be temperature independent in the investigated
temperature range10,12 such that the temperature dependence
of the high-field slope might be attributed to the anomalous
Hall effect. Below the Curie temperature the anomalous Hall
constant RA can be determined from the measured values
of the remanent magnetization and of RAMA, above the
Curie temperature RA can be determined from the high-
field slope μ0(RH + RAχ )H and the measured paramagnetic
susceptibility χ . This yields the anomalous Hall constant
RA shown in Fig. 9(b). For this RH was approximated by
its low-temperature value, the susceptibility was determined
from the measured magnetization [χ = χ0TC/(T − TC) with
χ0 = 0.0028, 0.0025, TC = 140, 155 K for samples SR1 and
SR2, respectively; the magnetization for SL1 and SL3 was
approximated by that of sample SR1]. The resulting anomalous
Hall constant RA shows a sign change for orthorhombic SRO
and is positive throughout for tetragonal SRO. At higher
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FIG. 9. (Color online) (a) Apparent ordinary Hall constant RH

and (b) anomalous Hall constant RA as a function of temperature.

temperatures RA increases approximately linearly; the data
are in qualitative agreement with those in Ref. 12.

The anomalous Hall effect of SrRuO3 has received much
attention in recent years, since its nonsimple temperature
dependence12,33 was related either to the intrinsic anoma-
lous Hall contribution and magnetic monopoles in mo-
mentum space9–11,34 or to low-temperature structural phase
transitions.13 Based on the theory of the intrinsic Hall effect
supplemented by band-structure calculations for SrRuO3 a
scaling relation between the Hall conductivity σxy � ρyx/ρ

2
xx

and the magnetization was proposed.9 In the case of our
samples the measured Hall resistivity ρyx was of the same
magnitude, whereas the longitudinal resistivity ρxx varied
rather strongly from sample to sample; see Fig. 4. Therefore we
did not find a scaling of Hall conductivity with magnetization;
instead the Hall resistivity is shown as a function of magneti-
zation in Fig. 10(a). In the case of superlattices SL1 and SL3
the Hall resistivity ρyx measured at 7 T and corrected for the
normal contribution is shown vs the magnetization measured
in 7 T, in the case of films SR1 and SR2 the extrapolated Hall
resistivity values are plotted vs the remanent magnetization.
The single SRO films SR1 and SR2 tend to follow a universal
curve, whereas the superlattices show different behavior:
SL1 still shows a sign change, SL3 branches away above a
magnetization value of about 0.5μB/f.u. The latter behavior
follows the trend indicated in Ref. 9 that the low-temperature
sign of the anomalous Hall effect is different for orthorhombic
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FIG. 10. (Color online) (a) Hall resistivity ρyx as a function of (a)
magnetization and (b) longitudinal resistivity ρxx .

and cubic symmetry, and can be viewed as a corroboration of
the Berry-phase mechanism.

The extrinsic mechanisms for the anomalous Hall effect
predict another kind of scaling relation, i.e., ρyx ∝ ρxx for
skew scattering38 and ρyx ∝ ρ2

xx for side-jump scattering.39

Indeed this dependence is found in certain samples.26,40

Figure 10(b) shows the corresponding scaling plot ρyx vs ρxx .
Although samples SR1 and SR2 again scale quite well, no
scaling is observed for the superlattices. Moreover, none of
the curves follows the scaling relationship for the extrinsic
contribution aρxx + bρ2

xx with temperature-dependent coeffi-
cients a and b.

From the comparison of these scaling approaches the
intrinsic mechanism appears to describe the data more appro-
priately. Especially this mechanism might be able to explain
the absence of the sign change in RA for tetragonal SrRuO3

by band-structure modifications when changing the crystalline
symmetry. However, in orthorhombic SrRuO3 high-resolution
x-ray-diffraction provided evidence for a superstructure mod-
ulation below 200 K that might be related to the magnetic
ordering and that splits below about 60 K.13 This structural
modulation has to be taken into account before the intrinsic
Hall-effect picture might provide full agreement with the data.
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IV. CONCLUSIONS

High quality PCMO/SRO superlattices were grown on
SrTiO3 substrates by pulsed laser deposition. Depending
on the thickness of the PCMO layers the SRO layers had
either orthorhombic or tetragonal crystalline symmetry. Strong
antiferromagnetic interlayer exchange coupling between SRO
and PCMO layers was observed in the superlattice with
orthorhombic SRO layers. The Hall resistivity and planar
Hall effect of superlattices with orthorhombic and tetragonal
layers were measured. From the angle dependence of the Hall
effect the magnetically hard axis directions were determined
as [001]o for the orthorhombic and as 〈100〉t for the tetragonal
SRO layers. The ordinary and anomalous Hall constants
depended on the crystalline symmetry. For both crystalline
symmetries electron conduction with carrier densities of
about 1.5 electrons/f.u. (orthorhombic) and 1.25 electrons/f.u.
(tetragonal) were found. The sign change in the anomalous
Hall constant observed for the orthorhombic structure was
absent in the tetragonal structure. This is in agreement

with a scaling analysis and provides further evidence for
the predominance of the intrinsic Berry-phase Hall-effect
mechanism in SrRuO3.

The structural transition of the SRO layers might be
driven by strain, but might also be influenced by changes
in the electronic structure. Since the antiferromagnetic inter-
layer coupling is weakened by the orthorhombic-to-tetragonal
transition,2 magnetic coupling effects are unlikely to play a
role in triggering the structural transition. The changes in the
electronic structure reported here, however, might have some
impact on the structural transition. This has to be elucidated in
further experimental and theoretical work.
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