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Epitaxial films of the ferromagnetic perovskite SrRuO3 were measured with a bulk magnetometer
and with a local magneto-optic Sagnac interferometer in transmission and in reflection. We find a
magnetic easy axis perpendicular to the films, and for saturated remanent magnetization along this
direction the Faraday rotation and the Kerr rotation atl5840 nm are about 0.753105 deg/cm and
0.85°, respectively. The temperature dependence of the remanent magnetization in the low
temperature limit is dominated by spin-wave excitations, yielding a notable decrease withT3/2.
Using Sagnac–Kerr scanning and transmission electron microscopy imaging we correlate the
coercivity with the grain size. ©1995 American Institute of Physics.
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SrRuO3 is an intriguing material as a rare case of 4d
itinerant ferromagnetism. Extensive measurements1–3 of
polycrystalline samples and single crystals of SrRuO3 have
revealed high magnetocrystalline anisotropy, complex
main structure, and a large difference between the h
temperature Curie–Weiss magnetic moment and the
temperature saturation magnetization, 2.56mB /Ru and 1.1
mB /Ru, respectively. The discovery of the perovskite hi
temperature superconductors~HTS! has intensified the inter
est in SrRuO3, for films of this compound can be succes
fully epitaxially grown on top of HTS films.4–6SrRuO3 films
have been used so far for basic studies of Josephson
tions with ferromagnetic barriers, YBa2Cu3O7–SrRuO3–
YBa2Cu3O7,

6 and they have been proposed as potentia
useful elements in magneto-optic and electro-optic devic
However, to date very little is known of the magnetic pro
erties which distinguish films from single crystals, and of t
magneto-optic characteristics which are particularly imp
tant for thin film applications.

In this letter, we report measurements on epitaxial fil
of SrRuO3:1000 Å thick~S1! and 3000 Å thick~S2! films on
LaAlO3 substrates, and a 1000 Å thick film~S3! on a
SrTiO3 substrate. Samples S1 and S3 were prepared in
same deposition. SrRuO3 is a pseudocubic perovskite with
lattice constant of 3.96 Å. The films are oriented with t
@100# direction ~in the cubic system! perpendicular to the
plane of the film, and theirTc is about 144 K. The actua
structure of SrRuO3 is orthorhombic and thec axis lies in the
plane of the film. The orientation of the films and their Cu
temperature are consistent with a previous report on film4

The magnetic measurements were done with a quantum
sign superconducting quantum interference device~SQUID!.
The optical measurements were done with a state-of-the
Sagnac interferometer, which operates with a sup
luminescent diode source atl5840 nm. The Sagnac inter
ferometer can be used in transmission for Faraday rota
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measurements, or in reflection for Kerr rotation measure
ments. A full description of this apparatus in its various con
figurations has been given elsewhere.7 Here we stress the
immunity of our apparatus to polarization changes due t
reciprocal effects~such as linear birefringence!, and the
achieved sensitivity of 1mrad/AHz for rotation angle without
drift.

For saturated remanent magnetizationM0 perpendicular
to the film, the Faraday measurements atl5840 nm yield a
rotation of about 0.753105 deg/cm. In the Kerr configura-
tion at normal incidence we find a rotation of about 0.85° fo
S2, which is 3000 Å thick, and about 0.55° in S1 and S3
which are both 1000 Å thick. These values of the Farada
and Kerr rotations are within an order of magnitude of the
values for the 3d ferromagnetic elements, iron, nickel, and
cobalt, which are among the most strongly magneto-optical
active materials known. The Faraday rotation~as well as the
Kerr rotation! of ferromagnets is proportional toM0 and the
spin-orbit coupling.8 Ruthenium has a spin–orbit coupling of
about 900~cm21!, compared to 400~cm21! for iron,9 and
M0 of SrRuO3 and Fe are 2 and 21.8 kOe, respectively
Assuming the same proportionality for iron and ruthenium
the estimated Faraday rotation for SrRuO3 is about 1
3105 deg/cm, which is in very good agreement with the
experimental data. This observation implies that the spin
orbit coupling of ruthenium is the source of the large
magneto-optic parameters; consequently, large magne
optic constants should be anticipated in other materia
which include magnetic ions of ruthenium. Even large
magneto-optic constants might be possible in ferromagne
containing 5d elements such as Ir.

Figure 1 shows the reduced perpendicular remane
magnetizationM /M0 of S1 and S3 as a function of the re-
duced temperatureT/Tc (Tc5144 K!, whereM0 for both
samples corresponds to about 1.1mB per Ruthenium atom,
consistent with previous reports.2,6 In addition, the figure
shows, for comparison, the mean field curve for spinS51.
The magnetization of S1 and S3 was measured in the lo
2427/2427/3/$6.00 © 1995 American Institute of Physics
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temperature interval of 5 K,T,70 K upon warming an
cooling, and we verified that the change in the magnetiza
is reversible. It is clear that the notable decrease of the
netization in the low temperature limit cannot be fit w
within the mean field approximation forS51 ~or with S51/2
as was suggested previously2!. Therefore, there are oth
contributing factors which suppress the magnetization.
dominant excitations known to suppress the magnetizati
the low temperature limit are spin-wave excitations, wh
according to the Bloch law suppress the magnetizatio
M (T)/M0512AT3/2. In this model A
5c/S(kB/2JS)

3/2, wherec50.059 for a simple cubic mag
netic lattice ~as it is in our case!, S is the total spin o
Ru41, andJ526.33kBK is the exchange interaction that m
be extracted using the high temperature series expansio
sult kBTc /J55(z21)@11S(S11)21#/96,10 where z is
the number of nearest neighbors. Inserting the known pa
eters, we find forS51, A51.631024 (1/K3/2). In itinerant
ferromagnets, the low temperature magnetization is fu
suppressed by a termBT2, which is due to Stoner excitatio
of magnetic electrons. These excitations appear to be
dominant for remanent magnetization in the parallel di
tion ~in which, as we discuss below, the remanent mag
zation is about half of the perpendicular reman
magnetization! and a T2 term is found with B;1.45
31025(1/K2). Evidently, in this direction there is a suppr
sion of spin-wave excitations. The inset of Fig. 1 shows
magnetization of S1 and S3 as a function ofT3/2, where a
correcting term ofBT2 was added to each magnetizati
The theoretical prediction without any fitting parameter
shown for comparison. We see that the linear fit of the
perimental data is remarkable. The fit toT3/2 law is clearly
observed even without the smallT2 correction, but the pre
actors ofT3/2 are reduced by about 30% with this correcti
It seems quite evident that the spin-wave excitations are
dominantly responsible for the rapid decrease of the re
nent magnetization at low temperatures; however, for a s

FIG. 1. The reduced remanent magnetization of S1~1000 Å on LaAlO3! and
S3 ~1000 Å on SrTiO3! as a function of the reduced temperature. The m
field solution withJ51 is given for comparison. Inset: The reduced re
nent magnetization~after correcting for theT2 term! as a function ofT3/2

with a fit to the spin wave correctionM (T)/M0512AT3/2. The thick
solid line is the theoretical prediction assumingS51, with no adjustabl
parameters, which yieldsA51.631024 (1/K3/2).
2428 Appl. Phys. Lett., Vol. 66, No. 18, 1 May 1995
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gent estimate of their contribution, an accurate determinati
of the T2 correction is needed. We believe that these lo
temperature excitations are an intrinsic property, and th
should be observed in bulk material as well. Preliminary r
sults on polycrystals of SrRuO3 support this claim.

11

The coercivity of the films depends on the field directio
and on sample-specific properties. Figure 2~a! shows the
remanent magnetization of S1 and S3 atT55 K, after cool-
ing in different fields along different directions; Fig. 2~b!
shows the height of the hysteresis loopsDM of the same
samples as a function ofH, at T55 K, whereDM is nor-
malized by 2M0 . We define DM5M (H2)2M (H1),
whereM (H2) and M (H1) are the magnetizations at the
field H in the descending and ascending branches of t
hysteresis loop, respectively. Both figures demonstrate t
the remanent magnetization is maximized only when t
field is perpendicularto the film; and that the films are less
coercive for fields in this direction. TEM micrographs of S
and S3 show two crystallographic domain structures, whi
result from two possible orientations of thec axis ~of the
orthorhombic axes! in the plane of the film, giving 7.86 Å
fringes at 90° to each other. Therefore, the observed e
axis is a@110# direction in the orthorhombic coordinate sys
tem. The correspondence between the easy axes in films
those observed in single crystals2 is not fully clear at this
stage and further study is needed. We can however infer fr

ean
ma-
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FIG. 2. ~a! The reduced remanent magnetization of S1~1000 Å on
LaAlO3! and S3~1000 Å on SrTiO3! atT55 K and zero field, as a function
of the cooling field parallel and perpendicular to the film.~b! The normal-
ized height of the magnetization loops atT55 K as a function of the applied
field for S1 and S3.DM5M (H2)2M (H1), where M (H2) and
M (H1) are the magnetizations at the fieldH in the descending and ascend-
ing branches of the hysteresis loop, respectively.
Klein et al.
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our observations combined with the magnetocrystalline a
isotropy of bulk SrRuO3 in its pseudo-tetragonal phase2 that
the two types of grains have aperpendiculareasy axis,
whereas in the plane the easy axis of the two types of gra
are at 90° to each other.

In order to elucidate the origin of the different coerciv
behavior of S1 and S3 we used local optical scanning w
the Kerr–Sagnac interferometer, where the spot diamete
about 5mm. We cooled the samples S1 and S3 in zero fie
and measured the Kerr rotation at several hundred differe
locations on each sample. We find that the standard deviat
of the rotation for S3 is ten times larger than that of S1
Assuming that the local magnetization is equally distribute
among the different orientations of the easy axes, and kno
ing the rotation at saturation, we can estimate a domain s
of ;400 Å in S1, and a domain size of;4000 Å in S3.
Using both TEM imaging and selected area diffraction tec
niques we find~see Fig. 3! that the average crystallographic
domain size of S1 is consistent with the magnetic doma

FIG. 3. ~Top! Several domains in S1~1000 Å on LaAlO3! are indicated by
arrows showing the direction of thec axis with 7.9 Å lattice fringe spacing.
The selected area diffraction pattern~inset! shows twoc-axis orientations.
~Bottom! A small area of a single domain in S3~1000 Å on SrTiO3!. The
selected area diffraction pattern~inset! actually comes from an area about 3
mm in diameter and shows a singlec-axis orientation.
Appl. Phys. Lett., Vol. 66, No. 18, 1 May 1995
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size. For S3 the average crystallographic domain size is
larger than the magnetic domain size; consequently we infe
that the properties of S3 are largely unaffected by granular-
ity. On the other hand the behavior of S1 has characteristics
of ferromagnetic fine particles. The critical size for single
domain particles is roughly about@0.4(K/(M0)

2)#
3@(JS2p2/Ka)0.5#;2000 Å, whereK52 T ~Ref. 2! is the
anisotropy energy anda is the magnetic lattice constant.12

Therefore, it is likely that the crystallographic grains of S1
act as weakly coupled single domain particles. Support for
this scenario is given by the different fields needed to satu-
rate the remanent magnetization of S1 and S3 as we coo
through the Curie point. In the absence of fine particles, satu
ration is ensured whenH12K/M.Hd54pM . On the
other hand, in the presence of single domain particles, the
applied field should overcome shape anisotropy and therma
fluctuations in order to prevent freezing of single domains in
different directions.

In conclusion, we find that SrRuO3 films have high per-
pendicular remanent magnetization and large magneto-opti
constant. The temperature dependence of the magnetizatio
in the low temperature limit is dominated by spin-wave ex-
citations, and the coercivity is determined by both intrinsic
magnetocrystalline anisotropy and the size of the crystallo-
graphic grains. The combined magnetic and magneto-optic
features make this material interesting for applications, in
particular in configurations with HTS films, since in these
cases the low Curie temperature is not a drawback. The
dominant role of the large spin–orbit coupling in determin-
ing the strong magneto-optic properties leads us to infer tha
using magnetic ions with higher spin–orbit coupling~such as
iridium! might enhance these properties still further.
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