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We have grown Ca,_,Sr,RuO, (x = 0, 0.1, 0.5, and 2) epitaxial thin films using a pulsed laser deposition
method and characterized their structures and magnetotransport properties. We find that the x = 0, 0.1, and
0.5 films grown on LaAlO; substrates exhibit coherent strain with tetragonal structure. The nature of strain is
dependent on Sr content: the Ca,RuQO;, (x = 0) film features biaxial compressive strain, while the x = 0.5 film
shows biaxial tensile strain. The strain in the x = 0.1 film is relatively weak and strongly anisotropic, with
compressive strain along the a axis and tensile strain along the b axis. In contrast, the Sr,RuQ, films show strain
relaxation. The epitaxial strain effect leads the properties of the x = 0, 0.1, and 0.5 films to be distinct from
those of bulk materials. The bulk material shows antiferromagnetic Mott-insulating properties for x <0.2 and a
nearly ferromagnetic state for x ~ 0.5 [Nakatsuji and Maeno, Phys. Rev. Lett. 84, 2666 (2000)], whereas the film
displays itinerant ferromagnetism for x = 0 and 0.1 and paramagnetic metal for x = 0.5. Furthermore, in the
x =0and 0.1 films, we observed distinct fourfold ferromagnetic anisotropy, with the minimum magnetoresistivity
along the diagonal directions for x = 0 and a and b directions for x = 0.1. Such evolution of magnetic anisotropy

may be associated with the tuning of the spin-orbit coupling by the epitaxial strain.
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I. INTRODUCTION

Strongly correlated Ruddlesden-Popper (RP) series of
ruthenates, (Ca,Sr),+1Ru, 03,4, exhibit a rich variety of
fascinating properties, such as spin-triplet superconductivity in
Sr,Ru0O4 (SRO),' antiferromagnetic (AFM) Mott-insulating
state in Ca,RuQ, (CRO),*% itinerant ferromagnetism in
SrRu03,’ a field-tuned electronic nematic phase in Sr3Ru, 07,3
and colossal magnetoresistance induced by the spin-valve
effect in CazRu,07.2!% The close proximity of these exotic
properties reflects competing physical interactions of compa-
rable strength between spin, charge, lattice, and orbital degrees
of freedom in ruthenates. Such competing interactions lead the
properties of ruthenates to be susceptible to external stimuli;
nonthermal parameters such as hydrostatic pressure,'"'> mag-
netic field,>'° and chemical substitution'3~!> can readily tune
the ruthenates to various ground states.

One remarkable example is the single-layered
Ca,_,Sr,RuO,4 (CSRO) solid solution series,'>'* where
Sr substitution for Ca results in diverse electronic and
magnetic states. With the increase of Sr content, the system
evolves from the AFM Mott-insulating state for 0 < x < 0.2
to a metallic state with short-range AFM correlations, to
a nearly ferromagnetic (FM) state for x ~0.5, then to a
paramagnetic metallic state for 0.5 <x <2, and finally
to a spin-triplet superconductor for x = 2. Such drastic
changes in the physical properties of CSRO have been
attributed to the lattice distortion caused by the substitution.
Since Ca?* has a smaller ionic radius than Sr2t, Ca2*
substitution for Sr’t leads to RuQOg octahedral rotation
for 0.5<x < 1.5 and simultaneous rotation and tilting for
0< x <0.5.'% First-principles calculations revealed that the
RuOg octahedral rotation is responsible for the enhanced FM
fluctuations near x ~ 0.5, whereas the RuOg octahedral tilting
favors AFM correlation for x < 0.5.!7

Aside from chemical substitution, CRO was also found
to be susceptible to hydrostatic/uniaxial pressure'""'>!8 and
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epitaxial strain.'”?° When the hydrostatic pressure applied
on a bulk CRO single crystal is above 0.5 GPa, its ground
state evolves from the AFM Mott-insulating state to an
itinerant FM state.'?> A metal-insulator (MI) transition can also
be triggered by in-plane uniaxial pressure, with the critical
pressure being about 1.5 GPa. Structure studies by neutron
scattering experiments showed that the ferromagnetism under
pressure originates from the decrease of the RuOg octahedral
tilting angle,?' consistent with the dependence of magnetic
correlation on the structural distortion seen in the CSRO
bulk materials. In the CRO epitaxial films grown on LaAlO3
(LAO) (001) substrates,'®?0 the lattice mismatch between
CRO and LAO produces compressive strain along the in-plane
directions, resulting in a tetragonal structure in the CRO film.
The change from the orthorhombic structure in CRO bulk to the
tetragonal structure in the CRO film suggests that the epitaxial
strain also suppresses the RuOg octahedral tilting, similar to the
effect generated by the hydrostatic pressure. Such an epitaxial
strain effect not only suppresses the MI transition but also
causes itinerant ferromagnetism with Te = 18 K.2°

Given that CSRO and its end members have such rich
interesting physics and their properties are sensitive to external
stimuli, we have investigated the properties of these materials
using epitaxial thin-film samples grown by the pulsed laser
deposition (PLD) method. Our motivation is to examine the
effect of epitaxial strain on the properties of CSRO. In this
article, we report the growth of CRO, CSRO, and SRO films on
various substrates, as well as their structural characteristics and
magnetotransport properties. We find that the CRO and CSRO
(x = 0.1 and 0.5) films on LAO substrates feature coherent
epitaxial strain, whereas the SRO (x = 2) films show almost
complete strain relaxation. Like the epitaxial strain effect
observed in the parent compound CRO,? the epitaxial strain on
the CSRO films also leads their properties to be distinct from
those of bulk materials. In the x = 0.1 sample, we observe
itinerant ferromagnetism similar to that seen in the CRO
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FIG. 1. (Color online) (a) HR-XRD 26-6 scan of 50-nm CSRO films with x =0, 0.1, 0.5, and 2 on (001) LAO substrates. The stars indicate
LAO reflection peaks. RSMs of HR-XRD around the LAO (103) peaks and the (119) peaks of (b) CRO with x = 0, (c) CSRO#1 with x = 0.1,
and (d) CSRO#2 with x = 0.5. (e) Rocking curves around the (002) reflections of the films with x = 0, 0.1, 0.5, and 2 (the data has been shifted

for clarity).

film. This FM state is characterized by a fourfold magnetic
anisotropy with the minimum magnetoresistivity along [100]
and [010] directions. This is in contrast with the fourfold
magnetic anisotropy with the minimum magnetoresistivity
along the [110] and [1-10] directions in FM state of the CRO
film. The x = 0.5 film shows paramagnetic behavior with
a Fermi-liquid ground state as compared to the nearly FM
non-Fermi liquidlike state for x = 0.5 bulk crystal. We will
show these exotic properties on CSRO films can be understood
in terms of the control of RuOg octahedral rotation and tilting
by the epitaxial strain.

II. EXPERIMENT

The CRO, CSRO, and SRO thin films were grown using
the PLD method with a KrF excimer laser (A = 248 nm).?
The energy density of the laser pulse used for growth is
1.0 J/cm?. For CRO and CSRO growth, we tried using various
substrates, but successful growth was made only on LAO
substrates. However, SRO can be grown on various substrates,
including LAO, LSGO (LaSrGaO,4), NGO (NdGaOs;), LSAT
[(LaAlO3)().3(SIA10'5T30'503)0.7], and STO (SI‘TIO3) This is
consistent with previous reports on SRO growth.?>27 All
substrates used in our growth have (001) pseudocubic ori-
entations. Sr3Ru,; 07 and CazRu,07 single crystals (grown by
the floating zone method®) were used as targets for SRO and
CRO growth. The use of target materials with double-layered
phases instead of the intended single layered phases was to
allow excess Ru in the target to compensate its loss during

the ablation.’” The CRO films were deposited at 1120°C
in the atmosphere of 5 mTorr of O, and the SRO films at
1120°C in 1 mTorr of mixed gas (1% O, and 99% Ar).
Such high deposition temperature allows fast growth rate,
~0.57 nm/sec for a laser repetition rate of 10 Hz. The
CSRO films with x = 0.1 and x = 0.5 were grown using
polycrystalline targets with 20% of excess Ru, since it is
difficult to make large single crystals of double-layered phase
for these compositions. They were deposited at 990 °C in
1 mTorr of O, at a slow growth rate, with ~0.11 nm/sec
with a laser repetition rate of 2 Hz. The CRO and CSRO films
are 50 nm thick, whereas the thickness of the SRO films is in
the 50-150 nm range. The structural and magnetic properties
of films were characterized by a high-resolution four-circle
x-ray diffraction (HR-XRD, Bruker) and a superconducting
quantum interference device (Quantum Design), respectively.
The electronic transport properties of films were measured
using a standard four-probe method in a Physical Property
Measurement System (PPMS, Quantum Design).

III. RESULTS AND DISCUSSIONS

In Fig. 1, we present the XRD data of the films on LAO
substrates for x = 0 (CRO), 0.1 (CSRO#1), 0.5 (CSRO#2),
and 2 (SRO). These films show high quality of crystallization
with ¢ orientation, which can be seen clearly from the
strong (00!) diffraction peaks in the 26-6 scans shown in
Fig. 1(a). For CSRO#1, we also observed an additional,
weak peak around 26 = 46°, which is possibly due to
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TABLE I. Lattice constants and strain of CSRO films with x = 0, 0.1, 0.5, and 2. All these films have a thickness of 50 nm and are grown on
pseudocubic LAOj substrates with (001) orientation and lattice constant apao = 5.3599/4/2 A. Apulks Dok, and cpuc denote the lattice constants
of bulk materials, whereas ag, and cgy, denote the lattice constants of thin films. &,, &;, €4, and T denote the strain of the films along a and b
axes, the average strength of the strain, and the anisotropy of the strain, respectively. The doubling of the c lattice constant for the x = 0.5 bulk

material is due to the rotation pattern of RuOg octahedra.'®

X Apulk (A) buik (A) Chulk (A) Afilm (A) Cfilm (A) &q (%) &p (%) Eave (%) T (%)
0 5.4097(3)29 5‘4924(4)29 11.9613(6)* 5.341(5) 12.23(0) —1.26 —2.75 —2.01 1.49
0.1 5.3494(3)'6 5.3420(3)16 12.3219(4)16 5.344(3) 12.30(1) —0.10 +0.04 —0.03 0.14
0.5 5.3395(1)16 “ 2><12.5749(3)16 5.359(9) 12.54(2) +0.38 “ +0.38 0
2 5.47443(3)/«@30 “ 12.7397(4)% 5.498(5) 12.71(3) +0.47 “ +0.47 0

intergrowth of minor (Sr,Ca)RuO; phase. The full widths
at half maximum (FWHMs) A6fgwym of the rocking curves
of the (002) reflection peaks are as sharp as ~0.028-0.035°
for all these films, as shown in Fig. 1(e). The satellite peaks
near the (002) reflection in the rocking curve of CSRO#2
should be attributed to other domains in the films, which
arise from twin domains in commercial LAO substrates.
From the XRD ¢ scans for CRO (SRO or CSRO) (113)
and LAO (101) reflections (data not shown here), fourfold
symmetries are observed, indicating the epitaxial growth with
[001]am|[[001]La0 and [110]m[[[100]La0- The diffraction
indices denoted in Fig. 1 are based on the pseudotetragonal
unit cell with a ~ b ~ /2 x ap (ap, the distance between a
Ru** ion and its nearest neighboring Ru** ion).

We have also performed XRD reciprocal space map (RSM)
measurements on the CRO, CSRO#1, and CSRO#2 films on
LAO substrates, as shown in Figs. 1(b)-1(d). The single (119)
diffraction spot of the CRO or CSRO film indicates that all
these films are free of twinning domains and possess tetragonal
lattices.?” From the horizontal and vertical peak positions
in RSM, the lattice parameters a and c¢ can be calculated,
as summarized in Table I where the lattice parameters of
bulk materials with the same compositions are also given
for comparison. The lattice parameter a of the film hardly
changes with Sr substitution for Ca for both CSRO#1 and
CSRO#2, and it stays close to that of LAO substrate, which
can be seen clearly from the vertical alignment between the
LAO (103) and the CRO (or CSRO) (119) diffraction spots in
Figs. 1(b)-1(d). This indicates that the CRO or CSRO films
are grown with almost coherent strain. We also note that the ¢
lattice parameter of CSRO films increases with Sr content (see
Table I), consistent with the trend observed in bulk CSRO.'°

From the lattice parameters of bulk materials'®?° and thin
films, we have evaluated the epitaxial strain of the CRO and
CSRO films along in-plane crystallographic directions, which

: __ Gfilm (X) —Abuik (X) __ Dfiim () =bruik (x)
is defined as g,(x) = P E) and g,(x) = NI

with the average strength of strain e,.(x) = M As
shown in Table I, ¢,, €5, and ¢, are negative with relatively
large magnitudes (i.e., —1.26%, —2.75%, and —2.01%,
respectively) for CRO, indicating biaxial compressive strain.
In CSROH#1, ¢, €5, and &,y decrease to small magnitudes with
mixed signs (i.e., —0.1%, + 0.04%, — 0.03% respectively),
indicating weak compressive strain along the a axis and slight
tensile strain along the b axis. In contrast, &,, &, and &,y
all become positive for CSRO#2, with an identical magnitude
(i.e., 0.38%), indicating biaxial tensile strain. Such evolution

of epitaxial strain with Sr content agrees well with the fact that
the lattice parameter a of the LAO substrate is smaller than
that of bulk CRO but greater than that of the bulk CSRO with
x = 0.5. From Table I, we can see that the lattice parameter
¢ of the CRO film is remarkably greater than that of bulk
CRO, whereas in x = 0.5 film, the ¢ lattice parameter is
less than that of the x = 0.5 bulk material. This result is
consistent with the general expectation that the compressive
strain should elongate the ¢ axis, while the tensile strain should
shorten the ¢ axis. Furthermore, we have also examined the
anisotropy of epitaxial strain, defined as v = |¢, — &3], for
these films. As shown in Table I, 7 is ~1.49% for x = 0;
it decreases with Sr substitution, down to zero for x = 0.5.
Such a decrease of strain anisotropy can be well understood
in light of the bulk structural evolution from orthorhombic for
x < 0.5 to tetragonal for x ~0.5.'% Since 7 is associated with
the structural confinement that the pseudocubic LAO substrate
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FIG. 2. (Color online) HR-XRD RSMs around (119) reflections
of SRO films on (a) LAO, (b) LSAT, and (c) STO substrates.
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imposes on the film, t is naturally expected to be zero when
the bulk material possesses tetragonal structure for x > 0.5.

In contrast with the strained CRO or CSRO films, all of
the SRO films on various substrates show strain relaxation,
which is clearly manifested in the RSMs. Figure 2 presents the
data for SRO/LAO, SRO/LSAT, and SRO/STO films. The SRO
(119) diffraction spots of these films share an almost identical
position along the horizontal directions in RSM, indicating
strain relaxation. The in-plane lattice parameter a of these
films are found to be nearly identical to that of bulk SRO, in
spite of the 0.05-2.1% difference in a between bulk SRO and
these three substrates. Since the LSAT substrate has the least
difference (0.05%) in the lattice parameter a from bulk SRO,
the SRO (119) diffraction spot looks nearly aligned with the
LSAT (103) spot. The SRO thin films on LSGO and NGO
substrates exhibit similar strain relaxation as the SRO/LAO,
SRO/STO, and SRO/LSAT films do. The strain-resistant nature
of SRO films can be understood as follows: In SRO, the RuQOg
octahedra do not involve any rotation and tilting, thus yielding
a relatively stiff structure; however, in CRO the tilted, rotated
RuOg octahedra allow more active lattice degree of freedom,?”
yielding relatively soft structure.

Although the SRO films on various substrates have nearly
the identical lattice parameter a, we find that the rocking curve
of the SRO (002) reflection is strongly dependent on the lattice
mismatch between the SRO films and the substrates, as shown
in Fig. 3. Large Afpwywm is observed in the films with greater
lattice mismatch, such as the SRO/LAO and SRO/STO films,
whereas the smallest AGrwnm 18 observed in the film with
the least lattice mismatch, i.e., the SRO/LSAT film. Since
Abrwnm characterizes the crystalline mosaic spread of the
films, the substrate dependence of AfgwnMm in Fig. 3 could be
understood in terms of the crystalline dislocations generated
by lattice mismatch, which is ubiquitous in strain-relaxed
thin films.>"*> We note that Krockenberger et al.?® recently
reported superconductivity on SRO/LSAT thin film. This is
in line with our observation that the SRO/LSAT film has the
least degree of disorders compared to SRO thin films on other
substrates.

We have characterized electronic transport properties of
the CRO, CSRO, and SRO thin films discussed above.
Figure 4(a) presents the in-plane resistivity p,; as a function
of temperature 7 for the CRO and CSRO films. Unlike the
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FIG. 3. (Color online) FWHMs of the SRO (002) rocking curve,

ABrwhm, as a function of the lattice mismatch for SRO films on
various substrates.
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FIG. 4. (Color online) (a) In-plane resistivity p,, vs temperature
for CRO, CSRO#1 (x = 0.1), and CSRO#2 (x = 0.5) films. The
arrows indicate warming and cooling. (b) In-plane resistivity p,, vs
temperature for SRO films grown on LAO, LSGO, NGO, LSAT, and
STO substrates.

strong first-order MI transition at 350 K in bulk CRO,*> the
MI transition is strongly suppressed in the strained CRO/LAO
film with Ty shifting down to 250 K, and p,; exhibits less
insulating behavior below Ty than our previously reported
170-nm CRO film, where Ty ~ 300 K.?° This suggests that
the strain effect weakens with an increase of film thickness,
which is common in epitaxial thin films. The current CRO
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FIG. 5. (Color online) (a) Susceptibility vs temperature for
CSRO#2, measured with a magnetic field of 1 kOe, along [110]csgo-
These data are acquired by subtracting the susceptibility of the bare
LAO substrate obtained by polishing off the CSRO film from the
overall susceptibility data of the film and substrate. (b) In-plane
resistivity pq vs T2 for CSRO#2.
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film also shows a resistivity drop near 18 K as in the
previous 170-nm-thick film, which is associated with an
itinerant FM transition.”’ Such suppression of MI transition
caused by epitaxial strain can be attributed to the structural
confinement effect imposed by the LAO substrate, which
hinders the presence of the tetragonal-orthorhombic structural
transition.?? The MI transition suppression by the epitaxial
strain effect also occurs in the CSRO#1 film. For this sample,
pPap €xhibits metallic behavior in the completely measured
temperature region, although the x = 0.1 CSRO bulk material
shows a first-order MI transition at 110 K.'3 This sample
shows a slight resistivity drop below 18 K as well, suggesting
the presence of itinerant ferromagnetism as in the CRO
thin film sample; this is verified from magnetoresistivity
measurements as shown below. Compared to CSRO#1, the
sample CSRO#2 is more metallic and does not show any
resistivity drop related to ferromagnetism at low temperature.
We have pointed out previously that the bulk CSRO with
x ~ 0.5 reaches a nearly FM state.'>!* Given that the epitaxial
strain drives a FM order in both CRO and CSRO#1 films,
we would expect that the FM correlation in CSRO#2 should
be further enhanced by the strain. However, as shown in
Fig. 5(a), the temperature dependence of susceptibility x of
CSRO#2 exhibits paramagnetic behavior. The susceptibility
value in T —0 K limit, x (0), is ~27 memu/(mol-Ru Oe), much
smaller than that of the x = 0.5 bulk crystal where x(0) =
125 memu/(mol-Ru Oe),'* indicating suppressed magnetic
fluctuations for the x = 0.5 film. In Fig. 5(b), we show the plot
of in-plane resistivity p., vs T2 for CSRO#2. The T-squared
dependence of p,; below 6 K, as indicated by the fitting curve
reflects Fermi liquid behavior, in contrast with the non-Fermi
liquid behavior seen in the resistivity of x = 0.5 bulk single
crystals, where p,, o< T'#.!> Given that the non-Fermi-liquid
behavior in the x = 0.5 bulk crystal is associated with enhanced
spin fluctuations,'? our observation of Fermi liquid behavior in
the resistivity of CSRO#2 suggests that magnetic fluctuations
are weakened by the tensile strain, consistent with the result
of susceptibility measurements mentioned above.

The resistivity data of the SRO films on various substrates
are presented in Fig. 4(b). All of them exhibit comparable,
metallic temperature dependences, consistent with early re-
ports on SRO films.?>?® We note that the SRO/STO film

(a) CRO [110] (b) CSRO#1

-10 |- 270 < 51 270

AMR (%)

180
¢ (deg)
—2K 5K

FIG. 6. (Color online) In-plane angular dependence of normalized intraplanar magnetoresistance AMR =
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has the largest residual resistivity (118 ©$2 cm), while the
SRO/LSAT film has the least residual resistivity (6 w2 cm).
This is consistent with the structural characteristics of these
films. As shown in Fig. 3, the SRO/STO has the largest value of
ABrwuMm, Whereas the SRO/LSAT has the smallest AGgwaMm;
this indicates that the degree of disorders is the highest in
the SRO/STO film and the least in the SRO/LSAT film. Strong
disorders would certainly cause a high scattering rate, resulting
in high residual resistivity. Since the SRO is strain resistant as
discussed above, the degree of disorders depends on the lattice
mismatch. For the SRO/LSAT film, we measured its resistivity
down to the millidegrees Kelvin range in a dilution refrigerator
but did not observe superconductivity. The disorder scattering
should account for the superconducting pair breaking in the
SRO films.

To further investigate the relationship between the elec-
tronic transport and magnetism in CRO and CSRO films,
we have performed angle-resolved in-plane magnetoresistivity
(AMR) measurements on these films. AMR has been proven
effective in providing valuable information on the anisotropic
properties of a magnetic state.’>*> Figures 6(a)-6(c) present
the polar plots of AMR (¢,T), defined as M,
at various temperatures for the CRO, CSRO#1, and CSRO#2
films, where ¢ is the azimuthal angle. Similar to the results we
reported for the 170 nm CRO/LAO film in Ref. 20, the AMR
(¢,T) of the current 50-nm CRO film also exhibits a crossover
from twofold magnetic anisotropy to fourfold anisotropy when
the temperature is lowered below 18 K, where p,, shows
a drop. From the discussions given in Ref. 20, the twofold
anisotropy above T¢ should be attributed to the insulating
AFM order, whereas the fourfold anisotropy below T¢ could
be viewed as a signature for the FM phase. We also observed a
similar crossover from twofold to fourfold anisotropy in AMR
(¢,T) near 18 K in CSRO#1, suggesting that the epitaxial
strain in this sample, while it is weaker than the CRO film,
induces ferromagnetism as well. However, we notice that the
minimum magnetoresistivity of this sample occurs along the
[100] or [010] direction, in contrast with the CRO film which
shows minimum magnetoresistivity along the [110] or [1-10]
direction. This will be discussed in more detail below. For
CSRO#2, AMR (¢,T) did not show fourfold anisotropy at
low temperatures and only very weak twofold anisotropy was

(107 (c)CSRO#2 ~ [110]
0 0

-5 | 270

180 180
¢ (deg) ¢ (deg)
10K —20K —80K

Loao(T, H) = pan(T,0)]/ pan(T',0)

of (a) CRO, (b) CSRO#1 with x = 0.1, and (c) CSRO#2 with x = 0.5 thin films at various temperatures and at a fixed field of uoH = 8 T.
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FIG. 7. (Color online) Twofold squared weight W, and fourfold
squared weight W, defined as W,,(T) = |A,(T)|*/ >, |A,(T)|?, as a
function of temperature for (a) CRO, (b) CSRO#1 with x = 0.1, and
(c) CSRO#2 with x = 0.5.

observed, consistent with the paramagnetic behavior probed in
susceptibility [see Fig. 5(a)]. In order to evaluate the extrinsic
anisotropy of AMR arising from the misalignment of the
magnetic field out of the conducting plane, we measured AMR
as a function of polar angle 6 for CRO, which shows a twofold
anisotropy with an amplitude AMRy of ~7% (data not shown
here). Since the field misalignment angle for a thin-film sample
mounted on the PPMS rotating sample stage is estimated to be
~(0.2°, the amplitude of the extrinsic twofold AMR anisotropy
from the field misalignment effect for our thin-film samples is
~AMRy x (sin0.2 °) = 0.02%, much less than the observed
azimuthal AMR amplitudes for CRO (2%), CSRO#1 (2%),
and CSRO#2 (0.36%).

We have performed Fourier transform analyses for the
AMR (¢) data in Fig. 6. In Figs. 7(a)-7(c), we present the
squared weights of twofold and fourfold symmetries as a
function of temperature 7', respectively for CRO, CSRO#1,
and CSRO#2 films. The n—fold normalized square weight is
deﬁned as W,(T) = |A, (T)| />, |A,,(T)|2 where A,(T) =

2n AMR(d) T)exp(—ing)d¢ is the n-fold complex am-
phtude The variations of W, and W, with temperature look
similar between CRO and CSRO#1: the W, stay at ~15% in
the ground state and increase to nearly 100% above T¢ =
18 K, while W, stay at around 85% below T¢ and decrease
to nearly 0% as the temperature is increased above 7¢. This
indicates that the x = 0 and 0.1 films have a similar magnetic
ground state with coexistence of AFM and FM below T¢. For
CSRO#2, in contrast, W, stays at ~100% with negligible Wy
throughout the measured temperature range (2-80 K). The
twofold anisotropy of this sample has a very small amplitude
compared to the twofold anisotropies seen in the CRO and
CSRO#1 samples and could be attributed to an enhanced
paramagnetic state.

Although the CSRO#1 sample shares a similar magnetic
ground state with the CRO sample as suggested above,
their fourfold anisotropy in AMR (¢) shows a 7 /4 phase
shift (see Fig. 6). This can probably be understood as
follows. In general, what AMR anisotropy reflects is actu-
ally magnetocrystalline anisotropy; this has been established
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in theory** and demonstrated in many materials including
ruthenates.?*-33-33-36 Materials with itinerant ferromagnetism
and cubic-tetragonal-orthorhombic structures are generally
characterized by twofold and fourfold anisotropy in AMR,
with the minimum magnetoresistivity occurring along the
maximal spin polarization direction. For example, the FM
state of SrRuQj film shows twofold anisotropy in its AMR,*
whereas the azimuthal AMR of FM SryRu3;0,( shows twofold
anisotropy below the metamagnetic transition field B¢ (~2 T)
and fourfold anisotropy above B¢.3 As indicated above, the
fourfold anisotropy of AMR observed in CRO and CSRO#1
films arises from FM anisotropy. The minimum values of AMR
should correspond to the least spin-scattering directions. The
/4 phase shift in AMR (¢) from CRO to CSRO#1 suggests
that the maximal spin polarization direction under a given
field rotates by 45°. Given that spin preferential direction in
a magnetic state depends on spin-orbital coupling, the change
of easy spin polarization directions from CRO to CRO#1 may
be associated with the tuning of spin-orbital coupling by the
epitaxial strain. Further studies are needed to fully understand
this issue.

Finally, let us discuss why the nearly FM state seen in
the x ~0.5 CSRO bulk material is not further enhanced
by epitaxial strain on the CSRO#2 sample. First, previous
studies have revealed that the nearly FM state near x ~0.5
for bulk CSRO is driven by RuOg octahedral rotation.!>!” The
octahedral rotation leads the conduction band from the Ru4d,,
orbital to become narrow and shift to lower binding energy,
which results in the increase of density of state at Fermi level
D(EF) and enhances magnetic fluctuations. In bulk CSRO,
the octahedral rotation angle gradually increases with Ca
substitution for Sr for 0.5 < x < 1.5 due to smaller ionic radius
of Ca’*.!® Therefore, magnetic fluctuations gradually enhance
with the increase of Ca content in this composition region. For
x < 0.5, the system switches to a state characterized by AFM
correlations, which is driven by the RuOg¢ octahedral tilting,
as noted above. Second, as discussed above, unlike the CRO
and CSRO#1 films characterized by compressive strain, the
CSRO#2 film shows biaxial tensile strain. From the structural
confinement effect imposed by the LAO substrate, we can
reasonably expect that the octahedral rotation is suppressed by
the tensile strain, which should lead to the decrease of D(Er)
according to the discussions made above. Such a decrease of
D(EF) should weaken Stoner FM instability. Our observation
of paramagnetic, Fermi liquid behavior in CSRO#2 is exactly
consistent with this interpretation.

IV. CONCLUSION

We have grown epitaxial thin films of CSRO using the PLD
method and investigated epitaxial strain effect on electronic
and magnetic properties of this system. Our x-ray diffraction
analyses reveal that the nature of strain varies with Sr content
for CSRO films grown on LAO substrates. The strain is biaxial
compressive for the x = 0 sample and evolves toward tensile
as x increases. In the x = 0.1 sample, we observed weakened
compressive strain along the a axis and slight tensile strain
along the b axis. When x is increased to 0.5, enhanced tensile
strain is observed along both a and b directions. In contrast, the
strain is relaxed in all of the SRO films on various substrates.
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Such a strain evolution can be interpreted from the variation
of lattice parameters of bulk materials with Sr content. The
epitaxial strain results in a remarkable effect on electronic and
magnetic properties of this system. Unlike the Mott-insulating
ground state of the bulk materials for x = 0 and 0.1 and
nearly FM state for x = 0.5, the thin-film samples show an
itinerant FM state for x = 0 and 0.1 and a paramagnetic
state with suppressed magnetic fluctuations for x = 0.5.
All these exotic properties can be understood in light of
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the control of octahedral rotation and tilting by the strain.
Furthermore, the variation of FM anisotropy with Sr content
suggests that the spin-orbital coupling may be tuned by the
epitaxial strain.
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