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We have investigated the in-plane uniaxial pressure effect on the antiferromagnetic Mott insulator Ca,RuQO,
from resistivity and magnetization measurements. We succeeded in inducing the ferromagnetic metallic phase at
lower critical pressure than by hydrostatic pressure, indicating that the flattening distortion of the RuOg octahedra
is more easily released under in-plane uniaxial pressure. We also found a striking in-plane anisotropy in the
pressure responses of various magnetic phases: although the magnetization increases monotonically with pressure
diagonal to the orthorhombic principal axes, the magnetization exhibits peculiar dependence on pressure along
the in-plane orthorhombic principal axes. This peculiar dependence can be explained by a qualitative difference
between the uniaxial pressure effects along the orthorhombic a and b axes, as well as by the presence of twin

domain structures.

DOLI: 10.1103/PhysRevB.88.205111

I. INTRODUCTION

Competition and cooperation among spin, orbital, and
lattice degrees of freedom are a key concept to understand
intriguing phenomena in condensed matter systems. As one
of such fascinating systems, the layered perovskite ruthenates
Ca;_,Sr,RuO4 have been attracting wide interest for their
variety of electronic states originating from multiple degrees
of freedom: for example, Ca,RuQ, is an A-centered antifer-
romagnetic (A-AFM) Mott insulator with the metal-insulator
transition temperature Ty = 357 K and the A-AFM ordering
temperature Ta.apm = 110 K,'? while Sr,RuO, is a leading
candidate for a spin-triplet superconductor with the transition
temperature 7. = 1.5 K34

Distortions of the RuOg octahedra are recognized to be
responsible for the variety of the electronic states of the ruthen-
ates; the octahedra in Sr,RuQ4 have no distortion, while those
in Ca,RuO4 have three kinds of distortions: flattening, tilting,
and rotation along/from/about the ¢ axis.’ These distortions in
CayRuOQy are removed by hydrostatic pressure (Phyaro) and the
electronic state changes accordingly: at 0.2 GPa, the magnetic
structure of the AFM phase changes from the A-AFM to the
B-centered AFM (B-AFM) structure, accompanied by a partial
release of the flattening.®” At 0.5 GPa, the flattening distortion
is completely released and the ferromagnetic metallic (FM-M)
phase below the Curie temperature Try = 1228 K appears.®
At 10 GPa, the tilting distortion is released and superconduc-
tivity emerges.” Similar changes in the crystal structure and
electronic state are observed also by substitution of Sr for
Ca.'*!3 Similarly, FM-M behavior is observed in Ca,RuQ,
thin films, where in-plane epitaxial stress leads to a structural
change.!*!> Recently discovered electric-field-induced Mott
transition in Ca;RuOy is also accompanied by a change of the
lattice distortion.'® Theoretical studies on relations between
the lattice distortions and electronic states are also actively
performed.'’-?7 In addition, Ty of Sr,RuQy is also sensitive to
lattice distortion: the enhancement of 7. up to 3 K is observed
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in SrpRuO4-Ru eutectic crystals, where superconductivity with
higher Ty, occurs in the Sr,RuO,4 part around Sr,RuO4-Ru
interfaces as a consequence of the strong lattice distortion
due to lattice mismatch.”®® Similar enhancement of Ty
occurs in noneutectic Sr,RuQO,4 under uniaxial pressure.31 In
contrast, Ty of Sr;RuOQy is suppressed by Phygro-°>*° From
these experiments, it is expected that we can induce a wide
variety of electronic states in Ca,_,Sr,RuO4 by controlling
the lattice distortion.

We focus on the in-plane uniaxial pressure as a method
to control the electronic state of Ca,RuQ,4. As revealed in
previous experiments,®*!216 the flattening distortion needs to
be released for inducing the metallic state. Therefore, we ex-
pect that in-plane pressure, where the crystal is free to expand
along the ¢ axis, is more effective than Pyygr, to change the
electronic state in CapRuQy,. Indeed, we have recently revealed
the emergence of metallic state by in-plane uniaxial pressure.>*

In this article, we report in-plane anisotropy in the uniaxial
pressure effect on Ca;RuQy, investigated by measuring the
four-wire resistance and magnetization. We applied pressure
either parallel to the in-plane Ru-O bond of RuOg octahedra
(we denote this as the [100]y direction using the tetragonal
notation) or diagonal to the Ru-O bond (the [110]t direction).
From both resistance and magnetization measurements, we
clarified that a FM-M state with Tgy of 12 K is induced by
P oot of 0.4 GPa or Pypjior of 0.2 GPa. We have also
revealed that the B-AFM phase appears under P [joo;r above
0.6 GPa or P 110jr above 1.3 GPa coexisting with the A-AFM
phase.

II. EXPERIMENT

Single crystals of Ca;RuQO,4 with an essentially stoichiomet-
ric oxygen content were grown by a floating-zone method.!
The directions of crystal axes were determined by the Laue
method. Typical sample dimensions are 2.0 x 0.5 mm? in the
plane perpendicular to the pressure direction and 0.5 mm along
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the pressure direction. The sample surfaces perpendicular
to the pressure direction were polished to be parallel to
each other for improving pressure homogeneity. The side
surfaces of a sample were covered with epoxy (Stycast 1266,
Emerson-Cuming) to prevent the sample from breaking. To
allow the epoxy to spread freely under pressure, enough space
was kept between the epoxy and the inner wall of the pressure
cell. We expect that this space allows the sample to expand
along the ¢ axis and to exhibit the metal-insulator transition.

Uniaxial pressure was applied along the [100]t or [110]r
directions at room temperature using piston-cylinder type
pressure cells.* No pressure medium is used. For the pressure
cell dedicated to magnetization measurements, all the inner
parts are made of Cu-Be alloy, while the outer body is made of
polybenzimidazole (hard plastic) to reduce background con-
tributions. The pressure calibration of this cell was performed
using superconducting transition of Pb and Sn. For the pressure
cell for resistance measurements, the pistons are made of a
mixture of ZrO, and Al,O5 for electrical insulation, while the
other parts are made of Cu-Be alloy. The pressure in this cell
was monitored using a strain gauge.

The electric resistance R was measured with the dc four-
wire method down to 1.8 K. Current is applied perpendicular to
both the ¢ axis and the uniaxial pressure direction. For the mag-
netoresistance measurement, magnetic field is applied parallel
to the pressure direction. The magnetization M was measured
with a SQUID magnetometer (MPMS, Quantum Design). To
extract the SQUID response originating from the sample, the
background signal measured separately was subtracted from
the raw signal. For the background measurement, Stycast 1266
with dimensions similar to those of the sample was used. To
check the reproducibility, we have measured three samples for
P 1100y (one for M and two for R) and another three samples
for P 110pr (one for M and two for R). For P 007, all samples
provide consistent results. For Py;iojr, we obtain consistent
results except for one sample for R measurement, attributable
to the difference in the crystal mosaic structures that we will
describe later.

III. RESULTS

Figure 1 displays the temperature dependence of the
resistance of Ca,RuO; under P poor. Below 0.2 GPa,
R(T) exhibits typical insulating behavior fitted well with
the activation-type formula R(T) o exp(A/2T) with the
insulating gap A = 4000-5000 K, which is similar to that
under ambient pressure.l’g'm37 At 0.3 GPa, the resistance
divergence is strongly reduced, suggesting the emergence of
the metallic phase in a certain portion of the sample. Above
0.4 GPa, a peak in R(T) (inset of Fig. 1) and large negative
magnetoresistance (Fig. 2) are observed at 12 K, which is
typical behavior of itinerant ferromagnets. Steplike changes
of R(T) are attributable to microcracks in the sample. We
comment here that an accurate estimation of resistivity in high
pressure is rather difficult due to the coexistence of the metallic
and insulating phases, reflecting the first-order nature of the
Mott transition, as well as due to microcracks in the sample.
For a brief comparison, the resistance value of 1 k€2 at 0.1 GPa
and 300 K (see Fig. 1) corresponds to ~5 €2 cm according to a
simple estimation based on the sample dimensions. This value
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FIG. 1. (Color online) Temperature dependence of the resistance
Rio10r of Ca,RuO4 under P jj00r measured in a cooling process. The
inset represents the temperature dependence of Rjy;o;r normalized by
that at 20 K. The decrease of resistance below 12 K indicates an
emergence of a FM order.

is consistent with the reported value of the resistivity p,, = 4
Q cm at ambient pressure and 300 K.

FM order is also observed in the magnetization M (the
bottom inset of Fig. 2 and Fig. 3). The M(H) curves exhibit
clear hysteresis near H = 0 and saturation of M at higher
fields. Although small hysteresis is observed even above Try
because of the reorientation of the canted AFM domains as
previously reported,’ the size of the hysteresis loop steeply
increases below about 10 K (not shown), indicating the
emergence of the FM phase. The evolution of the FM order
for P00t and P 1107 is compared in the M(T) curves at
10 mT (Fig. 3). Interestingly, we found that the FM state
appears above 0.4 GPa for P)joor, whereas above 0.2 GPa for
P1107r- These anisotropic critical pressures of the FM order
are consistent with results of the resistivity measurements.
We also found that M (2 K)-M (30 K) in the field-cooling (FC)
process, which indicates a magnetization component due to the
FM order, exhibits anisotropic pressure dependence [Figs. 3(e)
and 3(f)]. This quantity increases almost monotonically with
P (100T- In contrast, under P g7 it first increases from 0.1
to 0.4 GPa, then decreases from 0.4 to 1.2 GPa, and increases
again above 1.2 GPa.

We also detected AFM transitions in the M(T) curves at
5 T (Fig. 4). At ambient pressure, M(T) exhibits a peak at
115 K as a result of the A-AFM transition.> With increasing
P oot or Pyiior, the peak structure attributable to the
A-AFM transition is retained. In addition, under P joo7
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FIG. 2. (Color online) Temperature dependence of the resistance
Riororr of Ca,RuOy4 at Pypjoo;r of 0.4 GPa under magnetic field
H 100r- The sample is different from that of Fig. 1. All the resistivity
data were taken with the field-cooling process, but reproducible under
different cooling processes. We have checked that R(T) does not
differ by cooling processes. The top inset displays the difference of
resistance between 0 and 6 T. The peak indicates Ty ~ 12 K. The
bottom inset displays the magnetic field H 190 dependence of the
magnetization Moo at 2 K under P o7 of 0.4 GPa. It exhibits a
typical hysteresis corresponding to a FM ordering.

above 0.6 GPa or Pjjo;r above 1.3 GPa, a shoulderlike
structure appears at around 140 K. Previous Ppyar studies
revealed that a transition to another AFM state, the B-AFM
state, occurs at Tapy = 145 K between 0.2 and 0.8 GPa.®’
With an analogy to the Pyyqro result, the shoulderlike feature
observed in our study is also interpreted as the emergence
of the B-AFM insulating state. We emphasize that the onset
critical pressure of the B-AFM state is highly anisotropic. We
note that the coexistence of the FM-M and AFM insulating
phases is attributable to the first-order nature of the transition as
well as experimentally inevitable inhomogeneity of the lattice
distortion under pressure. Similar coexistence is reported in
thin film and Phyqr, studies.®"!

For analyzing the evolution of magnetic states by in-plane
uniaxial pressures, we adopt two definitions for Ty based on
the magnetoresistance or magnetization. (1) For one definition,
Trym 1s determined as the temperature where AR = R(0T) —
R(6 T) exhibits a maximum as shown in the top inset of Fig. 2,
because AR is related to magnetic fluctuation, which should
be maximized at Tgry. (2) For the other, Tgy is determined as
the temperature where M (T') at 10 mT in the zero-field-cooling
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FIG. 3. (Color online) Development of the magnetization M
measured with a field of 10 mT parallel to the pressure for (a) P io0r,
warming after zero field cooling (ZFC), (b) P 1107, Warming after
ZFC, (c¢) Pypioor, field cooling (FC), and (d) P i10r, FC. The insets
represent the pressure dependence of AM = M (2 K) — M(30 K)
in FC for (e) PH[IOO]T and (f) P||[11()]T. The units of the vertical and
horizontal axes are 10~ emu/mm?® and GPa, respectively.

process exhibits an abrupt increase, as shown by the arrows
in Figs. 3(a) and 3(b). Try of two definitions takes almost the
same values for both pressure directions (Fig. 5). The value of
Trm, ~ 12 K, is very similar to that under Phyqro between 0.5
and 2.5 GPa.”#*® We emphasize that the critical pressure of the
FM-M phase under in-plane uniaxial pressure is substantially
smaller than that under Pyyqyo: in particular, the critical pressure
under P10t (0.2 GPa) is less than half of that under Phyaro
(0.5 GPa). This fact demonstrates that the in-plane uniaxial
pressure is indeed effective for changing the electronic state
of Ca;RuQy.

For the in-plane uniaxial pressure effects on the AFM
phases, we define three characteristic temperatures found in the
magnetization at 5 T: the onset temperature of magnetization
increase, the temperature of magnetization peak, and the
temperature of the shoulderlike structure (Fig. 4). They are
considered to indicate the onset temperature of an AFM
transition 7 my . and the ordering temperatures of the A- and
B-AFM phases Ta.apm and T apwm, respectively. We found
that TA—AFM and TBfAFM do not vary with P”[[()()]T or P||[110]T
in the present pressure range once they start to be observed.
In contrast, Tty exhibits substantial pressure dependence.
We infer that TR is a characteristic temperature of the
development of short-range magnetic correlation above the
underlying second-order AFM transition temperatures. We
attribute the increase of Tomy' with increasing Pjjoor or

205111-3



HARUKA TANIGUCHI et al.

(a)P// [100};

[«
T
&
[}
o
o
-

Il
o

M (10'3 emu/mms)
[¢]

>
3]

513 ]
O'sk (b) P// [110]¢
4510 prss 1
. ] -

M1 03 emu/mms)
S

w
T

0 50 100 150 200 250 300
T(K)

FIG. 4. (Color online) Temperature dependence of the magneti-
zation measured with a field of 5 T parallel to the pressure in the
field-cooling process for (a) Pyioo;r and (b) Pypiiorr. The closed
arrows around 115 K and 140 K indicate the peak and shoulder
structures, corresponding to the A-centered and B-centered AFM
transitions, respectively. The open arrows present the onset of the
AFM orders.

P 1107 to the appearance of a small fraction of the B-AFM
order. The enhancement starts at 0 GPa under P [;0jr, Whereas
at 0.2 GPa under P iq)-

IV. DISCUSSION

In the rest of this article, we discuss the origin of
the anisotropic pressure response of the electronic state of
Ca;RuOy. In particular, while the response of the magnetiza-
tion to Pjpojr is rather monotonic and qualitatively similar
to that to Ppydro, that to Pyiiojr is unusual in two regards.
(1) The FM magnetization increases twice, first between 0.1
and 0.4 GPa and then above 1.2 GPa [Fig. 3(d)]. (2) The clear
signature of the B-AFM phase is observed at substantially
higher pressure than the FM-M phase [Fig. 4(b)]. This is rather
surprising because under Phyqro the B-AFM phase emerges at
lower pressures than the FM-M phase and these two phases
coexist over a wide pressure range.®’

It is known that release of the flattening distortion is a
necessary condition for the FM-M phase. In combination,
reducing orthorhombicity is also important: there is a strong
orthorhombicity with a/b ~ 0.98 in the presence of the
flattening, whereas a/b is about 1.00 in its absence.>® Here
a and b are the orthorhombic lattice constants. Therefore, it
is naturally expected that the FM-M phase is favored by Py,
through the reduction of orthorhombicity. Locally, the pressure
along the b axis directly shortens the in-plane Ru-O length and
forces the RuOg octahedra to elongate along the ¢ axis more
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FIG. 5. (Color online) Pressure dependence of Ty and Tapm
for (a) Pypioorr and (b) Pypiio;r- Diamonds and reversed triangles
denote Tgy determined from magnetoresistance and magnetization,
respectively. Triangles, open circles, and closed circles indicate 7
Ta-arm, and Tg_apm, respectively. The insets schematically describe
the RuO, plane with the uniaxial pressure. The broken lines denote
the tilting axes. Because of the tilting, half of the O ions described
with the open circles are located above the undistorted RuO, plane,
while the others with the closed circles below the plane. Dotted lines
indicate a unit cell.

effectively (the right inset of Fig. 5). For the other in-plane
pressure directions, the strain is absorbed by the enhancement
of the tilting or/and rotation and only slightly affects the Ru-O
bond lengths.

For understanding the observed pressure responses, we
need to consider the presence of orthorhombic crystalline
twin domains. P ooyt corresponds to either Pj1p) Or Pj—p)
depending on domains (the left inset of Fig. 5). However, since
the effect on the lattice is expected to be equivalent between
P\l(a+b) and P||(a7b), the uniaxial pressure effect for P||[100]T
should be the same for both domains. The observed monotonic
pressure dependence of the magnetization for P oot 1S
attributable to such absence of the domain effect. In contrast,
the presence of a domain structure is expected to play a key
role under Pjior: smaller critical pressure of the FM-M
phase is expected for the domain under P, (the b domain)
than for the domain under Py, (the a domain). Therefore, the
nonmonotonic pressure dependence of the magnetization can
be understood naturally. First, the FM-M phase is induced
at Pypi10;r = 0.2 GPa within the b domain possibly with the
absence of the B-AFM phase, giving rise to the initial overall
increase of the magnetization. The decrease of magnetization
above 0.4 GPa [Fig. 3(f)] is likely to occur also in the
b domain. With increasing pressure, the FM-M phase is
induced within the @ domain above 1.2 GPa accompanied
by the B-AFM phase, resulting in the second increase of the
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magnetization [Fig. 3(f)] and the appearance of a shoulderlike
structure [Fig. 4(b)]. This extraordinary domain selectivity
highlights the uniqueness of uniaxial pressure that cannot be
systematically explored with Pyygro.

We note that the essential electronic difference between the
A- and B-AFM phases is in the orbital occupation of four Ru4d
electrons.”>3? In both phases each of three electrons occupies
the xy, yz, and zx orbitals, respectively, due to Hund’s
coupling. The A-AFM phase is realized in the ferro-orbital
state with the fourth electron occupying the xy orbital for
all Ru sites, whereas the B-AFM phase is realized in an
antiferro-orbital state with a partial xy-band occupation. The
observed anisotropy of the critical pressure of the B-AFM
phase should be related to this difference. Band calculation
of CayRuQy incorporating lattice distortions under in-plane
uniaxial pressures is needed for further discussion.

V. SUMMARY

To summarize, we investigated the in-plane anisotropy
in the uniaxial pressure effect on Ca;RuQO4. The smaller
uniaxial critical pressure of the FM-M phase than the hy-
drostatic one demonstrates the advantage of the in-plane

PHYSICAL REVIEW B 88, 205111 (2013)

uniaxial pressure for changing the electronic state of Ca;RuQy.
We revealed highly anisotropic pressure-temperature phase
diagrams among the AFM and FM phases. The possible
absence of the B-AFM phase around the emergence of
the FM-M phase under P ;v suggests the pressure along
the orthorhombic b axis induces an electronic state different
from those under Pyyqdro. As a future investigation, it is worth
searching for superconductivity using uniaxial pressure in the
hope that superconductivity can emerge at a pressure lower
than Pyygo = 10 GPa.
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