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Lattice flexibility in Ca;Ru,0;: Control of electrical transport via anisotropic magnetostriction
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Ca3Ru, 07 is a correlated and spin-orbit coupled system with an extraordinary anisotropy. It is both interesting
and unique largely because this material exhibits conflicting phenomena that are often utterly inconsistent
with traditional precedents, particularly, the quantum oscillations in the nonmetallic state and colossal mag-
netoresistivity achieved by avoiding a fully spin-polarized state. This work focuses on the relationship between
the lattice and transport properties along each crystalline axis and reveals that application of magnetic field,
H, along different crystalline axes readily stretches or shrinks the lattice in a uniaxial manner, resulting in
distinct electronic states. Furthermore, application of modest pressure drastically amplifies the anisotropic
magnetoelastic effect, leading to either an occurrence of a robust metallic state at H ||hard axis or a reentrance of
the nonmetallic state at H ||easy axis. Ca;Ru,O; presents a rare lattice-dependent magnetotransport mechanism,
in which the extraordinary lattice flexibility enables an exquisite control of the electronic state via magnetically
stretching or shrinking the crystalline axes, and the spin polarization plays an unconventional role unfavorable
for maximizing conductivity. At the heart of the intriguing physics is the anisotropic magnetostriction that leads

to exotic states.
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I. INTRODUCTION

Ruthenates host extended 4d-electron orbitals and com-
parable energy scales among onsite Coulomb interactions
(0.5-3 eV), crystal fields, Hund’s rule energies, p-d orbital
hybridization, and spin-lattice (magnetoelastic) coupling.
Spin-orbit interactions (~0.16 eV) are weaker than the above
but consequential [1]. A combined effect of all these factors
renders an extraordinary susceptibility of the ground state to
lattice distortions that hallmarks this class of materials. The
contrasting ground states of sister compounds Ca,RuQ4 and
SrpRuOy is a testament to the decisive role the lattice plays,
in which the rotations/tilts of RuOg octahedra and the lack
thereof result in an antiferromagnetic (AFM) insulating state
[2] and superconducting state [3], respectively. Indeed, exter-
nal stimuli that couple to the lattice, such as magnetic field,
pressure, and electrical current, can readily generate strong
and often disproportional responses in structural and physical
properties [1].

CazRu,07 [4] is an archetype of this class of materials.
It exhibits signatures of most ordered states (except super-
conductivity) known in condensed-matter physics [1,5-12].
However, what makes it both unique and intriguing are its
coexisting contradictory phenomena that are often starkly
inconsistent with traditional arguments, and most strikingly,

*gang.cao@colorado.edu

2469-9950/2021/104(12)/L121119(7)

L121119-1

the strong quantum oscillations in the nonmetallic state
and colossal magnetoresistance achieved by avoiding a fully
polarized-spin state [9-11,13] (Fig. 1(a) [1]).

CazRu;07 undergoes an AFM transition at Ty = 56 K
while remaining metallic, and then an abrupt Mott-like transi-
tion at Ty = 48 K to a nonmetallic state [4]. The Ru4+(4d4)
ions host a low spin § = 1 state because of a large splitting
between the #,, and e, orbitals (>2eV) and the relatively
modest Hund’s rule energy (0.5-0.6 eV). It features a first-
order metamagnetic transition, H., at 6 T, when the magnetic
field, H, is applied along the b axis, the easy axis; at H > H.,
the magnetization along the b axis, My, gets nearly fully
polarized, reaching 1.80 ug/Ru or 90% of the anticipated
saturation moment (2 ug/Ru) for an § = 1 state [Fig. 1(a)]
[4,10]; note that the a and the b axis are reversed from those
in the references. A strong anisotropy field of 22.4 T due to
the spin-orbit interactions [8,14] renders a weakly polarized
magnetization along the a or ¢ axis, M, or M. [Fig. 1(a)]. What
is remarkably unusual is the corresponding magnetotransport
with H applied along the a, b, and ¢ axis, respectively. For
H||b axis or the easy axis, the spin polarization expectedly
reduces spin scattering, thus the c-axis resistivity, p.(H||b), by
one order of magnitude [10]; but, as H further rises, p.(H||b)
linearly increases instead by more than 30% [Fig. 1(a)]. In
contrast, for H||a axis, the hard axis, p.(H||a) is reduced
by three orders of magnitude [Fig. 1(a)] [10]; moreover, for
Hl|c axis, strong quantum oscillations occur, with p.(H||c)
tenfold smaller than p.(H||b) at 45 T [Fig. 1(a)] [9,11].
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FIG. 1. (a) The magnetic field dependence of magnetization for
the a, b, and ¢ axis, M,, M,, and M, (solid lines, left scale) and the
c-axis electrical resistivity p.(H||a), p.(H||b), and p.(H ||c) (dashed
lines, right scale) [1]. Note that the a-axis resistivity p, shows the
same behavior as p. does [10]. (b) The temperature dependence of
the a, b, and ¢ axis [11] and (c) the thermal expansion coefficient
o (blue and red lines, left scale) and the a-axis resistivity p, (black
line, right scale). Insets: Single-crystal Ca;Ru,O; and distorted basal
plane of the unit cell. Note that the shaded region in (b) highlights a
rapidly changing c axis in the interval 4048 K.

In short, the strong spin polarization, a hallmark of this ruthen-
ate, leads to the least reduction of resistivity, and the colossal
magnetoresistance and quantum oscillations are attained only
when such a spin-polarized state is avoided. Conventionally,
the spin polarization plays an essential role because it opti-
mizes electron hopping by minimizing spin scattering (e.g.,
Refs. [15,16]). The contradictory behavior in Fig. 1(a) (which
is also true for the a-axis resistivity p, [10]) points to a hidden
and yet particularly decisive component, the lattice. The appli-
cation of relatively low magnetic field enables the switching
between the distinct electronic states, which is another silent
feature contrasting with that of spin-mediated transitions often
facilitated by higher fields (e.g., 100 T or higher) owing to the
gap between spin states (e.g., Refs. [17-20]) (recall 10 T ~
1 meV). Such unusual transport has thus far escaped adequate
attention and remained largely uninvestigated despite more

than two decades of extensive studies of CazRu,O7 since its
discovery [4]. It is encouraging that recent efforts have gained
more insights into the ruthenate [12,21].

The hiatus in the understanding of this complex material
has motivated this work that investigates the relationship be-
tween the lattice and transport properties of single-crystal
Ca3Ru, 07 via magnetostriction and resistivity as functions of
magnetic field and pressure. Because of the highly anisotropic
nature of this material, these measurements are methodically
carried out along the a and b axis, respectively, so that a
direct correlation between the lattice and transport properties
along each crystalline axis can be established. Indeed, as this
work reveals, application of magnetic field along the a or
b axis readily stretches or shrinks the lattice in a uniaxial
manner, resulting in distinct electronic states. In addition,
this work also finds that application of modest hydrostatic
pressure not only considerably broadens the f,, bandwidth
but also drastically amplifies the anisotropic magnetoelastic
effects, which in turn leads to either an occurrence of a robust
metallic state when H||a axis (hard axis) or a reentrance of
the nonmetallic state when H||b axis (easy axis). All this
outlines a picture of lattice-dependent magnetotransport in
which the unusual lattice flexibility enables a control of the
electronic state via magnetically stretching or shrinking the a
or b axis, and the spin polarization plays an unconventional
role unfavorable for maximizing conductivity. Note that the
coupling between magnetostriction and transport/magnetic
properties has been reported in materials such as cobaltites
and manganites (e.g., Refs. [15-20]), in which magnetostric-
tive effects are isotropic, and the spin polarization always
remains an essential, favorable element that facilitates either
electron hopping [15] or transitions between different spin
states [19]. This is not the case in CazRu,0O7. The unusually
anisotropic magnetostriction is at the heart of the intriguing
physics of CazRu,07, hinting an analogy to multiferroics.

II. RESULTS AND DISCUSSION

The single crystals were grown using a flux method [5,22].
The dilatometer is made with four identical strain gauges
forming a Wheatstone bridge to cancel any unwanted changes.
Copper with a known thermal expansion coefficient [23] was
measured to ensure accuracy. See Ref. [24] for more experi-
mental details.

Caz;Ru,0; adopts an orthorhombic structure with
space group Bb2ym (No. 36) and lattice parameters
a=5.3720(6) A, b=5.5305(6) A, and ¢ =19.572(2) A
at room temperature [25]. Note that the a axis is significantly
shorter than the b axis, and their difference defines the
orthorhombicity, |a—b|/[1/2(a + b)] ~3% at ambient
conditions. The structure distortions are closely associated
with tilts of the RuOg octahedra [25]. The tilt projects
primarily onto the ac plane (153.22°, compared to 180°) and
only slightly affects the bc plane (172.0°) [25]. These bond
angles determine the overlap matrix elements between the 7,
orbitals, thus directly impact the band structure [5]. Indeed,
density-functional calculations indicate a complex coupling
of the d,, sheet with the d,; and d,, bands owing to the tilts of
RuOg octahedra, which causes the large electronic anisotropy
[8]. Moreover, the ¢ axis rapidly contracts by 0.1% below Ty
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FIG. 2. The magnetic field dependence of magnetostriction AL/L (a)-(f) for AL/L (H||a axis) and (A)—(F) for AL/L (H||b axis) at six
representative temperatures; (x), (y) Schematic illustrations of the magnetostrictive effects on the lattice. Note that H* is marked by the black

solid circles, and H, by the light-gray dashed line.

over an interval of 4048 K (Fig. 1(b) [11]), supplementing a
spin reorientation and orbital redistribution [10,26,27]. Below
40 K, the c-axis contraction completes, leading to compressed
RuOg octahedra [27]. The x-ray diffraction data show a weak
but discernible anomaly in the a axis near Ty but not near Ty
[Fig. 1(b)]. Using a sensitive dilatometer, this work uncovers
an abrupt, negative thermal expansion along both the a
and b axis occurring at Tyy [Fig. 1(c)]; the corresponding
thermal expansion coefficient o is —430 and —250 ppm/K
for the a and b axis, respectively. The nonmetallic state is a
consequence of these lattice changes that dictate the splitting
of d,,, d,, and d, orbitals. Previous studies indicate an
orbital order with a charge gap of ~0.1 eV [27-29] or a weak
orbital polarization in the nonmetallic state [30] or polar

domains [12]. Nevertheless, the overlap matrix elements
between the f,, orbitals, thus orbital order and disorder,
hinge on the orthorhombic distortions stabilized by the
tilts/rotations of RuOg octahedra.

Now let us turn to the magnetostriction, AL/L. L is the
lattice parameter, either the a or b axis; AL is the field-
induced change in the lattice parameter, defined as AL =
L(H)-L(0). AL/L is measured for both H||L and HLlL,
respectively, whose contrasting behavior reveals an exception-
ally anisotropic magnetostriction (Fig. 2). Two temperature
regions are assigned based on the response of the a and b axis
to H.

Inregion I (T < 40 K), two pronounced anomalies are ob-
served in both AL/L (H||a axis) [Figs. 2(a)-2(d)] and AL/L
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(H||b axis) [Figs. 2(A)-2(D)]. A sharp peak at H. =6T
corresponds to the first-order metamagnetic transition. As H
further increases, another broader yet distinct anomaly, H*,
emerges, marking an onset of a rapid decrease in the lattice
parameters. Unlike H., H* is strongly T dependent, decreas-
ing with increasing 7. An important trend is that when H||a
axis or L b axis, the a axis stretches but the b axis shrinks for
H < H* [Figs. 2(a)-2(d)]. In contrast, when H||b axis or L a
axis, the b axis expands more significantly whereas the a axis
shrinks for H < H* [Figs. 2(A)-2(D)].

The magnetostrictive effects are reversed in region II
(40 K < T <48 K). Both the a and b axis shrink instead
when H||a and b axis, respectively. For AL/L (H||a axis)
[Figs. 2(e) and 2(f)], the a axis decreases faster than the b
axis, whereas for AL/L (H||b axis) [Figs. 2(E) and 2(F)], the
b axis decreases faster than the a axis. Both a and b axis show
an anomaly at H*. The distinct behavior of AL/L suggests
a lattice environment different from that below 40 K because
the ¢ axis undergoes a rapid change in region II [Fig. 1(b)],
which accompanies the concurrent spin reorientation and or-
bital redistribution [5,10,26,27,29].

The data in Fig. 2 also invoke the dependence of the
magnetostriction on the magnetization and magnetic easy
axis: AL/L = (AL/L)S(300529—1)/2, where (AL/L); is the
saturation magnetostriction, and 6 the angle between the
magnetization and the easy axis [15]. The contrasting AL/L
confirms a different easy axis in regions I and II. In Figs. 2(x)
and 2(y), these magnetostrictive effects are schematically il-
lustrated but greatly exaggerated for clarity.

The magnetotransport exactly follows the magnetostriction
in an anisotropic manner (Fig. 3). The magnetoresistivity
pc(Hl|a) closely tracks Aa/a (H||a axis) and drops precipi-
tously at H* [e.g., Fig. 3(b)], whereas p.(H ||b) shows no such
changes at H* [e.g., Fig. 3(b)] but an expected drop at H,
[Figs. 3(b), 3(d), and 3(e)]. With varying details, the data in
Fig. 3 suggest two distinct, coexisting correlations: (1) When
H|la axis, p.(H||a) strictly traces H* but shows no response
to H., revealing a strong interlock between p.(H||a) and the
lattice, and (2) when H||b axis, p.(H||b) sharply responds
to H. but not at all to H*, confirming a close link between
pc(H||b) and the spins. Note that this behavior is also true
for p,.

Indeed, the T dependence of H* for H||a and H,. for H||bis
vastly different below 40 K [Fig. 4(a)]. H* decreases quickly
with T whereas H, remains essentially unchanged below
40 K. This distinction underscores a dissociation between H*
and H. as the former is related to the lattice and the latter
the spins. They are activated by different field orientations,
thus enabling the vastly different magnetotransport behaviors.
(Note that the T dependence of H. is consistent with that
reported in previous studies [4,10,26,27] where detailed spin
configurations are discussed).

Considering the anisotropic magnetoelastic coupling, our
investigation extends to include application of pressure, P,
so that the transport behavior can be probed as functions of
both P and H. The application of modest P rapidly sup-
presses Ty to 25.6 K at 20 kbar from 48 K at ambient
pressure at a rate of ATy/AP = —1.12 K/kbar, a result of
the #,, band broadening owing to the compressed unit cell
[Fig. 4(b)]. Remarkably, 7y changes at a much slower rate
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FIG. 3. (a)-(e) The magnetic field dependence of p.(H)/p.(0)
(solid lines, left scale) for H||a (thick blue lines) and H||b (thin red
line) and AL/L(H||L) (dashed lines, right scale) for comparison.
Note that the black dashed line is the guide to the eye joining H*,
and p.(H)/p.(0) for H||b is not displayed in (a) and (c) because it
remains essentially the same as that in (b).

of ATx/AP = —0.37 K/kbar, shifting merely to 48.6 K at
20 kbar from 56 K at ambient pressure [inset in Fig. 4(b)].
The unparallel response of Ty and Ty to P further under-
lines the unconventional correlation between the transport and
magnetic properties, in line with the fact that 7y and Ty do
not take place simultaneously (also recall 7Tyg = 357 K and
Ty = 110 K in CayRuOy [2,31]).

While kept at P = 20 kbar, p,(T) is measured at Hl|a
and b axis, respectively. At H||a axis, both p, and Ty
quickly decrease, and a metallic state emerges at 14 T, in
which p, is remarkably linear with 7 below 60 K, a sign
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of a non-Fermi liquid [Fig. 4(c)]. Conversely, at H||b axis,
both p, and Ty rapidly rise, compared to those at H = 0.
These opposing changes in p, and Ty confirm the anisotropic
magnetostriction—-H ||a axis complements the band broad-
ening by effectively reducing the orthorhombicity or tilts of
RuOg octahedra, resulting in a metallic state, whereas H||b
axis enhances the orthorhombicity, completely canceling the
effect of the pressure-induced band broadening, leading to a
full recovery of the nonmetallic state [Figs. 4(b) and 4(c)].

This is also evidenced in p,(H ) taken at 1.8 K and 20 kbar
[Fig. 4(d)]. Application of P further amplifies the lattice effect
of H* but reverses the spin influence of H. on p,(H). For
H|la axis, H* is approximately 17 T at ambient pressure
[Fig. 1(a)] and is now reduced to 7 T at P = 20 kbar, at which
pa(H||a) decreases by 87%. On the other hand, for H||b axis,
pa(H||b) increases rapidly at H. by 48% at P = 20 kbar,
starkly contrasting with the tenfold drop at H. at ambient
pressure [Fig. 1(a)]. This suggests that the spin configuration
is significantly altered by P although the onset of H, remains
essentially unshifted. The data in Fig. 4(d) further illustrate
two pairs of the distinct couplings: po(H||a) is coupled with
H* and p(H||b) with H..

III. CONCLUSION

A phase diagram as functions of both P and H is illus-
trated in Fig. 5. At H = 0, application of P readily suppresses
Ty because of the band broadening. At P = 20 kbar, the
added application of H leads to the non-Fermi liquid state
when H||a axis, which stretches the a axis, weakening the
orthorhombicity, but to a reentrance of the nonmetallic state
when H||b axis, which stretches the b axis, strengthening the
orthorhombicity—-the anisotropic magnetostriction enables a
controlled switching between the two opposing states.

The strongly anisotropic magnetoelastic coupling uncov-
ered in this work is activated by different field orientations,
and enables two pairs of distinctive couplings, i.e., p(H||a)
with the lattice and p(H||b) with the spins, thus the con-
trasting behavior of p(H||a) and p(H ||b). These phenomena,
which sharply contrast conventional magnetostriction due to
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elastic energy, evoke the reported polar domain structures
in CazRu,07, in which a strong coupling between the polar
moment and strain [12] could lead to the strong anisotropy
of the magnetoelastic effect, mimicking a multiorder cor-
relation in multiferroics, which merits more investigations.
Nonetheless, this work offers much-needed insights into the
intriguing physics of CazRu,07 and, perhaps, a paradigm for
an exquisite control of the electrical transport via anisotropy

of flexible lattices in spin-orbit coupled materials hosting a
delicate interplay of essential interactions.

ACKNOWLEDGMENTS

This work is supported by NSF via Grant No. DMR
1903888. G.C. is immensely thankful to Anshul Kogar and
Feng Ye for their insightful comments on this work.

[1] G. Cao and L. E. De Long, Physics of Spin-Orbit-Coupled
Oxides (Oxford University Press, Oxford, 2021), Chap. 4, p.
103.

[2] G. Cao, S. McCall, M. Shepard, J. E. Crow, and R. P. Guertin,
Magnetic and transport properties of single crystal Ca;RuQOj:
Relationship to superconducting Sr,RuQOy4, Phys. Rev. B 56,
R2916 (1997).

[3] Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita, J.
G. Bednorz, and F. Lichtenberg, Superconductivity in a layered
perovskite without copper, Nature (London) 372, 532 (1994).

[4] G. Cao, S. McCall, J. E. Crow, and R. P. Guertin, Observation
of a Metallic Antiferromagnetic Phase and Metal-Nonmetal
Transition in CazRu,07, Phys. Rev. Lett. 78, 1751 (1997).

[5] G. Cao, X. N. Lin, L. Balicas, S. Chikara, J. E. Crow, and P.
Schlottmann, Orbitally-driven behavior: Mott transition, quan-
tum oscillations and colossal magnetoresistance in bilayered
CazRu,07, New J. Phys. 6, 159 (2004).

[6] G. Cao and P. Schlottmann, CazRu,O;: A new paradigm for
spintronics, Mod. Phys. Lett. B 22, 1785 (2008).

[7] G. Cao, L. DeLong, and P. Schlottmann, Frontiers of 4d- and
5d-Transition Metal Oxides, edited by G. Cao and L. E. De Long
(World Scientific, Singapore, 2013), Chap. 6, p. 179.

[8] D. J. Singh and S. Auluck, Electronic Structure and Bulk
Spin-Valve Behavior in Ca;Ru,07, Phys. Rev. Lett. 96, 097203
(2000).

[9] V. Durairaj, X. N. Lin, Z. X. Zhou, S. Chikara, E. Ehami, P.
Schlottmann, and G. Cao, Observation of quantum oscillations
periodic in 1/B and B in bilayered Ca3;Ru,O7, Phys. Rev. B 73,
054434 (2006).

[10] X. N. Lin, Z. X. Zhou, V. Durairaj, P. Schlottmann, and G. Cao,
Colossal Magnetoresistance by Avoiding a Ferromagnetic State
in Mott System CazRu,07, Phys. Rev. Lett. 95, 017203 (2005).

[11] G. Cao, L. Balicas, Y. Xin, J. E. Crow, and C. S. Nelson, Colos-
sal magnetoresistance, quantum oscillations and magnetoelastic
interactions in bilayered Ca;Ru,07, Phys. Rev. B 67, 184405
(2003).

[12] S. Lei, M. Gu, D. Puggioni, G. Stone, J. Peng, J. Ge, Y. Wang,
B. Wang, Y. Yuan, K. Wang, Z. Mao, J. M. Rondinelli, and V.
Gopalan, Observation of quasi-two-dimensional polar domains
and ferroelastic switching in a metal, CazRu,O7, Nano Lett. 18,
3088 (2018).

[13] Note that recent studies on EusIn,Sbg [P. Rosa, Y. Xu, M. Rahn,
J. Souza, S. Kushwaha, L. Veiga, A. Bombardi, S. Thomas,
M. Janoschek, E. Bauer, M. Chan, Z. Wang, J. Thompson, N.
Harrison, P. Pagliuso, A. Bernevig, and F. Ronning, Colossal
magnetoresistance in a nonsymmorphic antiferromagnetic in-
sulator, npj Quantum Mater. 5, 52 (2020)] and Mn;Si,Teg [Y.
Ni, H. Zhao, Y. Zhang, B. Hu, I. Kimchi, and G. Cao, Colossal

magnetoresistance via avoiding fully polarized magnetization
in the ferrimagnetic insulator Mn3Si,Tes, Phys. Rev. B 103,
L161105 (2021)] report colossal magnetoresistance which, to
a different extent, is associated with fluctuations.

[14] S. McCall, G. Cao, and J. E. Crow, Impact of magnetic fields
on anisotropy in CazRu,07, Phys. Rev. B 67, 094427 (2003).

[15] J. M. D. Coey, Magnetism and Magnetic Materials (Cambridge
University Press, Cambridge, 2010).

[16] Y. Tokura, Critical features of colossal magnetoresistive man-
ganites, Rep. Prog. Phys. 69, 797 (2006).

[17] A. Asamitsu, Y. Moritomo, Y. Tomloka, T. Arlmat, and Y.
Tokura, A structural phase transition induced by an external
magnetic field, Nature 373, 407 (1995).

[18] M. B. Salamon and M. Jaime, The physics of manganites:
Structure and transport, Rev. Mod. Phys. 73, 583 (2001).

[19] M. M. Altarawneh, G.-W. Chern, N. Harrison, C. D. Batista, A.
Uchida, M. Jaime, D. G. Rickel, S. A. Crooker, C. H. Mielke, J.
B. Betts, J. F. Mitchell, and M. J. R. Hoch, Cascade of Magnetic
Field Induced Spin Transitions in LaCoO3, Phys. Rev. Lett. 109,
037201 (2012).

[20] V. V. Platonov, Y. B. Kudasov, M. P. Monakhov, and
O. M. Tatsenko, Magnetically induced phase transitions in
LaCoOs; in fields of up to 500 T, Phys. Solid State 54, 279
(2012).

[21] I. Markovic, M. D. Watson, O. J. Clark, F. Mazzola, E.
A. Morales, C. A. Hooley, H. Rosner, C. M. Polley, T.
Balasubramanian, S. Mukherjee, N. Kikugawa, D. A. Sokolov,
A. P. Mackenzie, and P. D. C. King, Electronically driven spin-
reorientation transition of the correlated polar metal CazRu,0-,
Proc. Natl Acad. Sci. 117, 15524 (2020).

[22] There are some differences in transport properties between the
flux- and floating-zone grown Caz;Ru,0O;. This is largely be-
cause the flux-grown single crystals are grown in air whereas
the floating-zone grown single crystals are grown in an oxygen-
rich environment. CazRu, 05 is known to be extremely sensitive
to impurity doping including oxygen doping [1].

[23] G. K. White and J. G. Collins, Thermal expansion of copper,
silver, and gold at low temperatures, J. Low Temp. Phys. 7, 43
(1972).

[24] Magnetic properties were measured using a Quantum Design
(QD) MPMS-7 SQUID Magnetometer. The measurements of
electrical resistivity and magnetostriction were carried out us-
ing a QD Dynacool PPMS System with a 14-T magnet. A
hydrostatic pressure cell compatible with the QD PPMS was
used for electrical resistivity as a function of pressure. Ther-
mal expansion and magnetostriction were measured using a
home-made dilatometer compatible with the QD 14T-PPMS-
Dynacool system. The dilatometer is made with four identical

L121119-6


https://doi.org/10.1103/PhysRevB.56.R2916
https://doi.org/10.1038/372532a0
https://doi.org/10.1103/PhysRevLett.78.1751
https://doi.org/10.1088/1367-2630/6/1/159
https://doi.org/10.1142/S0217984908016480
https://doi.org/10.1103/PhysRevLett.96.097203
https://doi.org/10.1103/PhysRevB.73.054434
https://doi.org/10.1103/PhysRevLett.95.017203
https://doi.org/10.1103/PhysRevB.67.184405
https://doi.org/10.1021/acs.nanolett.8b00633
https://doi.org/10.1038/s41535-020-00256-8
https://doi.org/10.1103/PhysRevB.103.L161105
https://doi.org/10.1103/PhysRevB.67.094427
https://doi.org/10.1088/0034-4885/69/3/R06
https://doi.org/10.1038/373407a0
https://doi.org/10.1103/RevModPhys.73.583
https://doi.org/10.1103/PhysRevLett.109.037201
https://doi.org/10.1134/S1063783412020266
https://doi.org/10.1073/pnas.2003671117
https://doi.org/10.1007/BF00629120

LATTICE FLEXIBILITY IN Ca3;Ru,0: ...

PHYSICAL REVIEW B 104, L121119 (2021)

KYOWA, type KFL strain gauges forming a Wheatstone
bridge with the sample mounted on one arm and the other
three as compensators to cancel unwanted changes in the
strain gauges due to changes in temperature and/or magnetic
field. The thermal expansion results are qualitatively consis-
tent with those independently collected from our sample at
Quantum Design but the values of o are smaller than those
of QD’s.

[25] G. Cao, K. Abbound, S. McCall, J. E. Crow, and R. P. Guertin,
Spin-charge coupling for dilute La-doped CazRu,0O;, Phys.
Rev. B 62, 998 (2000).

[26] W. Bao, Z. Q. Mao, Z. Qu, and J. W. Lynn, Spin Valve Effect
and Magnetoresistivity in Single Crystalline Ca3Ru,05, Phys.
Rev. Lett. 100, 247203 (2008).

[27] J. F. Karpus, R. Gupta, H. Barath, S. L. Cooper, and G. Cao,
Field-Induced Orbital and Magnetic Phases in Ca;Ru, 05, Phys.
Rev. Lett. 93, 167205 (2004).

[28] H.L.Liu, S. Yoon, S. L. Cooper, G. Cao, and J. E. Crow, Raman
scattering study of the charge and spin dynamics of the layered
ruthenium oxide Caz;Ru, 07, Phys. Rev. B 60, R6980(R) (1999).

[29] C.S. Snow, S. L. Cooper, G. Cao, J. E. Crow, S. Nakatsuji, and
Y. Maeno, Pressure-Tuned Collapse of the Mott-like State in
Ca,+1Ru, 05,41 (n = 1, 2): Raman Spectroscopic Studies, Phys.
Rev. Lett. 89, 226401 (2002).

[30] B. Bohnenbuck, I. Zegkinoglou, J. Strempfer, C. Schiifler-
Langeheine, C. S. Nelson, Ph. Leininger, H.-H. Wu, E. Schierle,
J. C. Lang, G. Srajer, S. I. Ikeda, Y. Yoshida, K. Iwata, S.
Katano, N. Kikugawa, and B. Keimer, Magnetic structure and
orbital state of CazRu, 07 investigated by resonant x-ray diffrac-
tion, Phys. Rev. B 77, 224412 (2008).

[31] C. S. Alexander, G. Cao, V. Dobrosavljevic, E. Lochner, S.
McCall, J. E. Crow, and P. R. Guertin, Destruction of the Mott
insulating ground state of Ca,RuQO,4 by a structural transition,
Phys. Rev. B 60, R8422 (1999).

L121119-7


https://doi.org/10.1103/PhysRevB.62.998
https://doi.org/10.1103/PhysRevLett.100.247203
https://doi.org/10.1103/PhysRevLett.93.167205
https://doi.org/10.1103/PhysRevB.60.R6980
https://doi.org/10.1103/PhysRevLett.89.226401
https://doi.org/10.1103/PhysRevB.77.224412
https://doi.org/10.1103/PhysRevB.60.R8422

