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Tuning the electronic and magnetic states of Ca,RuQ,4 with proton evolution

Di Tian®,!" Ludi Miao,>3" Liang Si,*5-* Nathaniel J. Schreiber,® Shengchun Shen,! Jianbing Zhang R Xinyu Shu,!
Xiaochao Wang,* Hari P. Nair,® Jacob P. Ruf©,? Darrell G. Schlom ®,%7-3: Kyle M. Shen,””+* and Pu Yu® %%
IState Key Laboratory of Low Dimensional Quantum Physics and Department of Physics, Tsinghua University, 100084 Beijing, China
2Department of Physics, Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853, USA

3Departmem‘ of Physics, New Mexico State University, Las Cruces, New Mexico 88003, USA
4School of Physics, Northwest University, Xi’an 710127, China
3 Institut fiir Festkorperphysik, TU Wien, 1040 Vienna, Austria
$Department of Materials Science and Engineering, Cornell University, Ithaca, New York 14853, USA
"Kavli Institute at Cornell for Nanoscale Science, Ithaca, New York 14853, USA
8 Leibniz-Institut fiir Kristallziichtung, Max-Born-Str. 2, 12489 Berlin, Germany
°Frontier Science Center for Quantum Information, 100084 Beijing, China

® (Received 11 October 2023; accepted 29 June 2024; published 22 July 2024)

With strong correlations between lattice, spin, and charge degrees of freedom, the layered ruthenate
CayRuQ, has attracted considerable interest over the past few decades due to its metal-insulator transition,
antiferromagnetic-to-ferromagnetic transition, metamagnetic transition, and orbital ordering. Much effort has
been devoted to manipulating its crystalline structure through epitaxial strain, chemical substitution, and pressure
to clarify the underlying many-body physics and related quantum critical phenomena. Here we report a com-
prehensive proton intercalation study of Ca;RuQOy thin films and investigate their magneto-transport properties
arising from structural deformations and carrier doping. It reveals a rich phase diagram with distinct electronic
and magnetic ground states. Specifically, with increasing gate voltage during ionic liquid gating, the film first
evolves from an insulating state into a metallic state and then gradually turns towards an exotic Mott insulator.
Furthermore, we observed an emergent metamagnetic transition from a canted antiferromagnetic to a nearly
ferromagnetic state, a characteristic feature conventionally triggered by external magnetic field, but here with
electron doping. Our first-principles calculations reveal that these unexpected features could be attributed to the
proton evolution-induced synergistic structural distortion and electron doping during ionic liquid gating. Our
findings highlight the important role of both lattice and charge degrees of freedom in the intriguing electronic

states of Ca,RuQ, and provide an effective approach to uncover different properties in quantum materials.

DOI: 10.1103/PhysRevMaterials.8.074408

I. INTRODUCTION

CapRuOy4 has been the subject of intense research interest
over the last few decades initially due to its crystalline simi-
larity with Sr,RuQy, the first non-copper-layered perovskite
superconductor [1]. Being different from Sr,RuO, with an
ideal K;,NiF, structure, Ca,RuQy4 hosts orthorhombic distor-
tions featured by additional rotations and tilting of the RuQOg
octahedra [2], as shown in Fig. 1(a). These structural distor-
tions, which are attributed to the smaller ionic radius of Ca%*
as compared to Sr>*, lead to stronger electronic correlations
as well as larger crystal field splittings within the f,, orbitals.
Consequently, the electronic band structure in Ca,RuQy is
remarkably modified so that its ground state becomes an
antiferromagnetic (AFM) Mott insulator [2,3], in stark con-
trast to the unconventional superconducting state in Sr,RuQOy.
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Excitingly, the strong interplays between the spin, lattice, and
charge degrees of freedom in Ca;RuQ,4 give rise to exotic
behavior including orbital ordering [4,5], magnons with Higgs
mode [6,7], metal-to-insulator transitions [2,8], nonlinear op-
tical response [9,10], and a metamagnetic (MM) transition
[11-14]. On top of that, it is expected that the ground state of
CayRuQy is very sensitive to external structural manipulation,
providing a great opportunity to investigate the evolution of
corresponding quantum correlated phenomena. For example,
both electronic and magnetic properties of Ca,RuO4 have
been successfully tuned through applications of chemical
substitution [15-19], pressure [20-22], and epitaxial strain
[23-25].

These fascinating phenomena clarify the critical role of the
lattice degree of freedom (lattice distortion) for the electronic
and magnetic states in Ca;RuO4 Nonetheless, it remains
largely unexplored how the charge degree of freedom (i.e.,
electron doping) would influence these corresponding prop-
erties through both the intrinsic band filling and the coupling
with other degrees of freedom. Besides, to unveil the com-
plicated interactions in this Mott system, it is of fundamental
importance to reveal how the electronic states would evolve

©2024 American Physical Society
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FIG. 1. Proton evolution through ionic liquid gating in Ca,RuQy thin films. (a) Schematic illustration of the crystalline structures of
Sr,Ru0O, and Ca,RuOy,. The structures are viewed along the pseudocubic [100] direction. (b) XRD spectra of Ca,RuQ, thin film grown on
a LaAlOj; substrate. The diffraction peaks for LAO substrate are denoted by asterisks. (c) Temperature dependence of longitudinal resistivity
Pxx (upper panel) and corresponding differential curve (dp/dT, lower panel) measured on a pristine Ca,RuQ, film. The dashed lines indicate
three characteristic temperatures. For p,, the blue and red lines denote the sweep directions of temperature. (d) Schematic illustration of the
experimental setup for the ionic-liquid gating induced proton evolution. (e) Evolution of the Ca,RuO,4 (006) diffraction peak as a function of
gating voltage (Vi) during the ionic liquid gating. During ionic liquid gating the XRD peak position moves from 44.4° to 43.2° due to the
proton-intercalation-induced chemical expansion. (f) Measurements of the hydrogen concentrations from both pristine and gated (at 3.5 V)
Ca,RuO; films. The intensity of AI’* was used to identify the position of interface between the film and the substrate.

with band filling, which might lead to the discovery of uncon-
ventional phase transitions. However, this previously faced a
grand challenge to pursue due to the lack of effective methods
to achieve pronounced charge doping into these Ru oxides.
For instance, although substitution of Ca with La or Pr can
achieve electron doping, the doping level is relatively low, and
a complete phase diagram upon electron doping still remains
elusive [26-28]. Fortunately, recent studies have demonstrated
that the magnetic and electronic state of the perovskite ruthen-
ates StRuO; and CaRuO;3; can be modified through ionic
liquid gating (ILG) [29-31] and hydrogen spillover [32],
where the ILG-induced proton intercalation introduces sub-
stantial electron doping and structural modifications, leading
to the exotic magnetic transitions. Therefore, we were able to
address the issue about the evolution of the electronic states of
CayRu0O, along with charge doping. Specifically, we studied
how the evolution of the #,, orbital occupation is correlated
with the electronic and magnetic properties of Ca;RuOy,
which has been a longstanding elusive issue [33—43].

In this paper we carried out a comprehensive ILG study and
detailed first-principles calculations on Ca;RuOy thin films
to trace its corresponding electronic and magnetic transitions
through in sifu structural and magneto-transport measure-
ments. Pristine Ca;RuO4 under compressive strain is metallic

with a canted AFM order at low temperature. With ILG, its
conductivity is first enhanced and then significantly decreased
and eventually turned into an insulating state that has not been
previously observed in a perovskite ruthenate to the best of
our knowledge. Furthermore, the magnetic ground state of
ILG-Ca;RuO4 holds great similarity with pristine Ca;RuQOy4
under high magnetic field, which indicates an ILG-induced
MM transition in this system. Theoretical calculations reveal
that these exotic states could be understood as the synergis-
tic evolutions of both electron filling as well as correlation
enhancement due to the ILG-induced electron doping and
corresponding structural deformation.

II. RESULTS

A. Proton intercalation in Ca,RuQy thin films

In this study, we used the Ca,RuQy thin (~22 nm) films,
grown on LaAlO;3 (001) (LAO) substrates by oxide molecular
beam epitaxy method (see methods in Supplemental Material
[44]). Figure 1(b) shows the high-resolution x-ray diffrac-
tion (XRD) pattern of a representative thin film, confirming
a single phase with good crystallinity. The films are coher-
ently grown with the tensile strain of ~1%, as revealed by
x-ray reciprocal space mapping (RSM) (Fig. S1 [44]). The
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temperature-dependent resistivity (poxx) of the pristine thin
film is shown in the upper panel of Fig. 1(c), which qual-
itatively agrees with previous reports [24,25]. In this curve,
three characteristic temperatures 7%, Ty, and Tyt [24] could
be identified, based on the first derivative of pyy [see the lower
panel of Fig. 1(c)], which are 8 K, 135 K, and 195 K for
the FM-like transition, AFM transition, and metal-insulator
transition, respectively. Below T*, Ca;RuQO,4 shows a drop in
Pxx With non-Fermi-liquid behavior (Fig. S2 [44]). Since we
do not observe any well-defined hysteresis behavior in the MR
and Hall measurements until the lowest temperature, and the
loop in its Hall resistivity seems weak [Figs. 3(a), S3, and S4
[44]], we refer the T* as a transition into a canted AFM state.
We note that this assignment is consistent with the previously
reported “B-centered” magnetic mode in bulk Ca,RuQy [2],
exhibiting in-plane AFM ordering with FM coupling between
layers.

Proton evolution and the corresponding electron doping
was realized by the setup illustrated in Fig. 1(d). With the
application of a positive gate voltage (Vi) between the Pt
electrode and the sample, the residual water within the ionic
liquid is electrolyzed, and protons were created and injected
into the sample. In the process, electrons were also injected
into the sample from the bottom electrode to maintain charge
neutrality [29,54,55]. We first performed in situ x-ray diffrac-
tion (XRD) measurements of the thin film during ILG. As
depicted in Fig. 1(e), for V; smaller than 1.5 V, the Ca;RuOy4
006 diffraction peak stays almost unchanged, while above 1.5
V this peak slowly shifts towards a lower angle and even-
tually saturates at 3.5 V with a relative lattice expansion of
~2.2%. The elongation of crystalline structure along out-of-
plane direction through proton intercalation was also found in
previous studies of oxide films [29,30,54,55]. We note that
this gradual structural modification along ILG provides an
equally important opportunity to manipulate the electronic
and magnetic properties of Ca;RuO4. We also carried out
ex situ secondary ion mass spectrometry (SIMS) measure-
ments on ILG-samples, as shown in Fig. 1(f). Compared with
a pristine sample, there is a notable increment of hydrogen
concentration in the gated film, confirming the presence of
proton intercalation during ILG.

B. Evolution of electronic states through proton intercalation

To explore the impact of ILG-induced proton evolution on
the electronic properties of Ca,RuQy films, we carried out in
situ electrical transport (pxx). The data, shown in Figs. 2(a)
and 2(b), clearly reveal a two-step evolution around 1.5 V.
This transition is also consistent with the observed character-
istic voltage during the in siru XRD studies, where the notable
structural transition occurs above 1.5 V.

In measurements below 1.5 V [Fig. 2(a)], the metallicity
is gradually developed, while the metal-insulator transition
temperature Ty is largely suppressed. Eventually, at about
1.45 V, the sample becomes metallic over the whole range
of temperatures. The canted AFM transition, identified as
a downturn in pyx at low temperature, stays robust in the
ILG measurement, as verified by peaks in dp/dT around
8K in Fig. 2(c). On the other hand, the AFM transition, ini-
tially at 135 K, is gradually suppressed along the expanding

metallic region. In addition, as guided by the gray solid line in
Fig. 2(a) and blue dotted line in Fig. 2(b), the slope of the T-
linear part above Tyt remains nearly the same, which implies
that changes in electron-phonon scattering in this range are
negligible. This is consistent with the in situ XRD results in
which little structural change can be detected for Vg < 1.5 V.
Nonetheless, the carrier density of Ca;RuQy in this region is
already modified according to the Hall data measured at 100
K (see Fig. S5 [44]). Thus, we predominantly attribute this
enhanced metallicity below 1.5 V to an electron-doping effect
through hydrogenation. We note that the change of carrier
density (~3 x 10'®/cm?) is already substantially larger than
the range (10'*~10'5 /cm?) of electrostatic modulation across
an interface [56,57]. Therefore, we assign this change to
the proton intercalation-induced charge doping. Fortunately,
due to the relatively small proton concentration involved, the
structural deformation is not noticeable [58]. It is interest-
ing to note that previous study of VO, demonstrated that
metallization can be introduced through ILG-induced bulk
carrier delocalization [59], in which the intercalation of a
small amount of electron can lead to a substantial structural
deformation and then a dramatically enhanced conductiv-
ity. However, considering the small change of both crystal
structure and electrical conductivity observed in the current
system, this scenario can be safely excluded.

We next turn our focus to the second stage of evolution
with Vi > 1.5 V [Fig. 2(b)], which shows an opposite trend
with pxx developing an upturn with decreasing temperature.
The metallic region is first smeared out at low temperatures,
and the sample ultimately becomes insulating. Interestingly,
from the dp/dT analysis shown in Fig. 2(c), we observe the
emergence of a distinct transition at around 3-4 K, indicated
by the vertical gray dotted line, which might be related to the
presence of a new magnetic ground state induced by proton
evolution. For the final states at moderate temperatures above
this characteristic 7*, py can be fitted to the two-dimensional
Mott variable-range hopping model given by In(p) o< T~'/3,
as shown in Fig. 2(e).

To sum up, the process of proton intercalation in Ca;RuQy4
electronically drives a nonmonotonic evolution of pxy, and the
Tvir at different Vi is summarized in Fig. 2(f). We note that in
contrast to previous studies of ILG on perovskites of StTRuO3
and CaRuOs, in which the samples remain metallic through
proton intercalation, the current study of CayRuQj reveals a
well-defined Mott insulating state, which highlights the im-
portant role of dimensionality for ruthenates. Moreover, the
electrical conductivity of the gated film can be largely restored
through thermally induced dehydrogenation (Fig. S6 [44]),
which clearly suggests that the film quality is not deteriorated
during the ILG.

C. Metamagnetic transition through proton intercalation

Next, we investigate the evolution of the magnetic states
by measuring the evolution of magnetoresistance (MR) and
anisotropic magnetoresistance (AMR) through ILG. Fig-
ure 3(a) shows the temperature-dependent in-plane MR of
for pristine Ca;RuQO4, measured with both current / and
magnetic field B applied along the [100], direction. Be-
low T*, it displays a pronounced positive peak around
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FIG. 2. In situ magneto-transport measurements through ILG-induced proton evolution. (a, b) Temperature dependence of resistivity py«
at systematically increased gating voltage (Vi) below 1.5 V (a) and above 1.5 V (b). (c, d) Corresponding differentiate resistivity (dp/dT) as
functions of temperature at Vi; below 1.5 V (c) and above 1.5 V (d). (e) Analysis of the low-temperature resistivity in the insulating states at Vi
of 3 V and 3.5 V. Black dashed lines indicate linear fits above 6 K. (f) Evolution of the metal-insulator transition temperature (Tyyr) at different

gate voltages through ionic liquid gating.

B =4 T, beyond which it decreases and becomes negative
at sufficiently large field. This MR behavior coincides with
the MM transition found in Ca; gSrg,RuQy4, which is associ-
ated with a field destabilization of AFM coupling and leads
to a state dominated by ferromagnetic-like states [11-14].
Considering the fact that compared with bulk Ca;RuQy,
Ca; gSrp,RuO, has slightly elongated RuOg octahedra with
shorter in-plane lattice parameters and longer c-axis [16], the
in-plane compressive strain provides similar structural mod-
ulation to Ca,RuQy films, which could lead to the existence
of field-induced MM transition in this system. Nevertheless,

the out-of-plane MR increases positively and monotonically
from O T to 9 T below T* (Fig. S3 [44]), but with a tendency
to saturate, indicating a larger MM transition field above 9 T
along the c axis.

Similar to the electrical resistivity, the evolution of MR is
also not monotonic through ILG. Below 1.5 V [Fig. 3(b)], the
MM transition behavior is fairly well preserved, although the
amplitude and position of its transition peak are moderately
changed likely due to the electron doping. In contrast, for
Ve > 1.5 V [Fig. 3(c)], the MR shifts downwards with an
initial broadening of the MM transition peak. With further
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FIG. 3. Evolution of metamagnetism in Ca,RuQy, through ILG. (a) Magnetoresistance [MR = py (H)/pxx(0)—1] as a function of magnetic
field for the pristine Ca,RuOy thin film at various temperatures. The magnetic field was applied along the in-plane direction parallel to the
current as shown in the inset. (b, ¢) Magnetoresistance results measured at 2 K under different V; below 1.5 V (b) and above 1.5 V (¢). (d, e)
Field dependence of in-plane anisotropic magnetoresistance [AMR = py(¢)/pxx(0)—1] results as a function of angle (¢) between current and
in-plane magnetic field [as illustrated in the inset of (g)] for pristine (d) and gated (at 3.5 V) (e) samples. Measurements were carried out at 2
K. (f) AMR measurements at 2 K of the pristine state measured at 2 T and 9 T, as well as AMR results for the gated state at 2 T (multiplied by
a factor of 6). The black solid lines are the corresponding fitting curves using Eq. (1). (g) Decomposed fourfold components from the AMR

fitting results for all three states shown in (f).

increase of Vg, the MR becomes completely negative and
the MM transition disappears, indicating a FM interaction is
gradually developed. This is a reflection of the crucial role of
lattice distortion in the magnetic state of Ca;RuQy, recogniz-
ing that the elongation of the ¢ axis occurs at this stage as
well.

To gain a deeper understanding of the magnetic transi-
tion in this system, we measured the field-dependent in-plane
AMR (pxx(¢)) before and after ILG. Figure 3(d) shows the
pristine AMR (at 2 K) as a function of ¢ between B and [
under different fields. For clarity, all curves are shifted ver-
tically. At low field, the results can be decomposed into a
superposition of data with twofold and fourfold periodicity.
It is noteworthy that a similar AMR effect with a mixture
of twofold and fourfold symmetric components was reported
in other canted AFM systems especially layered Sr,IrO4 and
(Sr, Ca)IrO3/SrTiO5 heterostructures [60—-63]. For these ma-
terials, the twofold symmetry in AMR was proposed to be a
signature of magneto-elastic coupling, which gives rise to an
orthorhombic distortion under external magnetic field leading
to the enhanced uniaxial anisotropy [60,64]. The fourfold
signal in AMR is suggested to be associated with the intrinsic
biaxial magnetocrystalline anisotropy [60,63] imposed by the
pseudocubic LAO substrate. From Fig. 3(d), with increasing
magnetic field, the AMR undergoes a transition to a state with

dominant fourfold symmetry at B =9 T. These curves are
also illustrated by polar plots in Fig. S7 [44] for clarity. Addi-
tionally, the positions of peaks in the AMR curves measured
at low fields are shifted by approximately 45° for high-field
measurements. For example, as indicated by gray dotted lines
in Fig. 3(d), the local maximum of AMR at about ¢ = 0°
under B = 1.5 T, moves to near ¢ = 45° for B=9 T; and
likewise, the local minimum at ¢ = 45° evolves to ¢ = 90°.
Consistent with our MR measurements for the pristine state,
the transformation of the AMR above B = 4 T also suggests
the occurrence of a MM transition.

In comparison, the AMR measured at 2 K for the sample
gated at 3.5 V shows no sign of a magnetic transition [Fig. 3(e)
and Fig. S8 [44]], which is also in agreement with the MR re-
sults for Ca,RuQO,4 under large gate voltages. We point out that
the peaks and minima in Fig. 3(e) show up at similar angles as
in the AMR of pristine Ca;RuOy4 at B = 9 T. This observation
implies the similarity in magnetic states between Ca;RuQOy, at
high fields above MM transition and Ca,RuQ, after proton
intercalation. More importantly, the AMR of gated (at 3.5 V)
CapRuOy in Fig. 3(e) shows great similarity to the previously
reported AMR of Ca; gSrg,RuO4 at high fields across the
metamagnetic transition [13].

To clarify the detailed AMR transition under external field
and ILG, we adopted an empirical expression to analyze the

074408-5



DI TIAN et al.

PHYSICAL REVIEW MATERIALS 8, 074408 (2024)

(a)

200 - [ .\\ T T T T

100 F s

PM-|

T(K)

10¢F 1

00 05 10 15 20 25 30 35
Gate voltage (V)

©
eg)
o
(9}

—0Q
-2
(]

e

—0

N
N
o

T
~Q,

—Q

1

Ru-0-Ru bond angle y (d

-
w

5 1 L L 1
0.00 0.25 0.50 0.75 1.00
Doping level (x)

—
O
-

L Ca,Ru0, .

- Spin up ﬂ\ .
5} Spin doan\/\/Wv ——dy——dy,
-1.0 - d,—— dz 2

[ Xz
15 dzz -
20 | | ]

15[ H0 5Ca2RuO ]

JE e
osp VIO —dxy—dyz5

1.0F d—— dey]
15 d, .
-2.0 f } t
20 HCazRuO ]
1.5

1.0 F .
05} ]
0.0 ]
-0'5 L —dxy— dyz 4
-1.0 de d 2, 2 ]
15| d,e ]
2.0 : 1 . 1 . . 1 :

3 2 -1 0 1 2
E(eV)

DOS (1/eV)
Soo N
g O o0 O o O

—~
O
-~

DOS (1/eV)

(

o
-

T

T

DOS (1/eV)

FIG. 4. Evolution of electronic and magnetic states of Ca,RuQ, through ILG-induced structural modification and electron doping. (a)
Schematic phase diagram of the Ca,RuQO, with ILG. The pristine state is a canted AFM metal (CAFM-M) below 8 K, while with increasing
temperature it goes through a series of intermediate states including an AFM insulating (AFM-I) state and a paramagnetic insulating (PM-I)
state, and then finally becomes a paramagnetic metal (PM-M) at ~200 K. At a mild gating voltage slightly lower than 1.5 V, the intermediate
insulating region is suppressed to achieve a pronounced paramagnetic metallic state. As V;; continues to increase above 1.5 V, the ground state
of Ca,RuQy evolves into a near FM insulator (NFM-I) at lower temperature, and a paramagnetic insulator (PM-I) at higher temperatures. (b—d)
Spin-polarized density of states (DOS) of Ca,RuO, (b), HysCa,RuO, (c), and HCa,RuOy (d) obtained through DFT + U calculations. The
vertical dashed line denotes the position of the Fermi level, which is taken to be the origin of the horizontal axis. (e) Calculated Ru-O-Ru bond
angles at different proton doping levels (x) of HyCa,RuQO,. The inset figure shows an illustration of the octahedral rotation of the Hy 5Ca,RuQ,

layer viewed from the c-axis direction.

measured angular-dependent resistivity pxx(¢) as,

= Cy + G cos[2(¢ + ¥2)] + Cy cos[4(p + Ya)],
()

where Cy, C,, and Cy are fitting constants, and cos[2(¢ + )]
and cos[4(¢ + ¥4)] account for contributions from twofold
and fourfold components, respectively. In Fig. 3(f) we dis-
play the fits of AMR data for three representative states
that correspond to pristine states at low field (B =2 T) and
high field (B =9 T), as well as the gated state at low field
(B =2 T). All three curves are well described using Eq. (1)
in Fig. 3(f). Considering previous studies of Ca; gSrp,RuOy,
which revealed that the emergence of the MM transition is
essentially connected with the fourfold periodicity in AMR
[13], we extract the fourfold contribution from AMR of all
these states. As plotted in Fig. 3(g), a comparison between
pristine AMR at B =2 T and B = 9 T clearly shows that the
MM transition in Ca;RuQy4 leads to a phase shift of 45° in
its fourfold component. Interestingly, the AMR of the gated
state at B =2 T has the same amount of phase shift as that
of the pristine state at B =9 T. This result clearly suggests
that proton intercalation induces a MM transition in Ca;RuQOy4

Pxx (@)

films, and the magnetic state after the MM transition is close
to FM [11-14], in accordance with the negative MR observed
in Fig. 3(c). We want to remark that in contrast to the con-
ventional field-induced MM transitions, the MM transition
observed in the current study is driven by the ILG-induced
electron doping.

D. Discussion

With the picture of electronic and magnetic evolution with
ILG, we are able to construct a phase diagram to summarize
the properties of Ca,RuQy as a function of gate voltage and
temperature, as shown in Fig. 4(a). The initial state is metallic
with canted AFM order at low temperature, followed by an
insulating region dominated by AFM order, and then a metal-
lic state at higher temperatures. The intermediate insulating
region is gradually narrowed with ILG, and eventually a com-
pletely metallic state is developed around 1.5 V. Specifically,
the electron doping through ILG gradually turns the insulating
state of our sample into a metallic state, leading to the suppres-
sion of Ty, as reflected in Fig. 4(a). We tend to attribute this
change to an intrinsic change of electronic state of Ca;RuQ4
through electron doping. However, we note that in the vicinity
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of the metal-insulator transition, there often exists a mixed
phase of metallic and insulating phases [18], and thus it might
also be possible that the ILG induces a mixture of metallic and
insulating Ca;RuOy along this phase transition. Nevertheless,
the essential feature of these two scenarios is the emergent
metallic state through hydrogenation-induced doping, which
will be further elaborated through theoretical calculations as
shown below, while, further increase of Vi triggers signifi-
cant structural modifications of Ca,RuQ, [Fig. 1(e)], and the
sample becomes insulating for the whole temperature range
studied, and a near FM state is developed below ~4 K, result-
ing from a MM transition triggered by ILG-induced electron
doping.

To further unveil the underlying mechanism of the elec-
tronic and magnetic transitions in Ca;RuQO, through ILG,
we performed density-functional theory calculations with
Coulomb corrections (DFT+U) to investigate the effects
of proton intercalation on the 4d orbitals of Ru ions.
The details are presented in the Supplemental Material
[44]. The optimized crystalline structures of H,Ca;RuQOy4
(x =0.25, 0.5, 1) are shown in Fig. S9 [44], in which at
lower hydrogen concentrations the introduced protons tend
to form O-H bonds with the apical oxygen ions of the RuOg
octahedra (x = 0.25) at the CaO layer, while at higher con-
centrations they are bonded with the equatorial oxygen at the
RuO; layers.

Figures 4(b)—4(d) present the calculated spin-polarized
band structures for the pristine Ca;RuQO,4, moderately pro-
tonated HpsCa,RuO4 and highly protonated HCa;RuO4
samples, respectively. The pristine Ca;RuQy is shown to pre-
fer an in-plane G-type antiferromagnetic order (Table. S1
[44]), consistent with our experimental observations of sig-
nificant positive MR [Fig. 2(a)] and weak magnetization (Fig.
S10 [44]) at 2 K. While this G-type AFM causes the existence
of a sizable band gap (Fig. 4(b)), we attribute the drop in pxx
below T* of the pristine Ca,RuQ, [Fig. 1(c)] to the canted
AFM-induced enhancement of conductivity, which is similar
to that found in SryIrO4 [61]. Our theoretical calculations
reveal that with the in-plane lattice parameters fixed by the
compressive strain from LAO substrate, the intercalation of
protons into the RuO, layers leads to a decrease of the Ru-O-
Ru bond angle as depicted in Fig. 4(e), indicating an enlarged
rotational distortion of the RuOg¢ octahedra. Consequently, the
hybridization between the equatorial oxygen and the d,, states
is weakened, which results in a downward shift of d, band
[65]. Combined with the proton evolution-induced electron
doping effect, the system is expected to be more conduc-
tive. This is manifested in Fig. 4(c) that the unoccupied d,,
orbital moves toward the Fermi level, and the band gap of
HysCayRuQy is remarkably reduced. With further increasing
Vs, the Ru ions would be dramatically doped with electrons as
demonstrated in the perovskite STRuO3 and CaRuOs; [29,30],
approaching a band configuration with five electrons occu-
pying f,, orbitals. Additionally, the in-plane Ru-O-Ru bond
angle continues to decrease to 136° in HCa,RuOy [Fig. 4(e)].
As a result, the hybridization among 4d orbitals of Ru is
strengthened, and the electron correlation effect is tremen-
dously enhanced, which leads to a narrower bandwidth and the
emergence of a larger band gap in the electronic configuration
of HCa,RuOy, as shown in Fig. 4(d), indicating the tendency

towards a Mott insulating state. This evolution of electronic
band structure along the proton evolution is qualitatively con-
sistent with the nonmonotonic evolution of p,, we observed
in the ILG experiment. The significant modulation of the
band dispersion of Ca;RuQ, can also be clearly seen in the
calculated non-spin-polarized band structures for the pristine
and protonated samples (see Fig. S11 [44]). Besides, the larger
distortion weakens the super-exchange interaction mediated
by the oxygen ions and enhances the direct-exchange interac-
tion between Ru ions. Accordingly, the in-plane ferromagnetic
coupling becomes dominant in the HCa,RuO,4 phase, and
consequently both FM and A-type AFM orders become more
energetically stable compared to the G-type AFM order in
pristine CayRuO,4 (Table. S1 [44]), which explains the ob-
served near FM state under high gate voltage. The relatively
low transition temperature should be attributed to the strong
magnetic instability caused by the competition between FM
and AFM interactions.

It is worth noting that the insulating state of HCa,RuO4
with strong electron correlation is distinct from the results
of the previous studies of this material. Both the strontium-
doped bulk system Ca,_,Sr,RuO4 [15-19] and pressurized
pure single crystals [20-22] reveal a metallic state through
structural modification in which the ¢ axis is elongated. Mean-
while, researchers also demonstrated that the substitution of
Ca with La or Pr can also lead to a metallic state with slight
electron doping [26-28]. In this work, with the application
of the ILG-induced proton evolution, we significantly extend
the phase diagram upon electron doping in this interesting
oxide system, and achieve an exotic insulating state with
five electrons on the 4d orbitals and a moment S = 1/2
per Ru ion (Table S2 [44]). It is interesting to note that
HCayRuO,4 shows great similarities in terms of structure and
magnetic configuration with Sr,IrOy, a layered Mott insulator
with Jegr = 1/2 state [66]. While different from Sr;IrQy, in
which the band gap is introduced through the combination of
spin-orbit coupling and Coulomb interaction, the band gap in
HCa,RuOy is caused predominately by the strong electron
correlation due to the structural deformation. Since many
intriguing correlated phenomena including Fermi arcs, pseu-
dogaps, and nontrivial broken symmetry phases have been
observed in the electron-doped and hole-doped Sr;IrO4 in
proximity to its Mott state [67-70], we believe that the re-
alization of HCa,RuO,4 with § = 1/2 provides an interesting
platform to explore the extraordinary hidden phases in the
quasi-two-dimensional layered perovskites. Furthermore, our
Hall measurements reveal a sign change of Hall resistivity
(at 2 K) when Vg exceeds 1.5 V (Fig. S12 [44]), which can
be attributed to the change of Berry curvature with electron
doping. Knowing that the electric field-induced Mott transi-
tion provides a pave way for the next-generation nonvolatile
memory [71], the realization of the exotic insulating state of
HCa,RuO, through proton intercalation in this work may also
inspire more high-performance Mott memory devices.

III. CONCLUSION

In summary, we present an experimental and theoreti-
cal study of the evolution of electronic and magnetic states
of Ca,RuOy4 thin films through the ILG-induced proton
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intercalation. We attribute the ground state evolution to
the manipulation of both the charge and lattice degrees of
freedom, in which the electron doping first enhances the
metallicity of Ca,RuQy at lower doping level, then with sub-
sequent structural deformation, the system is driven into an
insulating state in proximity to ferromagnetism. Our work not
only helps us to understand the complex magnetic transitions
in CapRuO,4 and enriches the phase diagram of ruthenates,
but also displays a promising opportunity to manipulate the
electronic and magnetic properties of correlated quantum
materials.
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