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A bandwidth-controlled antiferromagnetic Mott-insulating phase in Cas(Ru;_,Ti,),0; is realized through
isovalent substitution of the Ru site. For a dilute substitution with only 1% Ti, the Mott insulator ground state
remains nearly degenerate with the ground state of pristine CazRu,O;, where the Ru moments are ferromag-
netically aligned within the metallic RuO, bilayers, which are stacked in an antiferromagnetic fashion. The
exceptionally shallow free-energy landscape of this doped compound arises from intertwined electron—electron
and electron—lattice interactions. This makes its magnetic and transport properties highly sensitive to external
perturbations. We systematically investigated magnetic-field-induced phase switching in Caz(Rug 99Tig 01)207
to explore its magnetic H-T phase diagram. With the field applied along the easy b axis, parallel to the
antiferromagnetic moments, the magnetization exhibits a first-order spin-flop transition at ~6T, indicating
reorientation of the Ru moments perpendicular to the field. The transition is accompanied by a decrease in
the electrical resistance, but the spin-flop phase remains insulating. Above 10.5 T, all Ru moments align with the
b axis, resulting in a forced ferromagnetic metallic phase. In contrast, neither spin-flop nor forced ferromagnetic
phases are observed up to 14 T when the field is applied along the a axis. While the electronic kinetic energy
and the electron—lattice coupling contribute to the free-energy balance of this system, the resulting H-T phase
diagram is remarkably simple and closely resembles that of a canonical anisotropic antiferromagnet, albeit with

substantially renormalized critical fields.

DOLI: 10.1103/2696-28zn

I. INTRODUCTION

In 4d transition-metal layered perovskites, in particular
the ruthenates, the energy scales of competing collective in-
stabilities, intra-atomic spin—orbit coupling, and electronic
correlation strength are comparable. As a consequence, they
host a variety of nearly degenerate ground states ranging
from superconductivity and Mott insulating states to alter-
magnetism [1-6]. The degeneracy implies that even minor
chemical substitution or slight external stimuli—such as
pressure, electric field, and illumination—can significantly
affect the phase behavior and macroscopic properties [7-11].
A notable example of such electronic phase sensitivity to
small perturbations is bilayer perovskite calcium ruthenate
CazRu;,04. Its ground state is a correlated polar metal with
itinerant electrons within the antiferromagnetically (AFM)
stacked ferromagnetic (FM) RuO, bilayers [2,12-16]. Re-
markably, substituting just 1% of Ru with isovalent Ti, thus
minimally tuning the effective Ru electronic bandwidth, trans-
forms CazRu,0O; into an AFM Mott insulator [11,17-19],

“These authors contributed equally to this work.
TContact author: A.Boris@fkf.mpg.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Open
access publication funded by Max Planck Society.

2469-9950/2026/114(18)/185134(9)

185134-1

placing it in a regime where competing FM metallic and AFM
insulating phases coexist at nearly identical energies.

At room temperature, both CazRuO; and Ca;
(Rug.99Tip01)207 are paramagnetic metals (PM-M) with
an orthorhombic crystal structure, characterized by the
polar space group Bb2;m. Upon cooling, pristine CazRu,0
undergoes two consecutive isostructural magnetic transitions:
an A-type AFM-a ordering at Ty = 56 K, with FM alignment
along the a axis within the RuO, bilayers, followed by a
metamagnetic spin reorientation transition to the AFM-b
phase at T; = 48K, stabilizing a polar metallic state with
FM moments aligned along the b axis. In contrast, the 1%
Ti-substituted compound Cajz(Rug g9Tip ;)07 undergoes a
first-order metal-to-insulator transition (MIT) concomitant
with G-type AFM ordering, i.e., AFM alignment of the Ru
magnetic moments both within and between the bilayers
along the b axis (G-AFM-b), at Tyyr = Ty = 55K. This
transition is accompanied by significant disproportionate
changes in the crystal lattice parameters, and the itinerant
electronic behavior is replaced by charge localization coupled
in a robust manner to the spin alignment.

The confluence of electron—electron and electron—lattice
interactions renders the material extraordinarily sensitive to
external perturbations such as light illumination [11]. An
exceptionally shallow free-energy landscape of its G-AFM-
b Mott insulator ground state, nearly degenerate with the
metallic AFM-a, b state, highlights Cas(Rug.g9Tig01)207 as
a unique model system for building and testing a the-
ory of Mott transition dynamics in the presence of strong

Published by the American Physical Society
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electron—lattice coupling. Although the response to magnetic
fields has been investigated extensively in Cas(Ru.,Ti,),07,
reported H-T phase diagrams vary widely in complexity
depending on the level of Ti substitution and, presumably,
preparation details. Disentangling the roles of spin reorien-
tation, lattice distortions, and electronic localization in the
evolution and development of the various phases has proven
challenging. Moreover, increasing the substitution of Ru ions
above 1% reduces the effective Ru electronic bandwidth W
so that the kinetic energy no longer competes with the onsite
U, stabilizing the Mott-insulating state. The collective insta-
bilities in the electronic, magnetic, and structural properties of
these compounds, and their manifestations in charge dynam-
ics, become less sensitive to external perturbations. Exploring
the transport and magnetic properties of the x = 1% com-
pound across an extended range of magnetic fields is therefore
highly desirable to clarify the underlying physics.

From a technological perspective, the exceptional light
sensitivity of the MIT suggests potential applications in
designing nanodevices with quantum-level photosensitivity
[11]. Recent studies have also demonstrated that the MIT
in Casz(Rug.99Tig o1 )207 at heterointerfaces with the relativis-
tic 5d Mott insulator Sr;IrO,4 offers an effective method for
tuning magnons, indicating a promising avenue for AFM
magnonics [20]. Furthermore, AFM insulators with a pre-
ferred magnetization direction, such as Caz(Rug.99Tig 01)207,
are attractive alternatives to ferromagnets for spintronic ap-
plications, since they possess a field-switchable spin-flop
transition that combines ultrafast dynamics with low magnetic
susceptibility [21-24].

In Caz(Rug.99Tig 01 )207, the magnetic anisotropy is intrin-
sically linked to its electronic configuration: the Ru** ions
adopt a low-spin S = 1 configuration, where the extended
4d orbitals, associated with a strong ligand field, stabilize a
state dominated by spin—orbit coupling and crystal field ef-
fects. This pronounced anisotropy turns Caz(Rug g9 Tig 01)207
into an ideal platform for field-controlled spin reorientation.
While conventional anisotropic AFMs exhibit spin-flop tran-
sitions determined by a simple balance between exchange
and anisotropy energies, in strongly correlated systems with
magnetoelastic coupling, the physics is far richer, as spin
reorientation, lattice distortion, and electronic localization are
intertwined. This can potentially lead to a significant renor-
malization of the critical switching fields. This phenomenon
is addressed in this work by systematically recording the
H-T phase diagram of Ca3(Rug.99Tip 01 )207 under fields up to
14 T applied along the in-plane crystallographic axes a and b,
i.e., the magnetic hard and easy directions, respectively, and
by comparing the magnetization and magnetic susceptibility
behavior with transport data.

II. EXPERIMENTAL METHODS

High-quality single-domain  crystals of Caz
(Rug.99Tig 01 )207 were grown using the optical floating-zone
technique and selected based on the reflectivity contrast
in polarized-light optical microscopy. Careful sample
selection avoided artifacts from multiphase behavior and
phase separation that have been reported to affect the
magnetic and transport properties of Cajz(Ruj,Ti,),07

at higher Ti substitution levels [25-27]. High-resolution
x-ray diffraction (XRD) and THz spectroscopy confirmed
their phase purity and monodomain character [11,19].
Typical crystal dimensions were 2 x 1 x 0.2 mm?. Magnetic
phase transitions in Cas(Rugg9Tig01)20O7 were identified
from anomalies in the temperature-dependent magnetic
susceptibility x(7') under various magnetic fields and/or
in the isothermal magnetization M(H) below Ty = 55K.
Magnetization was measured up to 7T with a Quantum
Design SQUID magnetometer and up to 14 T with a Quantum
Design physical properties measurement system (PPMS)
equipped with a vibrating sample magnetometer (VSM)
option. Similarly, electronic transitions were detected
from anomalies in the resistivity recorded as functions of
temperature and magnetic field. The in-plane resistivity was
measured up to 14T and down to 5K on oriented samples
contacted with conductive silver glue. Through sample
rotation, the magnetic field was aligned with the crystal
axes. To address uncertainties in absolute resistivity arising
from anisotropy and possible current inhomogeneity, we
employed both two- and four-terminal configurations. Unless
stated otherwise, we report the normalized resistivity change
(p — P0)/Pmax, Where pg and pnax are the zero-field and
maximum resistivity, respectively. Low-frequency lock-in
detection at 38 Hz was used to improve the signal-to-noise
ratio and served as a proxy for the DC resistivity. To avoid
current-induced phase transformations known from the
monolayer member of the same Ruddlesden—Popper series
[9,28,29], an AC excitation current as low as 200nA was
used. Samples were appropriately mounted to minimize strain
and to avoid affecting the structural transition.

III. RESULTS AND DISCUSSION

A. Magnetic properties

The magnetic susceptibility x (7T") of Caz(Rug.99Tig.01)207
exhibits a sharp drop with decreasing temperature below 7Ty,
accompanied by pronounced thermal hysteresis. Figure 1 il-
lustrates that the hysteresis loop shifts to lower temperatures
with increasing magnetic field. When the magnetic field is
aligned along the a axis [Fig. 1(a)], the transition temperature
decreases quadratically with increasing field up to 14T. A
linear fit of Ty versus H?, shown in Fig. 1(b), yields

Tn(H) = Tn(0) — aH?, )

with 7Ty(0) =554+ 0.1K and « = 0.127 £ 0.004 K/T>.
This quadratic behavior reflects the competition between the
Zeeman energy and exchange interactions in a collinear AFM,
leading to a characteristic field-dependent suppression of the
Néel temperature. Within a molecular-field approximation,
the quadratic coefficient « is given by [30,31]

30282425+ D x|
TR [AZ] n(0), 2

where S is the spin quantum number, yy is the susceptibility
at Tn(0), and M is the saturation sublattice magnetization.
Using S =1, xx = 0.065 emu/Ru mol Oe from Fig. 1(a),
My = 0.75 ug/Ru [19,32], and Ty = 55.4K, we obtain o ~
0.13K/T2. This is consistent with the value extracted from
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FIG. 1. Temperature dependence of magnetic susceptibility
x (T) of Caz(Rug.g9Tip ;)07 measured at different magnetic fields.
(a) x(T') measured at magnetic fields up to 14 T applied along the
a axis. (b) The G-AFM to PM phase transition temperature from
field-cooled (FC) x (T') measurements plotted against magnetic field
squared, with H||a axis (red squares) and H ||b axis (blue crosses).
(c), (d) x(T) measured with H||b axis at fields below (c) and above
(d) 8 T. In (d), the diamond and stars correspond to the positions
of the broad maximum and minima in the derivatives of FC x (T'),
respectively. The image of Ru moments (red) surrounded by oxygen
octahedra illustrates the magnetically ordered G-AFM-b state at zero
field.

the experiment. By extrapolating T (H?) down to zero tem-
perature, we find that the complete suppression of the AFM
order requires a magnetic field of ~20.9T. Below Ty, both
zero-field-cooled (ZFC) and field-cooled (FC) x(T') curves
[Fig. 1(a)] drop to a common minimum value, indicative of
AFM ordering. This behavior is maintained up to 14T for
magnetic fields aligned along the a axis, without the emer-
gence of new magnetic phases.

For fields applied along the b axis, the same behavior
persists up to 7T, as shown in Fig. 1(c) and denoted by
crossed symbols in Fig. 1(b). At 8T, however, the x(T)
develops a finite background below Ty, accompanied by an
increasing disparity between the FC and ZFC measurements.
The enhanced low-temperature x(7") indicates the presence
of uncompensated magnetic moments. Applying such a strong
field competes with the AFM exchange interaction, promoting
spin alignment along the field direction. As the magnetic field
is increased further, the susceptibility cusp becomes progres-
sively smeared out. Figure 1(d) thus suggests that the collapse
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FIG. 2. Magnetization of Caz(Rugg9Tig1),07 as a function of
the magnetic field, measured at temperatures below Ty. Magnetic
fields up to 14 T are applied along the a axis (a) and b axis (b). In (b),
the magnetic moment at 14 T for temperatures below 40 K reaches
about 1.73 g /Ru, indicating a trend towards saturation.

of the AFM order leads to a ferromagnetic-like state at fields
above 10 T. This is indicative of the presence of a net magnetic
moment, which will be discussed in the context of magneti-
zation measurements in the following section. The crossover
point, where thermal fluctuations become strong enough to
cause a reduction of the net moment, is determined by extrema
in the derivatives of the FC curves. These extrema are marked
by star symbols in Fig. 1(d).

To unambiguously identify the nature of the observed
magnetic ground states, we now examine the field-dependent
magnetization M (H ). Figure 2(a) shows that at fields along
the a axis and at low temperatures, M (H) remains linear in
the field up to 14 T. However, as the temperature approaches
Tn(0), a field-driven first-order transition emerges at ~10.5T
and ~6 T at40 K and 50 K, respectively. After a steep increase
of about 1 ug/Ru, M(H) does not saturate but continues to
rise in a nearly linear fashion. The critical magnetic fields
observed during these field sweeps are in good agreement with
the G-AFM to PM phase boundary described by the quadratic
relationship in Eq. (1) that was derived for x (T) in Fig. 1(b).
So far, this behavior is fully consistent with the mean-field na-
ture of the phase transition, indicating a conventional quantum
critical point at a magnetic field of ~20.9T.

Conversely, at low temperatures, when the field is in-
creased along the b axis, M (H) exhibits a sharp jump with a
clear trend towards saturation at high fields. Figure 2(b) shows
that for temperatures below 40 K, the (nearly) saturated mag-
netic moment corresponds to 1.73 up per Ru at 14 T, which
is close to the Ru magnetic moment in pristine Caz;Ru,07
[2,12,16]. Hence, we conclude that above the corresponding
critical fields, H,jm, the G-AFM phase collapses into a forced
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FM state, i.e., the fully saturated state of the PM phase. No-
tably, at 50K, close to Ty(0), M (H) does not saturate above
the critical field of ~7 T, but closely resembles the behavior
for fields along the a axis. Accordingly, this transition corre-
sponds to the H-T phase line represented by the cross symbols
in Fig. 1(b) along the quadratic field dependence of Tx(H ). We
note that a similar field-induced transition was reported for
x = 3% Ti-substituted Caz(Ru;_,Ti,),07 at ficlds below H,fa‘t
[27], where incomplete saturation of the magnetic moment
was attributed to a canted AFM structure comprising an AFM
component along the g-axis and a FM component along the
b axis. However, recent neutron diffraction measurements on
the one Caz(Rugg9Tip01)207 single crystal from the same
batch as that used in the present study confirm nearly complete
FM alignment of the Ru moments in the forced FM state
above H;* [32].

In a conventional AFM with uniaxial anisotropy, upon ap-
plication of a magnetic field along the easy axis, i.e., parallel
to the sublattice magnetic moments, the field-driven spin-
flip transition from an AFM to a forced FM ground state is
typically preceded by a spin-flop transition. This spin-flop
transition is characterized by a sudden reorientation of the
AFM sublattices perpendicular to the applied field, enabling
a progressive canting towards full alignment as the field is in-
creased further. To search for this intermediate spin-flop phase
as the magnetic field increases along the easy b axis, before
transitioning into the high-field forced FM state, we take a
closer look at the low-temperature M (H ) for fields below 8 T.
First, Fig. 3(a) shows that when the field is applied along the
hard a axis, perpendicular to the AFM moments, it causes the
Ru moments to cant in the field’s direction. This results in a
linear dependence of the magnetization, expressed as

Mi(H) = B;H, 3

where the index i refers to the crystallographic direction,
here the magnetic hard a axis and B, = (5.75£0.01) x
103ug/RuT'atT =5K.

In contrast, for the field along the easy b axis (parallel
to the AFM moments), the net magnetization at first in-
creases linearly but at a slow pace, with 8, = (1.91 £ 0.02) x
10~3ug/Ru T~! at T = 5 K, consistent with partial flips of
the Ru moments that were initially antiparallel to the field.
However, as the field is ramped up further, a hysteretic jump
in the magnetization AM;E occurs above the critical field H}f s
as shown in Fig. 3(b). At T =5K and H) ~ 6T, AM} ~
0.025 up/Ru. Notably, after the abrupt increase, the magneti-
zation value coincides with that obtained when the same field
is applied along the a axis,

My(H) ~ M,(H) + AM], 4)

at H 2 H;f , indicating a field-induced reorientation of the
spin structure into a canted arrangement perpendicular to the
field. This observed spin-flop transition is first-order and ac-
companied by a hysteresis that narrows progressively with
increasing temperature as a result of thermal fluctuations. The
phase boundary between the G-AFM-b ground and G-AFM-a
spin-flop states can also be identified from the temperature
dependencies of x(7) measured at magnetic fields applied
along the b-axis near but below H[f . Figure 3(c) shows that the
ZFC and FC x(T) curves diverge below the critical tempera-
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FIG. 3. (a), (b) Detailed view of the field-dependent mag-
netization of Caj(RugoeTip ;)07 from Fig. 2 measured at low
temperatures with fields applied along the a axis (a) and b axis (b). In
(b), M(H) measured along the easy b axis exhibits a sharp, step-like
hysteretic change at the spin-flop transition field H/, indicating the
reorientation of the Ru moments from AFM order into a canted
spin-flop state, perpendicular to the field. (c) Magnetic susceptibil-
ity x(T) measured at magnetic fields near H applied along the b
axis. The zero-field-cooled (ZFC, solid line) and field-cooled (FC,
dashed lines) x(T') curves diverge below the critical temperatures
corresponding to the applied fields, as determined by the peaks in the
derivatives of ZFC x (T), indicated by arrows in (d).

tures corresponding to the applied fields. The phase boundary
is then defined by the corresponding peak positions in the
temperature-weighted derivatives of the ZFC x(T), as indi-
cated by arrows in Fig. 3(d). We point out that, in the case of
a conventional anisotropic AFM, the specific heat is directly
related to o(T x)/oT up to a proportionality constant that only
slowly varies with 7" [33].

Having identified all magnetic phases from the observed
anomalies in x(7) and M(H) measurements, we can now
compile the H-T phase diagram of Cas(Rug.g9Tip01)207. For
the external field H applied parallel to the a axis, perpen-
dicular to the low-T AFM moments, the phase diagram in
Fig. 4(a) contains only two phases: an antiferromagnetic (G-
AFM-b) and a paramagnetic (PM). When H is applied along
the easy b axis, the phase transitions as a function of 7' (7y)
and H (Hf, H;*) produce three distinct regions in Fig. 4(b)
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FIG. 4. Magnetic temperature—field (7-H) phase diagrams of
Caz(Rugg9Tig01),07 with the magnetic field applied along the a
axis (a) and b axis (b). The phase diagrams are derived from
critical temperatures observed in temperature-dependent magnetic
susceptibility (x-T') as shown in Figs. 1 and 3(c), and 3(d) (filled
symbols), and critical fields from the field-dependent magnetization
(M-H) as shown in Figs. 2 and 3(a), and 3(b) (half-filled sym-
bols). In (a), the critical Ty temperature for AFM ordering decreases
quadratically with increasing field along the a axis. The critical
field values correspond to temperature-driven transitions from the
G-AFM-b to the paramagnetic PM-M state, indicating that the mag-
netic field along the a axis does not induce a new magnetic order in
Caz(Rug g9 Tig01)2.07. (b) When the magnetic field is applied along
the easy b axis, the low-temperature magnetization exhibits a first-
order spin-flop transition at H;, indicating the reorientation of Ru
moments perpendicular to the field. Increasing the field above H;
aligns all Ru moments with the b axis, resulting in a forced FM phase.
With increasing T, the forced FM state is suppressed by thermal
fluctuations, restoring PM behavior above the crossover temperatures
depicted by star symbols, which correspond to the broad minima
in the derivatives of FC x(T) marked by stars in Fig. 1(d). The
temperature variation of Hbf and H* forms a typical phase diagram
for an anisotropic AFM with the field parallel to the magnetization-
easy axis. (c¢) Schematic illustration of the neighboring Ru magnetic
moment alignment corresponding to the G-AFM-b ground state,
spin-flop G-AFM-a phase, and field-forced FM-b phase, from left
to right, respectively.

separated by phase boundaries: the G-AFM-b phase, the spin-
flop G-AFM-a phase, and the forced ferromagnetic FM-b
phase that evolves into the PM state at elevated temperatures.
At zero field in the G-AFM-b state, magnetizations of the
two equivalent Ru-moment sublattices are directed along the
b axis, equal in magnitude and antiparallel. Above Hf, in
the spin-flop G-AFM-a phase, the sublattice moments remain
equal and nearly antiparallel but rotate to be nearly perpen-
dicular to H || b, forming equal, nonzero angles with H—an
arrangement analogous to G-AFM-b for H || a in Fig. 4(a).
The star symbols at high fields, derived from the x (7") data in
Fig. 1(d), mark the temperatures above which thermal fluctu-
ations restore PM behavior in the forced FM-b state.

Magnetic phase boundaries in anisotropic Heisenberg
AFMs are typically determined by minimizing the total
energy, which reflects the competition among the AFM
exchange, anisotropy, and Zeeman terms. Inspired by the ex-
perimentally determined phase diagram, reminiscent of that
of a conventional anisotropic AFM, we consider a simple
spin Hamiltonian, taking into account the bilayer nature of
our system with isotropic Heisenberg intersite exchange and
uniaxial single-ion anisotropy in a field,

H =1 Z[gli -S1j+ S0 - So1+ 1 Zgli - Shi
(ij) (i)
_DZ [(Si)i)z + (Sgi)z] - ZgMB[gli + 5,1 -H,

®

where Si;; and Sy ,; are the spin operators for neighboring
sites i and j in layers 1 and 2 of the bilayer, J; and J, are
positive in-plane and interlayer exchange coupling constants,
respectively, and D is the orthorhombic single-ion anisotropy
term for b-axis distortions to the local cubic crystal symmetry.
When the external magnetic field is aligned with the hard a
axis, the total magnetic energy per spin is

E©®) = —(2J) + 1J.)8% cos 20 — DS? cos® 0
—gupH,Ssin6. (©)

Here, 0 is the symmetric canting angle of the Ru sublattice
moments away from the easy b axis toward H || a. As H,
increases, this canting yields a gradual increase of the net
magnetization described by Eq. (3) with B, = gu,S/H:™ up
to saturation at

gupH™ = 28(4J) +J. + D). (N

When the field is applied along the easy b axis, the two critical
fields are determined by

gupH} =28\/D@J; +J, — D) 8)
and
gﬂbH;at =254Jy+J. — D). &)

At low H,, the AFM state persists up to H!, where it trans-
forms into the spin-flop state with a magnetization jump

AM} = gupS/D/(4], +J. — D). (10)
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Further increase of H; leads to a gradual canting of the Ru
moments, until the forced FM state is reached above H,f"‘t.

An analysis of the magnetic inelastic neutron scattering
excitation spectra measured along the high-symmetry direc-
tions of the Caz(Rugg9Tig01)207 lattice at SK yields J; =
45meV,J; =3.0meV,and D = 4.5meV [34,35]. Although
the applied Heisenberg model with these parameters, S =
1, and g =2 reasonably reproduces the low-temperature,
weak-field linear magnetization M,(H)—yielding B, ~
4.6 x 103ug/Ru T~' vs the measured (5.75+0.01) x
1073 g /Ru T~!'—it overestimates the critical fields by more
than an order of magnitude: 149T, 285 T, and 440 T com-
pared with the experimentally extracted values of 6 T, 10.5T,
and 20.9T for HI, H,fm, and H*, respectively. Such a sig-
nificant discrepancy indicates a substantial divergence from
pure Heisenberg physics in Caz(Rug g9 Tig 01 )207. This is sup-
ported by the first-order phase boundaries between the PM
and ordered AFM states. Unlike canonical AFMs, which ex-
hibit continuous (second-order) PM-AFM transitions [36],
Casz(Rug.g9Tip1)207 undergoes a first-order magnetoelastic
phase transition with pronounced hysteresis and phase coex-
istence. This indicates the presence of strong elastic strain
due to disproportionate changes in the lattice parameters at
Tx. Strong spin—phonon coupling can substantially weaken
long-range Néel order in Caz(Rugg9Tig;)207. Cooperative
electron—electron and electron—lattice interactions with cou-
pled structural and magnetic order parameters have also
been brought into connection with the compound’s excep-
tional sensitivity to light [11]. In our model Hamiltonian
[Eq. (5)], the strong spin—phonon coupling has not been in-
corporated. This can be accomplished by augmenting the
bond-dependent exchange and by including explicit spin—
phonon terms [37,38]; however, this is beyond the scope of
this experimental work. For the sake of completeness, we
mention the prominent example of the manganites, where a
strong renormalization of the electronic and magnetic prop-
erties has also been reported. There it has been attributed to
the combined effect of strong electron—phonon coupling and
the double exchange mechanism between itinerant electrons
and localized spins. Together, these interactions give rise,
for instance, to colossal magnetoresistance and field-driven
metal-insulator transitions of enormous magnitude [39]. This
warrants a closer look at the magnetotransport properties of
Caz(Rug 99 Tig 01 )07 and a comparison with the rich magnetic
phase diagram established above.

In the next section, we show that Casz(Rug g9 Tig g1 )07 re-
mains insulating through the spin-flop transition at H; but be-
comes metallic in the field-induced, saturated FM state above
H*. This insulator-to-metal transition indicates that elec-
tron itinerancy and low-energy electron—hole excitations—
features beyond a minimal Heisenberg spin-only model—also
become relevant near the field-driven phase boundary.

B. Magnetoresistance properties

In the absence of a magnetic field, Ti-substituted
Cas(Ruy_, Tiy ),O7 undergoes a sharp MIT at Ty upon cooling.
The in-plane resistivity increases by three to four orders of
magnitude [17,18]. The field dependence of the MIT follows
the H-T magnetic phase diagram and gives rise to the colossal

20 40 60 80 100 120 140
Temperature 7T (K)

FIG. 5. Temperature  dependence  of the normalized
in-plane, low-frequency (38Hz) resistivity (0 — 00)/Pmax Of
Caz(Rugg9Tip01),0; measured for different magnetic fields.
Fields up to 14T are applied along the a axis (a) and b axis (b).
(c) Magnified view for fields >10T along the b axis.

magnetoresistance observed at field-induced phase transitions
[27], though a reliable interpretation of the emerging phases
requires minimal Ti substitution, as higher x can lead to phase
separation that complicates the analysis [25].

Therefore, we focus here on Caz(Rug.g9Tig ;)07 as such
samples yield a simple H-T phase diagram and show no
signs of phase separation. Its Mott-insulating ground state
is achieved by finely tuning the one-electron bandwidth W
through only 1% substitution on the Ru site. The clean optical
gap of 0.45¢eV is sharply defined and entirely free of defect-
induced excitations, as confirmed across the full spectral range
down to 1 meV [11]. The collapse of the Mott state above
Ty gives rise to a metallic Drude response with a plasma
frequency as large as 2.8 eV, reflecting a substantial itinerant
charge carrier density.

Figure 5 shows FC temperature dependencies of the
normalized in-plane resistivity (o — po)/pPmax for different
representative magnetic fields. The data set illustrates that
an applied magnetic field lowers the temperature at which
the metal—insulator transition, signaled by a sharp resistivity
increase, occurs. The temperature change of the MIT follows
the quadratic relation of Eq. (1) describing the field-induced
suppression of the Néel temperature. The steep MIT-related
resistivity upturn is present for all fields up to 14 T when the
field is applied along the a axis [Fig. 5(a)]. When the field is
aligned with the easy b axis, the MIT follows the same trend
for low magnetic fields, but it disappears for fields above 10 T
[Figs. 5(b) and 5(c)]. Hence, Caz(Rug.99Tig01)2O7 remains in
the conductive PM phase at all temperatures when the field
is applied along the easy b-axis and exceeds the critical field
value H;™. In this high-field regime, the temperature-driven
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FIG. 6. Magnetic-field dependence of the normalized in-plane,
low-frequency (38 Hz) resistivity (o — po)/Pmax measured at tem-
peratures below Ty with fields applied along the a axis (a) and b
axis (b). (c) Field-weighted derivative H9((p — 00)/Pmax)/9H for
the field applied along the b axis. The minimum in the derivative
corresponds to a slight drop in in-plane resistivity as a canted FM
moment develops along the b axis at the field-induced spin-flop
transition above Hj.

crossover from the field-forced FM state to the magnetically
disordered state is accompanied by fluctuations in the re-
sistivity. We attribute these to the formation and growth of
ferromagnetic domains as domain walls are bound to alter the
microscopic spatial current distribution.

We also examined the isothermal field dependence of the
in-plane resistivity to continue mapping the electronic MIT
onto the H-T magnetic phase diagram in Fig. 4. Figure 6
shows ZFC curves of the normalized in-plane resistivity (o —
00)/ Pmax versus magnetic field at selected temperatures below
Tx. The negative magnetoresistance across the field-driven
transition from the G-AFM to PM state closely tracks the
field-dependent magnetization in Fig. 2. For fields up to 14 T
along the a axis in Fig. 6(a), the highly conductive regime
appears only near 7Ty. In contrast, for fields along the easy
b axis, the normalized resistivity in Fig. 6(b) drops by two
to four orders of magnitude in the forced FM state above
H3™, while the spin-flop phase for (H} < H < H;*) remains
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FIG. 7. Color maps of the in-plane resistivity p as functions of
temperature 7 and magnetic field H, with H applied along the a axis
(a) and b axis (b). Low-frequency (38 Hz) resistivity data are stitched
from measurement protocols optimized for the insulating (green) and
metallic (orange) regions: in the insulating regime we use p(H ) field
sweeps at fixed T'; in the metallic regime we use p(T) sweeps at fixed
H, emphasizing phase-specific features.
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insulating. Across the spin-flop transition we find only small
yet well-reproducible step-like resistivity drops, which cor-
respond to minima in the derivative of the field-dependent
normalized resistivity at H} [Fig. 6(c)].

In order to compile a more detailed phase diagram, the in-
plane resistivity was measured as a function of both magnetic
field and temperature at fine intervals and compiled into the
detailed color map in Figs. 7(a) and 7(b). Sharply delineating
the MIT, the resistivity color plot traces the phase boundary
between the G-AFM and PM phases in the H-T magnetic
phase diagrams constructed from the x(7') and M (H ) data in
Figs. 4(a) and 4(b), respectively. Unlike the magnetization and
magnetic susceptibility, the magnetoresistance is not a purely
thermodynamic quantity and is sensitive to microscopic de-
tails and local features. Its behavior can, for instance, depend
on the magnetic domain structure, the domain boundaries,
and defect-related pinning. Therefore, the magnetoresistance
can reveal complementary information that is absent in the
magnetic data. In particular, in the metallic phase, as the tem-
perature decreases at constant field, the resistivity increases
and pronounced irregularities emerge upon approaching the
MIT. Such electrical instabilities become most pronounced
near the critical point around 8 T along the b axis, where mul-
tiple phase boundary lines converge. These instabilities can
be associated with short-range AFM correlations persisting
above Ty in Caz(Rug.99Tig 01 )207 across the broad T-H phase
region near the critical point.

Another notable feature appears in Fig. 7(b) for fields
above the critical H;*. A distinct boundary on the resistivity
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color plot marks the crossover between the field-forced FM
state and the high-temperature PM behavior restored by ther-
mal fluctuations, coinciding with the line traced by the star
symbols in Fig. 4(b). As illustrated in Fig. 5(c), this phase
region also exhibits electrical instabilities, here associated
with the dynamics of FM domains. Counterintuitively, the
saturated FM state is more resistive than the high-temperature
magnetically disordered state, consistent with the overall
decrease of resistivity with increasing temperature seen in
Fig. 5(c). A similar trend is observed in pristine CazRu,07,
where the field-forced FM state shows higher resistivity than
the PM state, attributed to the suppression of interbilayer
hopping governed by orbital degrees of freedom in the fully
polarized FM configuration [40]. This effect stems from the
bilayer ruthenate structure, where spin—orbit coupling causes
FM alignment to hinder electron hopping more effectively
than PM disorder.

In contrast to the significant resistance change observed for
the crossover between the field-forced FM state and PM state
restored by thermal fluctuations at higher temperatures, only a
slight drop in resistivity is observed across the spin-flop transi-
tion [Figs. 6(b) and 6(c)], where a canted FM moment emerges
above Hlf [Fig. 3(b)]. The net FM component along the b axis
partially aligns neighboring Ru spins across bilayers, reducing
spin scattering. Virtual interlayer hopping enhances Ru 4d
electron itinerancy via a double-exchange-like mechanism,
without being subject to the orbital selection rules that sup-
press hopping in the fully polarized FM state. The normalized
resistivity decreases by less than 5%, a change barely dis-
cernible in the resistivity color map [green region, Fig. 7(b)].
Both the G-AFM-b ground state and the spin-flop G-AFM-a
state remain Mott insulating. The extreme renormalization of
the critical field Hf relative to the prediction of the minimal
Heisenberg spin-only model [Eq. (5)] is therefore primarily at-
tributed to strong spin—phonon coupling. Unlike the G-AFM-I
to PM-M transition, the role of electron itinerancy and low-
energy electron—hole excitations remains negligible.

IV. CONCLUSIONS

We have systematically investigated the magnetic
and electronic phase transitions in bilayer perovskite

Ca3z(Rugg9Tipp1)207 in the presence of in-plane magnetic
fields up to 14 T. Using anomalies in x(7) under various
fields, isothermal M (H) traces below Ty = 55K, as well as
temperature- and field-dependent resistivity data, we have
constructed the H-T phase diagram of this compound. With
the field along the easy b axis, Caz(Rug.99Tig 1 )207 exhibits
a first-order spin-flop transition at H ~ 6T, while retaining
its Mott insulating state across the transition. Subsequently,
a transition to a forced FM metallic phase occurs above
H;* ~ 10.5T. When the field is applied along the hard a axis,
neither the spin-flop nor the forced FM phase emerges below
14T. In the presence of strong electron—lattice coupling,
Cas(Rug.g9Tip 01 )207 undergoes the first-order magnetoelastic
G-AFM-I to PM-M transitions, yet it exhibits the magnetic
H-T phase diagram characteristic of canonical anisotropic
AFMs. The critical fields H‘bf and H;* are hence suppressed
by more than an order of magnitude relative to the predictions
of a minimal Heisenberg spin-only model that accounts for the
exchange interactions in Caz(Rug.99Tig 91 )207. We anticipate
that these results will stimulate further theoretical studies to
quantitatively describe the magnetic phase diagram of Mott
AFMs in the presence of strong electron—lattice coupling. On
the experimental side, direct probes are necessary to detail
the impact of magnetic fields on structural distortions in
Ca3z(Rugg9Tipo1)207 and precisely quantify magnetoelastic
effects at the phase boundaries.
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