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We synthesized CaRuO; (001) thin films on a set of substrates and investigated their electronic and mag-
netic properties via combining magnetotransport measurements with first-principles density-functional theory
calculations. The experimental results indicate that a moderate strain can introduce the Kondo effect in the
system, leading to a significant modulation of the non-Fermi liquid behavior. Moreover, when the strain reaches
a certain threshold, the system undergoes a metal-semiconductor transition, accompanied by a transition from
a nonmagnetic state to a plausible G-type antiferromagnetic state. We attribute the observed phenomena in
CaRuO; to strain-induced disruption of the delicate balance between the itinerant and the local Ru 44 electrons.
These findings shed light on the intriguing magnetic and non-Fermi liquid behavior of CaRuOj3, systematically

tailored by heteroepitaxial strain.

DOI: 10.1103/PhysRevB.110.L041403

Introduction. A diverse array of strongly correlated
physical phenomena emerged in complex oxides with in-
tricate coupling of multiple degrees of freedom, such as
metal-insulator transitions, high-temperature superconductiv-
ity, heavy fermion effects, colossal magnetoresistance, and
charge density waves [1-8]. The non-Fermi liquid (NFL)
behavior—a collective term for quantum liquids that defy the
Landau Fermi-liquid (FL) paradigm—is prevalent in these
strongly correlated systems [9]. In NFLs the electron-electron
interactions are significantly pronounced, leading to exotic
electronic properties, such as power-law behavior in re-
sistivity, anomalous specific heat, unconventional magnetic
responses, etc. [9,10].

As representative NFLs, the perovskite ruthenates ARuO3
(A = Ca or Sr) have attracted tremendous interest in recent
years [11-17]. They assume the GdFeOs-type orthorhombic
structure with the Pbnm symmetry, and the RuOg octahedra
are tilted by approximately 10° in SrRuO3 and 17° in CaRuO3
away from the ideal cubic structure [15]. Due to stronger
hybridization between O 2p and Ru 4d orbitals, the #y4-e,
splitting is larger compared to the 3d counterparts, resulting
in a low-spin (LS) S = 1 configuration [14,15]. SrRuO3 has
drawn widespread attention owing to the itinerant ferromag-
netism with a Curie temperature 7c = 160 K and the rich
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topological properties [12,18,19]. Its FL transition tempera-
ture Ty, is around 15 K, above which the disappearance of
quantum oscillations and the absence of the T2 dependence of
resistance indicate the emergence of NFL behavior [10,20,21].
In the regime where Tc > T > Tgr, the temperature depen-
dence of the resistance exhibits a power law behavior with an
exponent of 1.5; In the T > T¢ regime, the exponent changes
to 0.5 [20,21].

As the sister compound, CaRuOs displays distinct fea-
tures driven by stronger RuOg octahedral tilting [17,22].
While there is currently considerable controversy regarding
the understanding of CaRuQOj3, some foundational experimen-
tal facts have been established. As temperature decreases,
CaRuO; does not establish long-range ferromagnetic order
like SrRuO3, and its Tr is much lower at only ~1.5K [23].
Within 2-15 K, the resistance exhibits the power-law behav-
ior with the exponent of 1.5, and upon further increasing
temperature, it crosses over to the 0.5 exponent in the range
from 40 K to 300 K [24]. Strikingly, despite the absence
of ferromagnetism and differences in the overall tempera-
ture scales, the power-law behaviors of CaRuQOs; in all three
temperature regimes closely resemble those of StRuQOj3. This
would suggest a common origin for the strongly correlated be-
havior in both materials. Many theoretical investigations have
concentrated on this aspect [17,25], and one notable avenue
of exploration is the Hund’s metal mechanism [10,14,23].
Furthermore, the similarity in electrical transport properties
also raises the question about the appropriateness of treating
CaRuOj’s ground state as a trivial paramagnet, remaining
as a topic of debate with no consensus to date [13,26-30].

©2024 American Physical Society
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Earlier prevailing viewpoints suggested that the ground state
of CaRuOs is located near a ferromagnetic quantum critical
point [17,22,31], supported by the ab initio calculations re-
vealing the possibility of transition from a nonmagnetic state
to a ferromagnetic state by doping or under certain tensile
strain [32,33]. However, this prediction has yet to be exper-
imentally verified in pure-phase CaRuOs.

In this work, we synthesized (001)-oriented (in pseu-
docubic notation) CaRuOs thin films on different substrates
and investigated their electronic and magnetic properties via
magnetotransport measurements and first-principles density-
functional theory calculations. The experimental results
indicate that even a small amount of biaxial in-plane tensile
strain can introduce the Kondo effect in CaRuOs, leading to
a significant modulation of magnetoresistance (MR). With
increasing tensile strain, the Kondo effect becomes more
pronounced, and the power-law relationship representing the
NFL behavior of CaRuOj is noticeably modulated. Essen-
tially, when the strain reaches a certain threshold, the system
undergoes a metal-insulator transition, likely accompanied
by an antiferromagnetic phase transition, which is consistent
with the results of our theoretical calculations. We attribute
these behaviors to the strain-induced disruption of the delicate
balance between itinerancy and localization of the Ru 4d
electrons.

Methods. CaRuOj; epitaxial thin films were fabricated
using the pulsed laser deposition (PLD) technique at a sub-
strate temperature of ~775 °C and under the oxygen pressure
of ~1 Pa. Five different substrates, i.e., NdGaO; (NGO),
(La, Sr)(Al, Ta)O5 (LSAT), SrTiO3 (STO), TbScO; (TSO),
and GdScO;3; (GSO) were used, covering the strain range
from 0.44% to 3.20%. The structural characterizations of the
CaRuO:; films in reciprocal space were performed at beamline
IW1A of the Beijing Synchrotron Radiation Facility (BSRF),
utilizing x-ray diffraction (XRD), x-ray reflectivity (XRR),
rocking curves (RC), and reciprocal space mapping (RSM)
to systematically investigate the film’s phase, thickness, crys-
tallinity, and in-plane strain status. The magnetotransport
experiments were carried out using the van der Pauw method
on a physical property measurement system (PPMS, Quantum
Design). During the measurements, the magnetic field was ap-
plied perpendicular to the sample surface. To extract the pure
MR signals, the symmetrization treatments were employed on
the raw data.

First-principles density-functional theory (DFT + U) cal-
culations [34,35] were performed using the projector
augmented-wave (PAW) method [36] as implemented in the
Vienna ab initio simulation package (VASP) [37-39]. The ef-
fect of in-plane biaxial strain was systematically investigated
by varying the a and b lattice parameters, while freely relaxing
the c lattice parameter. The Brillouin zone was sampled using
a Monkhorst-Pack [40] £ mesh of size 12 x 12 x 9, and
the kinetic energy cutoff for the plane wave basis set was set
to 600 eV. The exchange-correlation part of the Hamiltonian
was computed using the generalized-gradient approximation
as parametrized by Perdew, Burke, and Ernzerhof for solids
(PBEsol) [41]. In the PAW pseudopotential, we considered
contributions from ten valence electrons (3523 p%4s?) for Ca,
eight valence electrons (4d’5s') for Ru, and six valence elec-
trons (2s2p*) for O. All the inneratomic coordinates were
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FIG. 1. (a) High-resolution 6-20 scans (A = 1.5466 A) of
CaRuO; thin films grown on NGO, LSAT, STO, TSO, and GSO
substrates. The insets, from left to right, illustrate the rocking curve,
experimental and fitted XRR curves of the CaRuO;/STO thin film.
(b) Representative RSMs around the (103) diffraction of CaRuO;
films on NGO, STO, and GSO substrates. Note, all crystallographic
indices are defined in the pseudocubic notation.

fully optimized for each strain configuration until the residual
Hellmann-Feynman forces were less than 107> eV/A per
atom. The energy convergence criteria for the electronic self-
consistent calculations were set to 10~ eV. The VASPKIT
package was utilized for postprocessing the electronic struc-
ture data [42].

Results and Discussion. Figure 1(a) presents the (001)
XRD patterns of our films, revealing shifts of peak positions
as the substrate varies. The clear Laue oscillations around the
(001) peak together with the sharp RC demonstrate smooth
surfaces and commendable crystallinity. The film thickness
was maintained at approximately 10 nm (~26 u.c.), as evi-
denced from the XRR profile shown in the inset of Fig. 1(a).
The RSMs of the CaRuO; films on different substrates
[Fig. 1(b)] all indicate the complete coherence of the in-plane
epitaxial strain.

L041403-2



TRANSPORT AND MAGNETIC PROPERTIES OF HUND’S ...

PHYSICAL REVIEW B 110, L041403 (2024)

(@ () ©
104 60
[ ——GSO
150 0.4} 40
——STO
_ ——LSAT 20
5 NGO 0.2}
<) = o 0
8 on GSO & S
8103 | S 0.0 5-20
v = 3
~ I on TSO P~ %'40
6 L el
] -
A Ly osTO ) W i
| onLSAT — | 80
0.4
euEn | -100} , |
0 50 100 150 200 250 300 O 100 200 295 3 10 100 295

Temperature (K)

Temperature (K) Temperature (K)

FIG. 2. (a) Temperature-dependent sheet resistances of CaRuQO; thin films grown on NGO, LSAT, STO, TSO, and GSO substrates. The
arrows indicate the characteristic temperature below which the resistivity upturn occurs. (b) dR/dT vs T plot for all samples to confirm the
transition temperature. (c) Transport data of CaRuO; thin films have been analyzed in terms of d(In(R))/d(1/T) vs T .

After confirming the structure quality of the CaRuOj; films,
we turn to explore their transport properties. As observed in
Fig. 2(a), the temperature-dependent sheet resistance exhibits
two distinct features. For films under smaller degrees of ten-
sile strain (i.e., on NGO, LSAT, STO), an overall metallic
behavior is observed with a low-temperature upturn as marked
by arrows in the figure. Specifically, the onset of the upturn
(denoted as Ty;) is around 10 K on NGO substrate. Ty, is
enhanced with increasing the tensile strain, reaching ~25K
on LSAT and ~45 K on STO. However, the metallic behav-
ior is nearly diminished on TSO substrate with T, reaching
~170K, as reflected from the sign change of the slope on
Fig. 2(b). Eventually, the CaRuOj; film exhibits a complete
semiconducting behavior on GSO substrate. In magnetic in-
sulators or semiconductors, spin ordering typically leads to
significant changes in the energy gap. Consequently, anoma-
lies in the derivative d(In(R))/d(1/T) are widely used to
identify the magnetic transition temperature as it provides a
temperature-dependent “gap” value. As shown in Fig. 2(c),
under this analysis a distinct broad hump is observed for
CaRuO3 films on TSO and GSO substrates, with the maxi-
mum at ~80 K and 160 K, respectively. This might indicate a
plausible para to antiferromagnetic transition in these epitax-
ial CaRuOj; films driven by the opening of a correlation gap,
or the scales of the antiferromagnetic interactions triggered in
these films [43,44].

In bulk CaRuOs, the Ru 4d electrons establish the FL
only at very low temperatures (Tg ~ 2K), while the NFL
behavior dominates at higher temperatures with the resistance
exceeding the Mott-loffe-Regel (MIR) limit [45]. So we in-
vestigated the strain effect on the NFL behavior of the three
samples that still fall within the metallic category (CaRuO;
on NGO, LSAT, and STO). Fits of the power-law relationship
R — Ry o T" in the high-temperature range (100-300 K) were

performed on these three samples [Fig. 3(a)]. The outcomes
reveal that only the fit on CaRuO3;/NGO yields a similar
behavior to the bulk, where the resistance is proportional to
the square root of temperature. This is in reasonable accord
with our expectation that NGO supplies the least tensile strain
(~0.44%). With increasing strain, for instance, on the LSAT
substrate (~0.66%), the power exponent 7 increases from 0.5
to 0.8, and further increases to 1 on STO (~1.69%). These
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FIG. 3. For CaRuOs thin films on NGO, LSAT, and STO sub-

strates, the fitting results of (a) power-law relationship for resistances
at high-temperature regime; (b) Kondo effect for resistances at low-
temperature regime. (c) Experimentally and theoretically [dashed
line, numerical renormalization group (NRG)] scaled Kondo re-
sistances [Rx (T /Tx)/Rxol. For CaRuO; thin films on TSO and
GSO substrates, the fitting results of (d) Mott type’s VRH model
[In(R) o T*%] at low-temperature regime.
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results reveal that a moderate tensile strain can induce consid-
erable variation on the collective behaviors of CaRuO5 [14].

Based on the Hund’s metal mechanism, in multiorbital
compounds like CaRuO; and SrRuO3 with non-half-filled d
shells, the Hund’s coupling drives the system away from the
Mott transition and simultaneously enhances the electronic
correlation by reducing the coherent size of quasiparticles
[46-50]. That is why the values of Tgp are relatively small
for both CaRuO; and SrRuO; [10,45]. Beyond this correla-
tion scale, the system enters in an incoherent metallic state
with “frozen” local magnetic moments, and shows the NFL
behavior [49]. Notably, the notion of “frozen” local magnetic
moments here differs from the random freezing of magnetic
moments in a spin glass state. It refers to the persistence of
local spin-spin correlation functions without decay over long
periods, indicating the presence of strong local spin interac-
tions in the system [49]. We tend to believe that variation of
the NFL behavior in CaRuOs is related to the modulation of
the strong local spin interactions.

Analyses on the low-temperature upturn behaviors of those
three samples shed additional light on this interpretation.
As depicted in Fig. 3(b) in terms of normalized resistance
R/R(3K), the upturn at low temperatures exhibits a tendency
toward saturation, characteristic of the Kondo effect [51,52].
Indeed, despite employing various models such as a variable
range hopping (VRH) model in different dimensions or a ther-
mal activation model to attempt fitting, the upturn behavior
of all three samples is best described by the Kondo effect.
Specifically, the resistance can be expressed as

R(T) =Ry +aT" + Rk (T /Tx),

where R, represents the residual resistance, the 7" term de-
notes the NFL behavior, and R is the resistance induced by
the Kondo effect [53]. Ry is further expressed in a universal
format with a single variable through the numerical renormal-
ization group (NRG) theory [53-56]:

R ( T ) =R /s _ AR
k| 7 ) = Rxoll + (2 D(T/Tx)" 1.
Tk

Here, Tx is the Kondo temperature; Rk is the zero-
temperature Kondo resistance; s determines the rate at which
the resistance decreases with increasing temperature, with a
value of 0.75 + 0.02 for the three samples [53]. As shown
in Fig. 3(c), following the Kondo scaling relationship, all the
renormalized data fall onto one universal curve. The extracted
values of the Kondo temperature Tx are ~10 K for CaRuO3
on NGO and ~20 K on LSAT and STO. This is also consistent
with the experimental trend observed in the high-temperature
regime, corroborating the Kondo effect dominant over other
origins such as electron-electron interaction [57,58] or weak
localization [59-61].

Due to the strong local spin interactions, Ru 4d electrons
exhibit dual characteristics of both itinerancy [11,12,62] and
localization [63,64]. They serve as the charge carriers while
also being responsible for providing the system with “frozen”
local moments [49]. From this perspective, introduction of
the Kondo effect in CaRuOj reflects the slowing down of the
interconversion between the localized electrons with short-
range magnetic interactions and the itinerant electrons among
the Ru 4d orbitals. Macroscopically this manifests itself as

“magnetic impurities,” representing the enhanced electron lo-
calization and modulation of the overall NFL behavior in the
high-temperature range.

In contrast, for the two samples exhibiting the semi-
conducting behavior (CaRuO; on TSO and GSO), we plot
the curve of R(T) against 1/T%. As depicted in Fig. 3(d),
the three-dimension VRH model, represented by R(T) =
Roe™" with « = 1 /4, provides a reasonable description
of the system’s semiconducting behavior. This suggests that,
unlike typical thermal excitations, the system exhibits strong
localized states in the vicinity of the Fermi surface [65-67].

In Hund’s metals, there is a crucial question regard-
ing whether strong local spin interactions in the “spin-
freezing” region can develop into long-range magnetic orders
[10,45,49]. In the case of SrRuOs;, the itinerant ferromag-
netism in the “spin-freezing” region has long been recognized.
However, bulk CaRuOj3 does not develop any long-range mag-
netic order. This is likely attributed to the fact that the coherent
length scale in CaRuOj3 is much shorter than that in SrRuO;,
and the electronic correlations in CaRuOs, being stronger
than in SrRuOs, prevent short-range magnetic interactions
within the “spin-freezing” region from evolving into long-
range order [10,45]. Although this remains an open question,
the presence of strong local spin interactions distinguishes it
from trivial paramagnetic states. In this sense, whether it is
the Kondo effect observed in the metallic phase of the three
samples or the hump feature seen on d(InR)/d(1/T) vs T plot
for the semiconducting samples, both imply that the magnetic
ground state may be modulated by epitaxial tensile strain.

Next we performed MR measurements on these CaRuO3
thin films. Three representative behaviors are observed, as
depicted in Fig. 4. For CaRuO3; on NGO shown in Fig. 4(a),
at temperatures 7 > 20 K, a positive MR is observed, with
slightly increasing magnitude as temperature decreases. How-
ever, as the temperature further decreases, the positive MR
is rapidly suppressed, and below 10 K, a negative MR is
visible, and further temperature reduction amplifies its mag-
nitude with the occurrence of a broad and weak hysteresis
observed at T = 2 K. Note, unlike CaRuQOj3 bulk which occurs
at around 100 K [24], the temperature at which it switches to
the negative MR effect has been greatly reduced in CaRuOj3
on NGO. Combined with the analyses of the low-temperature
resistivity in Figs. 3(a) and 3(c), it can be inferred that the
enhanced localization of Ru 4d electrons in the system man-
ifests some characteristics resembling “magnetic impurities”
on a macroscopic level. And it is the shielding effect of these
so-called “magnetic impurities” that significantly reduces the
temperature scale at which the system enters the negative
MR. With strain increment, this shielding effect is gradually
strengthened. As shown in Fig. 4(b) for CaRuO3; on STO,
although the strongest positive MR is seen around 20 K, the
tendency toward the transition to negative MR is significantly
suppressed down to the base temperature. It should be noted
that the MR effects observed here are generally weak, with the
magnitude less than 0.25%.

Figure 4(d) illustrates the variation of MR of four samples
with temperatures under a 5 T magnetic field. Notably, the
trends of the three metallic samples are basically in common,
with slight changes in values. But the CaRuO3;/GSO sample
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FIG. 4. Magnetoresistance of CaRuO; on (a) NGO, (b) STO, and (c) GSO with various temperatures as a function of magnetic field.
(d) Magnetoresistance as a function of temperature at 5 T for CaRuO; films on NGO, LSAT, STO, and GSO substrates.

exhibits the distinct negative MR at low temperatures. Con-
sidering the strong correlation features of Hund’s metal and
the enhanced electron localization induced by strain, there are
sufficient grounds to regard the semiconducting behavior as
a Mott transition, yielding a Mott gap [45] associated with
an antiferromagnetic ground state [68]. In this context, the
transition observed in Fig. 2(c), as well as the negative MR
and broad hysteresis displayed in Fig. 4(c), all reconcile with
this scenario, with the magnetic ground state of CaRuOj; from
a paramagnetic state with strong local spin interactions to
an antiferromagnetic state [69,70]. Nevertheless, more direct
evidence is highly demanded through additional probes such
as magnetic scattering experiments.

To better understand the experimental findings on
strain-modulated magnetic and electronic configurations of
CaRuO3, we performed DFT + U calculations. Electronic and
magnetic properties of (Ca, Sr)RuO; are significantly influ-
enced by the on-site Coulomb correlations effects for Ru-4d
electrons, as suggested by both experimental and theoretical
studies [16,71,72]. To account for the on-site Coulomb in-
teractions U among the Ru 4d electrons, we employed the
rotationally invariant DFT + U method introduced by Liecht-
enstein ef al. [73], with the parameter U set to 1 eV based
on experimental findings [74]. DFT-optimized cell parameters
of the unstrained structure are a = 5.31 A, b =5.52 A, and
¢ =7.62 A. The effect of in-plane biaxial strain was system-
atically investigated by varying the a and b lattice parameters
in the range of —2% (compression) to +8% (tension) with a
step size of 4+1%, while freely relaxing the c lattice parameter.
To determine the magnetic ground state under various biaxial
strain conditions, we compared the total energy calculated
for four distinct magnetic configurations with respect to that
of the nonmagnetic (NM) configuration. The four considered
magnetic configurations include one FM configuration and
three distinct types of AFM configurations, namely, A, C, and
G types [75]. Figure 5(a) shows the variation in the relative
energies of distinct magnetic configurations calculated with
respect to the total energy of the nonmagnetic configuration,

as a function of biaxial strain. Our calculations reveal that
when the biaxial strain < 4%, the FM configuration pos-
sesses the lowest energy and stabilizes as the magnetic ground
state. The result is consistent with what we observed in the
experiment. CaRuOj is indeed not a simple paramagnet. Al-
though it does not exhibit a long-range ferromagnetic order,
a short-range ferromagnetic configuration might exist within
the range of local spin interactions. It is noteworthy that
in the FM phase, the oxygen atoms in CaRuO; contribute to
the overall magnetization and may significantly influence the
magnetic and electronic properties of CaRuO3 near the Fermi
level [74].

When the biaxial strain continues to increase, the cal-
culated results indicate that the G-type AFM configuration
becomes the lowest energy state, the critical value of strain
(nc) is about 4.5%. This aligns with our interpretation, corre-
sponding to the transition of the magnetic ground state under
high tensile strain. It is worth mentioning that the critical
magnitude of the predicted biaxial strain in our DFT 4+ U
calculations is higher as compared to our experimental obser-
vations. This difference is mainly because, in our calculations,
we are considering a bulk structure, thus straining infinite
layers of the CaRuOj; film. Furthermore, while the n¢ at
which the FM to AFM-G phase transition occurs is not highly
sensitive to the value of U, we observed a systematic decrease
in nc with an increase in the U value [Fig. 5(b)].

In order to elucidate the electrical transport properties of
the system, in the FM and G-type AFM configurations, the
projected density of states (PDOS) computed along the high-
symmetry directions using DFT + U in Ru 4d orbitals of
CaRuO; while being subjected to biaxial strains is shown in
Figs. 5(c)-5(h). The system shows a clear crystal field split-
ting of Ru 4d orbitals to 5, and e, states, due to the tilting and
rotation of the RuOg octahedra. As can be seen from the dis-
tribution of PDOS, the e, orbitals are nearly unoccupied while
the 1, orbitals are partially filled, suggesting the low spin
configuration of Ru** ions, which demonstrates the validity
of the calculations. From Figs. 5(c)-5(e), it can be observed
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FIG. 5. (a) Variation of relative energies of nonmagnetic, FM,
AFM-A, AFM-C, and AFM-G type configurations of CaRuQO; with
applied biaxial strains. (b) Variation of this critical strain nc with U.
(c)—(h) The atomic Ru d orbital projected DOS of strained CaRuOs.
Left panel: FM configuration under applied in-plane biaxial strains
of (¢) x = —2%, (d) x = 0%, and (e) x = +4%; Right panel: AFM-G
type configuration under applied in-plane biaxial strains of (f) x =
+4%, (g) x = +5%, and (h) x = +8%. The black line shows the
total density of states, the blue color represents the projected DOS of
1, orbitals of Ru, while the orange color represents the projection of
e, orbitals. The vertical, black dotted line represents the Fermi level.

that when strain is within 4%, the FM configuration exhibits
relatively large PDOS on the Fermi surface, indicating overall
metallic behaviors of the system. However, for strain > 4%,
adopting the G-type AFM configuration, the PDOS on the
Fermi surface becomes finite with a gap opening, as shown
in Figs. 5(f)-5(h). This implies that the system undergoes a
MIT under high strain status, accompanied by a transition in
the magnetic ground state. This is consistent with our experi-
mental observations.

Conclusion. We synthesized (001)-oriented 10 nm CaRuO;
thin films on different substrates and investigated their elec-
tronic and magnetic properties through various transport
measurements and DFT 4 U calculations. The experimental
results indicate that even a small amount of tensile strain can
introduce the Kondo effect in CaRuOs3, thin films, leading to
significant modulation of the NFL behavior and MR. Espe-
cially, when the strain reaches a certain threshold, the CaRuO3
undergoes a metal-semiconductor transition, likely accom-
panied by a phase transition in the magnetic ground state.
Combining our experiments with theoretical calculations, we
suggest that the magnetic state possesses a G-type antiferro-
magnetic order. These findings are crucial for understanding
the strongly correlated metallic nature of CaRuOs3, and the
emergence of an antiferromagnetic state under large tensile
strain represents an intriguing hidden aspect, highlighting the
potential of CaRuOs; thin films as promising platforms for
investigating quantum phase transition and critical behaviors.
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