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Essential role of magnetic frustration in the phase diagrams of doped cobaltites
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Doped perovskite cobaltites (e.g., La;_,Sr,Co0O;3) have been extensively studied for their spin-state physics,
electronic inhomogeneity, and insulator-metal transitions. Ferromagnetically interacting spin-state polarons
emerge at low x in the phase diagram of these compounds, eventually yielding long-range ferromagnetism.
The onset of long-range ferromagnetism (x &~ 0.18) is substantially delayed relative to polaron percolation
(x ~ 0.05), however, generating a troubling inconsistency. Here, Monte Carlo simulations of a disordered
classical spin model are used to establish that previously ignored magnetic frustration is responsible for this
effect, enabling faithful reproduction of the magnetic phase diagram.
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Introduction and experimental situation. The insulator-
metal transition (IMT) is an important, widely observed
phenomenon in condensed matter physics that continues to be
intensively studied [1]. While there are various mechanisms
by which IMTs occur, in quantum materials, the percola-
tion of conductive regions in an insulating matrix, driven by
temperature, doping, pressure, etc., is widespread [1-5]. The
microscopic factors inducing such electronic inhomogeneity
(across nano- to mesoscales) include structural disorder, mul-
tiple competing interactions, and coupled degrees of freedom,
resulting in a formidable problem [1,6,7].

Doped perovskite cobaltites, with La;_,Sr,CoOs (LSCO)
as the archetype, have proven to be paradigmatic for investi-
gations of such percolative IMTs [8—12]. Experimental studies
of LSCO single crystals culminate in the electronic/magnetic
phase diagram in Fig. 1, which we have constructed from
both published and new data (see Supplemental Material
Sec. S1 [13]). At x = 0 [undoped LaCoO3 (LCO)], the Co’t
(d®) ions adopt an § = 0 diamagnetic insulating ground state,
but with a spin gap of only ~10 meV due to comparable crys-
tal field and Hund’s exchange energies, leading to the famous
thermally excited spin-state transition (SST) [9-12,14—18].
Defined as the midpoint of the resulting rise in susceptibility,
the SST occurs at Tgst ~ 70 K (Fig. 1). It is essentially com-
plete by approximately 120 K, above which antiferromagnetic
(AF) Co*"-Co*" superexchange interactions occur, resulting
in the negative Curie-Weiss temperature (Ocw) [19-21] shown
in Fig. 1.

Fascinating behavior emerges upon dilute hole doping
(e.g., x = 0.005), where giant magnetic moments (S ~ 13/2)
occur due to seven-site, octahedrally shaped spin-state
polarons (Fig. 2, inset) [21,27-29]. In essence, doped
Co*" ions stabilize finite spin states on neighboring Co’**
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ions, forming a spin-state polaron with ferromagnetic (F)
intrapolaron interactions. As noted previously, and borne out
by our own data (Fig. 2, right axis), increasing x leads to
polaron overlap [27], and thus collapse of the magnetization
per hole [21]. As shown in Fig. 1, this is accompanied by
a rapid increase in Ocw (decrease in |fcw|), which inverts
from negative to positive [19,21] at x ~ 0.04, reflecting
the dominance of intrapolaron F Co*'-Co** interactions
over extrapolaron AF Co**-Co** interactions. At this
pivotal x & 0.04 (vertical dashed line, Fig. 1) multiple
experimental probes indicate short-range F order, including
small-angle neutron scattering (SANS) [10], inelastic neutron
spectroscopy [21], neutron diffraction [12,30], and specific
heat [10,22]. As shown in the phase diagram, signatures
of nanoscale magnetic inhomogeneity then turn on at
temperature 7", followed at a lower Tg by spin/cluster-glass
freezing. Most dramatically, a percolation transition then
occurs at x, &~ 0.18 (solid vertical line, Fig. 1), where a
low-temperature IMT occurs and long-range F order is
detected by neutron diffraction [12,31], SANS [10,11],
and magnetometry [8,9]. In Fig. 2 this is reflected in a
sharp upturn in magnetization (blue, right axis) and F volume
fraction (black, right axis). This percolation transition can also
be controlled with voltage in electrolyte-gated LSCO [32,33].
A final important composition on the phase diagram is at
x ~ 0.22 (vertical line, Fig. 1), where multiple probes (e.g.,
SANS, specific heat, La NMR, magnetotransport [10,24])
reveal uniform long-range F order, i.e., an end to the low
T magnetically phase-separated regime [10]. T¢ gradually
increases with further doping, reaching 250 K at x = 0.5.
The picture that emerges from the above, i.e., spin-state
polarons generating nanoscale F regions that percolate into
long-range F order at x, &~ (.18, has become widely accepted.
This masks a troubling inconsistency, however. Specifically,
simple statistical arguments indicate that a percolation of
seven-site polarons into a long-range F network should
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FIG. 1. Magnetic/electronic phase diagram of single-crystal
La;_,Sr,CoO; (LSCO). Shown are the Curie temperature (7c),
spin/cluster glass freezing temperature (7;), onset temperature for
ferromagnetic (F) fluctuations/clusters (7*), and non-F matrix spin-
state crossover temperature (7sst). Superimposed is the magnitude
of the Curie-Weiss temperature Ocw, which inverts from antiferro-
magnetic (AF) to F at x = 0.04. FM = ferromagnetic metal, PM =
paramagnetic metal, PI = paramagnetic insulator, and GI = glassy
magnetic insulator; U designates uniform states, and PS magneti-
cally/electronically phase separated states. Tc, Tg, T*, and Ocw are
from this Letter, supplemented with Refs. [10,22-24]; Tsst data
are taken from Ref. [25]. The vertical line at x. = 0.18 marks the
cluster percolation threshold, and the vertical line at x = 0.22 the
transition from PS to U states at low temperature (and from negative
to positive temperature coefficient of resistance at high temperature).
For x > 0.30, where single-crystal data are not available, 7c and T*
values from polycrystalline samples have been used [26].

occur at x ~ 0.04. This can be understood by dividing the
cubic (LSCO is cubic above x ~ 0.5 and mildly rhombo-
hedrally distorted at lower x) site percolation threshold of
s, = 0.31 by 7 (the number of sites in the polaron), yielding
x = s./7 = 0.044. The number of isolated polarons in fact
peaks at x ~ 0.03 [see Fig. 3(b), inset], prior to percolation
of the polarons at x ~ 0.04. As discussed in the Supplemen-
tal Material, Sec. S2 [13], the low-T specific heat C, (e.g.,
at 7 K, left axis, Fig. 2) supports this, with the Schottky
specific-heat signature of the spin-state polarons peaking at
x = 0.03 then leveling off at x = 0.05, before rising again at
X > X, due to electronic contributions to C, in the F metallic
state [10,22]. Critically, this doping level at which polaron
percolation is expected (x =~ 0.04) is substantially lower than
the experimentally observed x, =~ 0.18 at which percolation
to a long-range F metallic state occurs. In this Letter, we
finally resolve this issue, using a model of interacting dilute
and disordered magnetic moments that we investigate using
large-scale Monte Carlo simulations. This reveals a vital role
for magnetic frustration, a previously ignored factor in the
phase diagrams of such materials. We expect this physics to
also play a role in the phase behavior of other heavily stud-
ied doped cobaltites, such as La;_,Ca,Co0Os3, La;_Ba,Co0s3,
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FIG. 2. Doping (x) dependence of the 7-K heat capacity (C,,
red, left axis), magnetization per hole (blue, right axis, normalized
to the x = 0 value), and F volume fraction (black, right axis). The
latter is estimated by extrapolating the high-field magnetization-field
behavior to zero field. Dashed lines are guides to the eye. Inset:
Schematic of seven-site spin-state polaron with F exchange coupling
J34 between sites.

Pr;_,Ca,Co0Os3, etc. Moreover, while the spin-state aspect to
the polarons is specific to cobaltites, frustration may also
play a role in other systems exhibiting magnetic polaron to
long-range order transitions, such as manganites.

Theoretical model. To address the question of what de-
lays the onset of percolation in LSCO, we study an effective
disordered Ising spin model that captures the essential mi-
croscopic physics. Starting from an empty cubic lattice, we
randomly populate a fraction x of the sites with Ising spins
S = 41, corresponding to Co** ions. Two neighboring §®
spins interact ferromagnetically with coupling constant Jy4 <
0, reflecting the fact that the Curie-Weiss temperature Ocw is
positive for x > 0.05 and the fully doped end member SrCoQOs3
is F (Tc ~ 300 K). Note that we consider Ising spins here
to account for the easy-axis anisotropy in the material. We
then place spins Si@) = =1 on all empty sites neighboring an
S® spin, which models the emergence of spin-state polarons
due to transitions from LS (low-spin) to IS (intermediate-spin)
states on the Co’" sites neighboring a Co**. The nearest-
neighbor interaction between Si(4) and SV spins is also F,
Jas < 0, leading to the formation of large spin S polaronic
clusters, consisting of seven sites for an isolated polaron. In
contrast, the interaction between two neighboring @ spins
is AF, J33 > 0. This is consistent with a negative Ocw for
thermally excited IS Co®" spins at x < 0.05. Note that as an
Ising spin model, our model does not explicitly account for a
change in itinerancy across the insulator-metal transition and
onset of long-range F at x = 0.18. We argue that explicitly
accounting for such itinerancy is not essential, as the essence
of this transition is percolation of preexisting hole-rich F clus-
ters, i.e., the ferromagnetism is in some sense itinerant on both
sides of the transition. The fundamental change in character at
this transition is thus from short- to long-range F, which our
model captures, as shown below.

The presence of both F and AF interactions leads to frus-
tration of polarons as shown in Fig. 3(a) for two neighboring
polarons. In the F configuration shown, the F bonds J34 and
Jus are satisfied, thus frustrating the AF bonds J33. The fact
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FIG. 3. (a) Schematic of two nearby seven-site polarons with
exchange interactions Jx4, Ju < 0 (F) and J33 > 0 (AF). Co** (Co**)
sites are shown in red (blue). In this F configuration, the AF J33 bonds
(green dashed) are frustrated. (b) Fraction of spinful sites s (either
Co™* or Co*") as a function of Co** doping x. The horizontal green
dashed line denotes the site percolation threshold on the cubic lattice,
s. = 0.31, which is reached at x = 0.05. The inset shows the fraction
of spins in isolated seven-site polarons, which peaks at x = 0.03.
Data was obtained for system size N = L* with L = 32 and averaged
over Ny = 50 disorder realizations. Inset data was obtained for
system size N = 10° and is averaged over 10° disorder realizations.
(c), (d) Fraction of filled bonds b as a function of Co*" doping x.
Different bonds are described in the legend; “All” refers to counting
J33, Ja4, and Jy4 bonds. The horizontal gray line denotes the bond per-
colation threshold on the cubic lattice b, = 0.25. The system exhibits
only finite-size clusters for x < 0.08 (bay < b.). If AF bonds were
absent, the T = 0 paramagnetic-to-ferromagnetic transition would
occur at x = 0.13 (b(34)+@44) = b.), when a macroscopic percolating
cluster that only contains F J34 and J44 bonds emerges. However, the
presence of AF J3; bonds decouples the percolation of F bonds from
the onset of F order. Fraction of filled bonds was obtained for same
parameters as filled sites in panel (b).

that the number of spinful sites s rapidly grows with the
fraction x of Co*™ sites is shown in Fig. 3(b). Since an isolated
polaron contains seven sites, the initial slope of the curve is
s &~ Tx, which levels off once the polarons overlap at larger x.
The maximal number of isolated polarons occurs at x = 0.03
[Fig. 3(b), inset]. This marks the onset of frustration, which
suppresses the development of F order once a macroscopic
site cluster forms at x = 0.05, where s reaches the site per-
colation threshold s, = 0.31. Note that we neglect the weak
correlation between the occupation probability of spinful sites
as they are added as few-site polaronic clusters, which will
result in a slightly larger numerical value of s,. To further elu-
cidate frustration, we investigate the phenomenological model
Hamiltonian

4) (4 3 3 3) (4
H=Jy Z Si( )S; )+J33 Z S[-( )S§)+J34 Z S; )S; ).
(i, ))aa (i, /)33 (i, /)34

ey

Here, Jy4, J34 < 0 correspond to F and J33 > 0 to AF interac-
tions and (i, j),» runs over all nearest-neighbor spinful sites
of type a, b on the cubic lattice.

Let us first consider the limit J33 = 0, where only F inter-
actions are present. As shown in Figs. 3(c) and 3(d), counting
only J34 and Jy4 bonds (blue points), the bond percolation
limit at b, = 0.25 [34,35] is reached at Co** doping level
xB3H+ED = 0.13 [Fig. 3(d) is a magnified view of Fig. 3(c)
to enable this to be seen more clearly]. Since all interac-
tions in this limit are F, this implies the emergence of a
macroscopic F cluster (consisting solely of F bonds) and the
onset of F order at T = 0. In contrast, considering J33 #
0 and counting all bonds (magenta points), a macroscopic
percolating cluster emerges already at x3)TGHTE) — 0,075,
Critically, however, J33 > 0 is AF, so the development of F
order does not coincide with bond percolation. Instead, spins
in the macroscopic cluster will experience frustration due to
the random distribution of F and AF bonds, and we expect a
spin-glass (SG) phase at low temperatures. This frustration is
fully captured by an Ising interaction, justifying our neglect of
quantum fluctuations. The degree of frustration is controlled
by the ratios J33/J34 and J33/J44, which also set the end point
of the SG phase and the emergence of F order at larger x, as
we show next.

We numerically investigate the model in Eq. (1) using
large-scale parallel tempering Monte Carlo (MC) simulations.
We simulate systems of size N = L3 with L = 8, 12, 16 and
for Ngis = 50 (30) disorder realizations for L = 8 (L = 12, 16)
using a combination of Metropolis and parallel-tempering up-
dating steps. The total number of MC steps is Nyic = 8x 10%,
4x10*, and 8x 103 for increasing system sizes. We use the
first half of these steps for thermalization and measure ob-
servables only during the second half of the simulation. Error
bars are obtained using the standard jackknife method [36]. To
connect to experiment, we choose the F exchange couplings
to be equal J34 = Jyq = —1, since the F transition temperature
of LSCO varies only slightly from ~250 to ~300 K over the
doping range 0.5 < x < 1, whereas the bond number ratio
b34/bsy varies from two to zero over the same range [see
Fig. 3(c)]. Because there are only few Jy4 bonds for small
doping and b4y < 0.06 for x < 0.25, our results in this (insu-
lating) range depend only weakly on Ju4, justifying our choice
of doping-independent values for J34 and Jy4. Finally, we
set J33 = 0.2, which corresponds to moderate frustration and
gives x, = 0.25, close to the experimentally observed value
in LSCO. Results for other values of J33 are presented in the
Supplemental Material, Secs. S4 and S5 [13]). A smaller value
of J33 merely shifts x, closer to x = 0.13, whereas a larger J34
results in an intermediate AF phase; this is in fact observed in
some doped cobaltites, e.g., La;_,Ba,CoOj [37].

The resulting finite-temperature phase diagram as a func-
tion of x, and for J34 = Jyy = —1, J33 = 0.2, is shown in
Fig. 4(a); this is plotted over the same range of x shown in the
phase diagram in Fig. 1. At large x, where F bonds dominate,
the system enters a F phase at a transition temperature 7p(x)
that is slightly smaller than the value T3P = 4.5J44 of the
x =1 system due to missing bonds and AF J33 bonds in
the macroscopic spin cluster. We obtain 7y from the crossing

of the F Binder cumulants [38,39] Up = 3(1 — l%) for

3 (),
different system sizes (see Supplemental Material Sec. S3).
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FIG. 4. (a) Numerical finite-temperature phase diagram of the
frustrated J33-J34-Jas model as a function of Co** doping, obtained
from percolation analysis and MC simulations. The different phases
are paramagnetic (P), ferromagnetic (F), and glassy, which is char-
acterized by short-range AF and F correlations. Couplings are set
to J3u =Jyu =—1 (F) and J33 = 0.2 (AF). Transition tempera-
tures Tr (red dots) are obtained from MC simulations via crossing
of F Binder cumulants (see Supplemental Material Sec. S3). Such
crossings are notably absent for x < 0.225. The gray dashed line
at x = 0.08 denotes the bond percolation threshold [bay = b, see
Fig. 3(d)]. The brown line denotes the 7 = 0 P-F quantum criti-
cal point (QCP) in the unfrustrated model (/33 = 0), obtained from
b@iay+ a4y = b in Fig. 3(d). The transition temperature to the glassy
phase (solid gray line) is schematic and smoothly connects the var-
ious numerically obtained points. (b)—(d) MC simulation results of
observables m2, mig, Xk, xar for x = 0.2 and x = 0.5 and different
system sizes, L = 8, 12. Long-range F order develops for x = 0.5,
while only short-range F and AF correlations coexist at x = 0.2,
which is characteristic of a glassy phase.

Here, m = 1%/25\]:1 S; is the magnetization, S; is the spin at
site 7, and the brackets (O) ([Olg;s) denote thermal (disorder)
averages.

Tr(x) decreases as x is reduced and for x < 0.225 the
crossing of the Binder cumulants is absent, implying that true
long-range F order ceases to exist. By analogy to the Edwards-
Anderson model [40-42], we expect the system to exhibit
a magnetic-glassy multicritical point [43-45] and develop a
low-T SG phase for x < 0.225. We qualitatively verify this

scenario by investigating both F and AF observables, as shown
in Figs. 4(b)-4(d). At x = 0.5 the system behaves as a typ-
ical ferromagnet with a peak in the F susceptibility xp =
Y([(m*) — (m)*]ais) that grows with system size [Fig. 4(c)]
and a saturation magnetization (m?) that approaches unity as
T — 0 [Fig. 4(b)]. In contrast, at x = 0.2, we find competing
F and AF fluctuations with broad peaks of comparable size
in xp [Fig. 4(c)] and xar [Fig. 4(d)], where yar measures the
susceptibility at wave vector ¢ = (m, , 7). Both F and AF
order parameter magnetizations are small (and finite) in such
a finite system [Fig. 4(b)]. We leave a detailed study of the
glassy phase, and other parameter regions in this model, for
future work.

We can determine the 7 = 0 boundary of the glassy phase
on the lower doping side from our bond percolation analy-
sis presented above [Fig. 3(c)], which gave xsG min = 0.075.
Since the SG transition temperature must vanish at this point,
we obtain the phase diagram shown in Fig. 4(a), which bears
a striking resemblance to the experimental phase diagram in
Fig. 1. Note that we focus on phase transitions below the 7*
line in Fig. 1, where finite order parameters develop. This
is a strong indication that our model correctly captures the
microscopic physics in the low and intermediate doping range
in LSCO, and that it is the frustration of polarons due to com-
peting AF and F interactions that underlies the shift of the per-
colation threshold from the naively expected value x >~ 0.05
to the experimentally observed value x, = 0.18. Given the
universality of the spin-state physics and spin-state polaron
formation in other doped cobaltites, such as La;_,Ca,CoOs3,
La;_,Ba,Co0Os, Pr;_,Ca,Co0s, etc., and their similar quali-
tative behavior with doping, it is highly likely that this model
can be applied far more broadly than to La; _,Sr,Co0O3, as cor-
roborated by our additional simulations for larger frustration
ratios (see Supplemental Material Sec. S4).

Conclusion. In essence, the model developed in this Letter
reveals that a factor previously ignored in the physics of doped
cobaltites—magnetic frustration—plays an inherent role in
shaping their electronic/magnetic phase diagrams. Such
frustration, which is of broad importance in condensed matter
systems, delays the percolation associated with magnetic po-
larons, playing a vital role in the onset of long-range-ordered
ferromagnetism in these systems. This is yet another illustra-
tion of the importance of frustration in magnetic materials.
From the experimental perspective, this Letter also provides
data that highlight the discrepancy between polaron perco-
lation and the onset of ferromagnetism and offers the most
definitive magnetic phase diagram to date for this material.

We provide all required programs as open-source software,
and we make the raw data of our results openly accessible
[46].
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