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PACS 75.30.Kz — Magnetic phase boundaries (including magnetic transitions, metamagnetism,

etc.)

PACS T71.30.+h — Metal-insulator transitions and other electronic transitions
PACS 72.15.Gd — Galvanomagnetic and other magnetotransport effects

Abstract — In recent years it has become clear that complex oxides provide an exceptional
platform for the discovery of new physics as well as a considerable challenge to our understanding
of correlated electrons. The tendency of these materials to display nanoscale electronic and
magnetic inhomogeneity is a good example. Here, we have applied a variety of experimental
techniques to investigate this magneto-electronic phase separation in a model system —the doped
cobaltite Laj —;Sr;CoOz. Comparing experimental data over a wide range of doping with statistical
simulations, we conclude that the magneto-electronic inhomogeneity is driven solely by inevitable
local compositional fluctuations at nanoscopic length scales. The phase separation is thus doping
fluctuation-driven rather than electronically driven, meaning that more complex electronic phase
separation models are not required to understand the observed phenomena in this material.

Copyright © EPLA, 2009

Magneto-electronic phase separation (MEPS), the
spatial coexistence of multiple electronic and magnetic
phases even in the absence of chemical segregation,
is ubiquitous in complex oxides such as cuprates and
manganites, and is considered key to understanding some
of their most important properties [1,2]. The effect is
an excellent example of the phenomena that emerge
from the interplay between the active degrees of freedom
in such oxides [1-4], which result in a delicate energy
balance between phases. In magnetic oxides intrinsic
inhomogeneities have been observed by neutron scat-
tering [5-8], nuclear magnetic resonance (NMR) [9,10],
scanning tunneling spectroscopy [11-13], magnetic
microscopy [14,15], and many other probes, and are the
subject of intense theoretical work. It is now understood
that nanoscopic electronic phase separation occurs in
many models of relevance to the manganites (e.g. one-
and two-orbital double-exchange models) [1,2,16,17],
while mesoscopic MEPS is found when quenched disorder

(@) E-mail: leighton@umn.edu

is included near a lst-order phase boundary [1,2,18].
Strain-based models have also been advanced [19], and
can explain multiple length scales in a single framework.

Experimentally, the perovskite cobaltites have proven
useful in the study of MEPS. The La;_,Sr, CoO3 (LSCO)
system has been intensively studied and is well established
(from neutron diffraction [20], NMR [21], Small-Angle
Neutron Scattering (SANS) [22], and inelastic neutron
spectroscopy [23,24]) to phase-separate into nanoscopic
ferromagnetic (FM) clusters in a non-FM matrix at low
x. As z increases the clusters percolate, leading to a
crossover from short- to long-range FM at x¢ ~0.18 [22].
LSCO offers several attractive features for fundamental
studies including nanoscopic length scales [22-24] (as
in electronic phase separation, where length scales are
limited by Coulomb interactions), isotropic clusters [23],
doping-tunable cluster density, similar crystal structures
for clusters and matrix, and the absence of long-range
antiferromagnetic (AF) order at low doping, which
simplifies detection of FM clusters. We show here that
a detailed study of magnetic cluster sizes and phase

27006-p1



C. He et al.

fractions in LSCO single crystals yields the unanticipated
result that the MEPS is confined to a well-defined doping
range, 0.04 <x < 0.22. This exact range, as well as the
z-dependence of the phase fractions, can be perfectly
reproduced by simple statistical simulations based on
the local doping fluctuations that must occur in any
randomly doped solid on these nanoscopic length scales.
MEPS in LSCO is therefore doping fluctuation-driven as
opposed to electronically driven. We conclude that in this
system, and perhaps others exhibiting nanoscopic phase
separation in parts of their phase diagrams, more complex
electronic phase separation models may not be required.

LSCO crystals [22-26] of 12 compositions (0.00 <
2 <0.30), were grown by floating zone methods and
proven single crystal/single phase by X-ray and neutron
diffraction. SANS was performed at the NIST Center
for Neutron Research at a wavelength of 6-8 j&, in the
wave vector range 0.003 A-lc q<0.2 A=l Absolute
cross-sections were determined, and the magnetic contri-
bution was isolated by subtracting the scattering at high
temperatures (>300K). Heat capacity was measured via
the relaxation method in a commercial system (Quantum
Design) from 0.35K to 270K in fields to 9 T.

We first discuss the basic features of the SANS data
in order to introduce the most important aspects of the
phenomenology. Figures 1(a)—(c), plot the T-dependence
of the low scattering wave vector (g = 0.007 A1) intensity
([d2/dQiowq)), high-¢ (0.049 A~1) scattering intensity
([dX/dQ)highq), and magnetic correlation length, &, for
4 representative single-crystal samples. © =0.30 and 0.22
crystals show the onset of low-g scattering and a peak in
[dX/dQnigh ¢ at the Curie temperature, T [dX/dQiow 4
follows the Porod form (dX/dQ ¢ *) due to scatter-
ing from domains of size D, in the limit ¢>> 27/D [22].
Adherence to this form down to ¢=0.003 Ao_l immedi-
ately implies that the domains exceed 2000 A, i.e. truly
long-range FM order [22-24]. [dX/dQpigh 4, on the other
hand, is Lorentzian (dX/dQoc1/(¢?+ (1/€)?), enabling
extraction of the magnetic correlation length [22]. As
shown in fig. 1(c), for =0.30 and 0.22¢ diverges as
T— Tg , as expected in a long-range-ordered FM. At
x =0.17, which is very close to the percolation threshold,
zco, € diverges as T — Tg and the low-g scatter shows
a clear onset, but [dX/dQnign, has only a bump at T¢
with significant intensity at low 7. The = =0.15 crystal
(x <x¢) is radically different. [dX/dQ];ow 4 is negligible,
while [dX/dQ]pign  shows an onset around 150 K, becom-
ing intense at low T'. Consistent with the negligible low-q
scattering, £ does not diverge. Apparently spin correla-
tions emerge at ~150K, grow in range with decreasing
T, but are limited to ~ 2.5 nm by the physical size of the
magnetic clusters. We thus use &, which strictly provides
a measure of the characteristic spatial extent of the spin
correlation function, as an approximate measure of the FM
droplet size. The validity of this procedure is borne out by
the reasonable agreement with the £ values derived from
elastic neutron scattering peak widths [23]. For x < 0.15,
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Fig. 1: (Color online) T' dependence of the magnetic SANS
intensity (absolute cross-section) at ¢=0.007 A~' (a) and ¢ =
0.049 A~ (b) and the extracted magnetic correlation length
(c) for  =0.15,0.17, 0.22 and 0.30 single crystals. The bottom
panel (d) shows the z-dependence of the magnetic correlation
length for both single- and poly-crystals at 10 K.

&(T) shows a splitting between field-cooled (FC) and zero-
field-cooled (ZFC) curves close to the “spin-glass” freez-
ing temperature [26]. The doping dependence of £ for both
single- and poly-crystals (fig. 1(d)) shows a weak increase
with increasing z, from ~ 2 unit cells (6-8 A) at z=0.05
up to ~ 6unit cells (20-25A) at  =0.15, an important
point for the analysis presented below.

Figures 2(a,b) show the low-T' (10K) SANS intensi-
ties ws. z. [d¥/dQiowq is negligible at low z due to
the absence of long-range FM, but turns on at x =0.17,
i.e. at percolation. A maximum occurs at x=0.20 due
to formation of a percolated network with maximum
contrast between FM and non-FM phases. Significantly,
[dX/di0w ¢ becomes roughly constant above z = 0.22, at
a lower value than at x=0.20. The surprising implica-
tion is that a uniform single-phase FM state is entered
at x > 0.22, at which point [dX/d€];py 4 comes only from
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Fig. 2: (Color online) Doping dependence of the 10 K magnetic
SANS intensity (absolute cross-section) at (a) g=0.007 A~
and (b) ¢=0.049 AL, Doping dependence of the elec-
tronic and T2 contributions to the specific heat (c), the
nuclear hyperfine contribution to the specific heat (d), and
the 9 T magnetoresistance (e). The dotted lines are guides to
the eye while the solid lines are fits to the models described
in the text. The vertical dashed lines indicate the upper and
lower limits for the phase separation, zy and xr.

domains. The z-dependence of [dX/dQnignq (fig. 2(b))
strengthens this argument. Not only does [dX/dQ]nign ¢
vanish at  =0.22 (the point at which [dX/dQ];ow 4 flat-
tens), but also as « — 0.04, the first strong evidence that
the MEPS in LSCO is confined to a specific doping range.
FM-correlated nanoscopic clusters apparently first form
at statistically significant density at x =0.04, increase
in scattering intensity up to z=0.15, decrease beyond
x=0.17 due to coalescence, then become negligible at
x = 0.22 when uniform FM is established.

Further evidence for a finite range over which MEPS
occurs is provided by the specific heat, Cp. Figure 3 shows
Cp(T) (0.35K <T <10K) plotted as Cp/T wvs. T? (for
7 representative samples) to test the relation Cp(T) =
~T + BT3. The electronic contribution, ~, is given in a
free electron model by v =7n%k3N(EF)/3, where N(Ep)
is the density of states at the Fermi level. The lattice
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Fig. 3: (Color online) T-dependence of the specific heat plotted
as Cp/T wvs. T? for single crystals with z=0.05, 0.10, 0.15,
0.17, 0.18, 0.19, and 0.30. The solid lines are fits to the equation
shown in the figure and described in the text.

contribution, 3, is given in the Debye model by 8=
234Nkp/©%, where N is the number of ions/mole and
Op is the Debye temperature. Considering first the data
at T>2K and £=0.30 (i.e. deep in the FM metallic
phase), we see that this form is indeed valid!, although
with a large v which we will discuss elsewhere. As z is
decreased the intercept in fig. 3 (i.e. ) decreases (due
to the approach to the metal-insulator transition), but is
accompanied by significant downward curvature at low 7.
To quantify this additional contribution to Cp(T), a term
of the form BT® was included, with « allowed to vary with
x. Such fits produced a=2.10+ 0.16, strong evidence for
a BT? contribution. Cp(T)=~T + BT+ BT? provides
a good fit to the data (solid lines). The extracted ~(z)
and B(x) are shown in fig. 2(c). v =0 at low z, increases
rapidly at z¢ then saturates at x =0.22, further evidence
for the existence of a homogeneous FM metallic state
above x = 0.22. The second remarkable feature is the form
of B(z), which is essentially reciprocal to v(x); B is
constant below z = 0.15, then falls smoothly to zero at
x = 0.22. It is thus clear that the BT? term must originate
in the non-FM phase, i.e. what we observe in y(z) and
B(z) is essentially phase conversion from non-FM to FM
with increasing z. Note that a T? term in Cp has been
identified in LaMnOs [27], and ascribed to A-type AF
order. Although LSCO is not AF at low z, simultaneous
F and AF spin correlations have been found, consistent
with A-type AF fluctuations [23]. Moreover, it has been
generally argued [28] that phase-separated systems with

L Absence of an FM spin-wave contribution is understood in terms
of the magnetocrystalline anisotropy which results in a gapped spin
wave excitation spectrum.
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both F and AF interactions have long-wavelength spin
excitations producing a T? term in heat capacity, an
argument that could be applicable here also. In any case,
and regardless of the exact mechanism, the spatial origin
of the BT? term is clear; it arises in the non-FM phase.

Consider now the low-T' data (i.e. below 2K). The
upturn in Cp/T at low T' (only 4 curves are shown for
clarity) is common in magnetic materials and is due to a
nuclear hyperfine contribution [1,27,28]. Internal magnetic
fields Zeeman split the nuclear energy levels (AE =
2pnucHp g, where iy, is the nuclear moment, Hj ¢ is the
hyperfine field, and we have used nuclear spin, I =1/2 for
illustration), leading to a Schottky anomaly which, in the
limit 7> AE, is approximated by Cp(T) = A/T?, where
Ao Hpy [1,27,28]. The solid lines in fig. 3 include this
contribution, confirming that it is a good description of the
data. The doping dependence of A (fig. 2(d)) reveals large
values at high z (equivalent to Hy s ~ 16 T, consistent with
zero field Co NMR [21]), which persist to 2 < 0.18 (due to
the local internal field in the clusters), eventually vanish-
ing as ¢ — 0.04. This is in remarkable agreement with the
SANS data of fig. 2(b), further evidence for the appearance
of FM clusters in significant density at = ~ 0.04. Note that
the applied field dependence of A(z) (fig. 2(d)), is consis-
tent with an FM internal field, and rules out the possibility
of paramagnetic defects as the origin of the Schottky
anomaly. Magnetotransport (fig. 2(e)) provides further
confirmation. As described previously [25], the magneto-
resistance can be simply decomposed into “metallic” and
“insulating” contributions. The insulating contribution
disappears at x =0.22, at which point the metallic
contribution becomes constant, confirming once more the
onset of uniform FM beyond x = 0.22. This conclusion is
also consistent with La NMR showing a saturation of the
center field of the resonance near z =0.22 [29].

Given such clear evidence of localization of the phase-
separated region to a specific range of doping either side of
the percolation transition, simulations were performed to
determine if this finite range could possibly be accounted
for by local doping fluctuations. A 240 x 240 x 240 array of
La ions was considered. Doping was achieved by assigning
a probability x of occupation of a given site with Sr and the
lattice was broken up into sampling volumes ¢3, playing
the role of the nanoscopic clusters. The distribution in
local dopings on the sampling length scale &, P(Zjocar),
was then collected at multiple global doping values, =x.
As an illustration, the distributions arising for sampling
volumes of 3 unit cells cubed and 11 unit cells cubed
are shown as color plots in figs. 4(a) and (b). Vertical
cuts through these figures are the P(zjocqi) distributions
at that particular global x value. The width of these
distributions is obviously dependent on the sampling
volume, decreasing dramatically from fig. 4(a) to fig. 4(b).
Consider the intersection of these distributions with the
horizontal line x;ycq; = 0.18, i.e. x¢ from the bulk phase
diagram. Assuming that in any region with x;,cq; > 0.18
FM order is stable (leading to nucleation of a short-range
FM cluster), and in any region with xjycq <0.18 FM

order is unstable, leads to prediction of a finite range
for MEPS. The lower intersection point, xy, is the point
at which the entire distribution is below zjocq; =0.18 (a
uniform non-FM state), and the upper intersection point,
ry, is the point at which the entire distribution lies
above Zjoeq; =0.18 (a uniform FM state). Figures 4(a)
and (b) thus predict =z =0.06, xy =0.36, and zp =
0.14, z; = 0.21, respectively, neither of which agree with
experiment. This is because, as shown in fig. 1(d), the
actual experimentally determined sampling length scale
(i.e. the magnetic correlation length) is itself dependent
on global doping. £(z) was therefore fitted to a simple
function (a quadratic, fig. 1(d)) in order to compute the
relevant sampling length at any x as an input for the
simulations. As an aside, note that i) a quadratic describes
&(x) better than a linear function, and ii) finite £(z — 0)
can be rationalized in terms of non-zero spin states in
magnetic excitons [30,31] or spin-state polarons [32], which
could be the precursors to the FM correlated clusters
we observe at x > 0.04. Local magnetic entities such as
polarons [24,32] or magnetic excitons [30,31] likely exist
at very low (even zero) xz, but strongly FM-correlated spin
clusters apparently first form at x ~ 0.04. The results from
these final simulations are shown in fig. 4 (c). The unusual
shape of the distribution is due to the form of £(z). At low
x the distribution is wide due to the small sampling volume
(~2 unit cells cubed), while at high z it is narrow due
to the larger sampling volume. From fig. 4(c) we predict
xr, = 0.03, zpy = 0.21, remarkably close to the experimental
values (0.04 and 0.22). Note that this agreement is achieved
with no adjustable parameters, using the experimentally
determined &(x).

The validity of the model can be further verified
by extracting the phase fractions, frps (of the long-
range-ordered FM phase) and fyppr. These are shown
in fig. 2(c), normalized to, and overlaid on, (z) and
B(z), which we have argued must scale with frj,
and fyrprp. The agreement is satisfactory. The x-
dependence of [dX/dQnigne (fig. 2(b)) can also be
modeled. [dX/dQ|xigh ¢ must be proportional to the phase
fraction of the non-long-range-ordered regions (fnrar)
and the density of clusters within these regions, which
we observed to increase linearly with  beyond z =0.04,
i.e. [dX/dQ)pighq=C(x —0.04) fyram(x), where C is a
constant. As shown in fig. 2(b) the agreement with exper-
iment is reasonable. [dX/dQ];ow4 is of the Porod type
and is thus proportional to the specific area of contact
between FM and non-FM phases. This can be crudely
approximated as [dX/dQ)owq~ C'frm(z) fnrm(z) (C'
is a constant) [33], which is exact as frp —0, 1. As
shown in fig. 2(a) the simulation (solid line) faithfully
reproduces the onset at x=0.15, and the peak near
percolation, but is incapable of modeling the constant
intensity at = > 0.22, which arises from domains.

The striking agreement between experiment and these
simple statistical simulations directly implies that the
phase-separated state in LSCO can be explained solely
on the basis of unavoidable local doping fluctuations
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Fig. 4: (Color online) Calculated distribution of local doping as a function of the global doping, x, for sampling volumes of (a)
3 unit cells cubed, (b) 11 unit cells cubed, and (c) the experimentally determined (z-dependent) magnetic correlation volume.
The vertical lines indicate the upper and lower limits for the phase separation, i.e. the points where the distributions intersect

the horizontal line at = = 0.18.

in a randomly doped crystal, with no need to invoke
electronic phase separation. It is important to stress that
electronic inhomogeneity is of course still present. It is
simply driven by doping fluctuations as opposed to an
electronically driven phase separation mechanism. The
long-range Coulomb interaction likely plays a key role in
limiting the phase separation length scale (see ref. [17] for
example), making these local compositional fluctuations
extremely important. It is clear that longer length scale
inhomogeneities, (which seem to occur in some manganites
for example) cannot be described by this model, as can be
seen from the rapid decrease in distribution width with
sampling volume. As a final comment note that a key
feature of this analysis is that the critical doping level for
the onset of FM order in the bulk phase diagram (z = 0.18)
apparently applies at surprisingly short length scales, of
the order of only 2 unit cells.

In summary, we made a detailed study of the nanoscale
magneto-electronic phase separation in single crystal
La;_,Sr;CoO3, revealing the existence of a specific
range over which it occurs. This exact doping range, the
doping dependence of the phase fractions, and the doping

270

dependence of the small-angle neutron scattering, can
all be reproduced by simple statistical simulations incor-
porating the local compositional fluctuations that must
occur on nanoscopic length scales. The magneto-electronic
phase separation is therefore driven by spatial fluctuations
in doping rather than true electronic phase separation.
Similar mechanisms could be at work in other randomly
doped oxides exhibiting magneto-electronic inhomo-
geneity (e.g. cuprates and manganites), provided that
the coexisting phases have sufficiently small free energy
differences, and, crucially, that the inhomogeneities occur
on truly nanoscopic length scales.
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