PHYSICAL REVIEW B 80, 214411 (2009)

Heat capacity study of magnetoelectronic phase separation in La;_,Sr,CoQO; single crystals
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We present a detailed investigation of the specific heat (0.35<7<270 K) and ordinary Hall effect (300 K)
in La;_,Sr,CoOj single crystals at 11 doping values in the range 0.00 <x<0.30. The data reveal a considerable
amount of information on the nature of the percolation transition, the crystal and electronic structures, and,
most significantly, the magnetoelectronic phase inhomogeneity that has attracted such attention in this material.
The observations include a discontinuity in Debye temperature accompanying the insulator-metal transition,
direct evidence for the percolative nature of this transition, and a large electron mass enhancement in the
metallic state, likely due to strong electron correlation effects. The various contributions to the heat capacity
are shown to provide a detailed picture of the phase-separated state and its evolution with doping and are
discussed in light of prior neutron-scattering and heat capacity data. This doping dependence provides strong
evidence that the phase separation is restricted to a well-defined doping range, 0.04 <x<0.22, in agreement

with a recently proposed model.
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I. INTRODUCTION

Due to its observation in a large number of materials
(e.g., manganites and cuprates), and the key role that it
plays in some of their most attractive properties (e.g.,
colossal ~ magnetoresistance'>  and  high-temperature
superconductivity#), magnetoelectronic phase separation
(MEPS), is an active research area in complex oxides.>® This
phenomenon refers to the spatial coexistence of multiple
electronic and magnetic phases in a single specimen and has
been observed in a variety of transition-metal oxides. The
doped perovskite cobaltites, in particular, the large band-
width La,_,Sr,CoOs (LSCO) system, have proven particu-
larly well suited to fundamental studies of this magnetic
phase separation effect. A large body of knowledge has been
accumulated on LSCO, both with direct probes of the mag-
netic inhomogeneity such as neutron diffraction (ND),’
nuclear magnetic resonance (NMR),8!! small-angle neutron
scattering (SANS),'>"'* and inelastic neutron spectroscopy
(INS),'3-17 as well as bulk probes such as magnetometry,'$-23
magnetotransport,'31%23-2 etc. The consensus from these
studies is that at low doping (i.e., x<0.15) this system phase
separates into nanoscopic (i.e., 1-3 nm) hole-rich droplets, or
clusters, with strong ferromagnetic (FM) intracluster correla-
tions, embedded in a hole-poor non-FM matrix.!3-'¢ The FM
exchange interactions within the clusters are ascribed to
Co**/Co*" double exchange, and the system exhibits a mag-
netic freezing transition conceptually similar to superpara-
magnetic nanoparticles.?® With increasing x the mean cluster
diameter increases, 627 leading to a metal-insulator transition
(MIT), which is thought to be of percolation type,”® and a
coincident crossover from short- to long-range FM at a criti-
cal doping value, x»=0.17—-0.18.'31626 The Curie tempera-
ture (7¢) in the FM phase reaches about 225 K at x=0.30."°
The large tolerance factor and small cation radius variance in
the LSCO system results in relatively small distortions from

cubic (the symmetry is rhombohedral, space group R3c)
which decrease with increasing doping, eventually vanishing
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around x=0.5."%1 This rhombohedral space group is incom-
patible with a static, long-range Jahn-Teller distortion, but
short-range distortions have been reported in the (thermally
excited) Jahn-Teller active spin state,'>'® demonstrating a
rich interplay between the lattice, magnetic, and spin-state
degrees of freedom.

Study of MEPS using LSCO single crystals has been
particularly instructive. The availability of high-quality
crystals has enabled detailed inelastic neutron spectroscopy
studies, which provide measurements of the cluster diameter
via elastic peak widths,'® and have revealed the incommen-
surate nature of the magnetism in the non-FM matrix.!’
Single crystals also provide access to intrinsic transport
and magnetotransport properties,'> which have provided
vital information on the nature of the MIT, and the con-
sequences of formation of the clustered state at low
x.132628  Although the LSCO system has been studied
intensively by numerous techniques (e.g., ND,” NMR 8!

SANS,'>-14 INS,>'7  magnetometry,'323 transport and
magnetotransport, ' 318:19,23-25 ac susceptibility,”-19-2!
thermopower,'32° etc.), many of which have been applied

to single crystals, specific heat (Cp) is a bulk probe that
has been studied in less detail, particularly for crystals.
Despite the fact that heat capacity provides vital direct infor-
mation on lattice dynamics, conduction electrons, magne-
tism, etc., (as aptly demonstrated by the work on the
manganites'=>¢3%) it has been studied only sporadically in
the cobaltites. Undoped polycrystalline LaCoO5 was studied
via heat capacity®'33 to probe the well-known spin-state
transition. This is associated with thermal excitation of Co**
from low spin (t%geo, S=0) states to finite spin states (i.e.,
tggeé; S=1, or tzgez, §=2)3* across the small “spin gap”
arising from the comparable magnitude of the crystal-field
splitting and Hund’s rule exchange energy, the details re-
maining highly controversial. Scattered reports at specific
doping values of Ln,_,AE,CoO; (Ln=lanthanide, AE=Sr or
Ca) compounds have appeared,’7 but systematic heat ca-
pacity work on La;_,Sr,CoO5 is limited, and, to the best of
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our knowledge, restricted to polycrystalline samples.?¥-° De-
tailed studies on the highest quality single crystals available
are advantageous in terms of unambiguously determining in-
trinsic magnetic phase separation effects, particularly given
the evidence of extrinsic chemical segregation effects in
polycrystals at low processing temperatures*%-4!

In the current paper we provide a detailed and systematic
study of the specific heat of LSCO single crystals over a
wide temperature (0.35<7<270 K) and magnetic field
range (up to 9 T), at a total of 11 doping values (0.00<x
<0.30). Some aspects of this data were briefly discussed in
Ref. 27, focusing solely on magnetic phase separation. In the
current paper we provide a full description of the data and
subsequent analysis. This comprehensive analysis of the data
provides a considerable amount of information, including a
discontinuity in Debye temperature across the zero-
temperature metal-insulator transition, direct evidence of the
percolation nature of this transition (from comparisons be-
tween the conductivity and the electronic specific heat), and
a large electron-mass enhancement in the metallic state. The
various contributions to Cp(T) are tracked with x, and, in
conjunction with recently reported neutron-scattering data,
provide a detailed picture of the evolution of the phase-
separated state with doping. The data provide additional evi-
dence for the surprising result that the MEPS in LSCO is
confined solely to a well-defined doping range (0.04<x
<0.22). This observation is consistent with recent SANS,?’
heat capacity,”’ magnetotransport,”’” and NMR studies,*? the
agreement between multiple complementary techniques be-
ing particularly convincing. The significance of this result is
that it can be used as evidence for a doping fluctuation
mechanism for the magnetoelectronic inhomogeneity,?’ and
is therefore important in terms of establishing the fundamen-
tal origin of the effect.

II. EXPERIMENTAL DETAILS

Single-crystal LSCO samples** were grown by floating
zone methods and characterized structurally by x-ray and
neutron diffractions, and chemically by atomic-absorption
inductively coupled plasma spectroscopy and thermogravi-
metric analysis. The compositions studied are x=0.00, 0.05,
0.10, 0.15, 0.17, 0.18, 0.19, 0.20, 0.22, 0.25, and 0.30, i.e.,
they are grouped around the critical doping value of x.
=0.17-0.18. Heat capacity measurements in the 1.8-270 K
range (up to 9 T) were made in a standard Quantum Design
system using the relaxation method. All data are shown in
units of joule per kelvin per mole of LSCO. The temperature
range was extended to 0.35 K in a closed-cycle He® system.
Ordinary Hall-effect measurements were made in fields to 9
T using ac excitation at 13.7 Hz on standard Hall-bar-type
samples at 300 K. The anomalous Hall effect provides an
additional contribution, even at 7> T, but we have verified
that 300 K is sufficiently in excess of 7 that this effect is
minor, even for the high x samples.

III. RESULTS AND DISCUSSION

The global temperature dependence (1.8<7<270 K) of
the zero magnetic field Cp is shown in Fig. 1 for all 11
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FIG. 1. (Color online) Temperature dependence of the zero-field
specific heat (1.8<T<270 K) of 11 La;_,Sr,CoO5 single crystals
with 0.00 <x<<0.30. The horizontal dashed line indicates the value
of 3R per atom.

doping values studied. The overall shape of Cp(T) is as ex-
pected, and is generally consistent with prior work (e.g., Ref.
39). The high-T limiting value is consistent with the classical
value of 3R per atomic site in the formula unit, where R is
the molar gas constant. The most notable high-7 feature is
the clear “lambda anomaly” at T for the higher dopings, as
expected for long-range ordered FMs.***> Surprisingly, a no-
ticeable feature is found only for x=0.30, 0.25, and 0.22
samples. x=0.20, 0.19, and 0.18 samples show no large
anomaly at the ordering temperature*® despite the fact that
they exceed the critical doping for long-range FM order
(x¢=0.17-0.18), and apparently exhibit a well-defined T in
bulk magnetometry.”® Figure 2(a) shows a “closeup” of the
region 100<7<275 K for x=0.30, 0.25, and 0.22, illustrat-
ing that the Cp anomaly becomes progressively weaker as x
decreases, eventually becoming very small*® at x <0.22. This
is seen more clearly by subtracting a smooth background
(excluding the region around T) using a third-order polyno-
mial, to extract the excess magnetic heat capacity, ACp(T),
as shown in Fig. 2(b). The systematic decrease in magnitude
with decreasing x is evident from this plot and can be quan-
tified by calculating the magnetic entropy associated with the
FM ordering transition,

2 AC
SMag= f TPdT’ (1)

Ty

where T and T, define a temperature interval straddling 7',
e.g., 125-275 K [see Fig. 2(b)]. Such an analysis results in
SMag=0.60, 0.59, and 0.52 J mol™' K~! at x=0.30, 0.25, and
0.22, respectively, all of which are well below the expected
full spin entropy of R In(25+1), where S is the spin of the
Co ion. This point will be returned to below. Figure 2(b) also
shows that the anomaly associated with the FM ordering
broadens, and becomes more symmetric in shape, as x is
decreased. At x=0.30 the anomaly has the characteristic
lambda shape associated with a conventional second-order
FM to paramagnetic phase transition, while at lower x it
evolves into an almost symmetric peak. The full width at half
maximum of the peak correspondingly increases from 20.1 K
at x=0.30 to 29.7 K at x=0.22.
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FIG. 2. (Color online) (a) Expanded view of the temperature
dependence of the specific heat (Fig. 1) for x=0.22, 0.25, and 0.30
single crystals (i.e., those that exhibit clear anomalies at 7). (b)
Excess (magnetic) specific heat extracted from the data in (a) by
subtracting a smooth background as described in the text.

These observations from Figs. 1 and 2 clearly reveal two
regimes of behavior separated by a critical doping value of
x=0.22. Samples with x>0.22 exhibit a large Cp anomaly at
T~ with the classical lambda form, and a sharp well-defined
critical scattering peak in SANS,?’ i.e., they exhibit features
associated with conventional FMs. At x=0.22 we observe a
smaller, broader, feature in both Cp and SANS,?” while at
x<0.22 the anomaly in Cp is very weak.*® As discussed in
more detail below, and in agreement with our recent SANS
analysis,”” we believe that these data indicate that x=0.22
marks an upper limit for the magnetoelectronic phase sepa-
ration in LSCO, i.e., a phase-pure FM state exists at x
=(.22. Samples with x=0.22 thus exhibit a clear lambda
anomaly, although the spin entropy removed through the or-
dering transition is reduced in comparison to the expected
value due to preformation of FM clusters as observed in our
prior SANS work.'* In the interval 0.18<x<0.22 long-
range FM order certainly exists [the magnetic correlation
length is still observed to diverge as 7— T (Ref. 27)] but
the FM phase fraction is below 100%, i.e., MEPS is active
and the system forms a percolated FM network in a non-FM
(isolated cluster containing) background. This picture ex-
plains both the decrease in the magnitude of the peak value
of ACp and the peak width as x is decreased. When the FM
phase fraction is less than one, coexistence of the long-range
order in the percolated FM network with short-range order in
the isolated FM clusters naturally leads to a broad distribu-
tion of local ordering/freezing temperatures, resulting in
weaker, broader, features in Cp(T). This is also consistent
with the broad distribution in local internal hyperfine fields
in recent NMR investigations.*> We will see below that
analysis of the low-T specific heat provides further evidence
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FIG. 3. (Color online) Temperature dependence of the specific
heat (1.8<7<10 K) of 11 La,_,Sr,CoOj5 single crystals plotted as
Cp/T vs T?. The solid lines are fits to Cp(T)=yT+BT>+BT°, a
model that is described in detail in the text. The resulting param-
eters are plotted as a function of doping in Fig. 4. Some data are
reproduced from (Ref. 27) with the permission of the publisher.

for an upper limit for the phase-separated regime at x=0.22,
as discussed in Ref. 27.

The lower T region (1.8<T7<10 K) is shown in more
detail in Fig. 3 for all 11 samples measured. A subset of these
data were originally discussed in Ref. 27, which focused
solely on magnetic phase separation. The current paper pro-
vides a complete treatment of all of the data, including a full
discussion of each of the identifiable contributions to the
specific heat. The data are plotted as Cp/T vs T2, as is com-
monly done to first test for a temperature dependence of the
form,

Cp(T) = yT + BT°, (2)

i.e., only electronic (y7T) and lattice (8T°) contributions to
Cp. The electronic contribution, v, is given in a free-electron
model by y=mk;N(Ez)/3, where N(Ey) is the density of
states at the Fermi level, and the lattice contribution, B, is
given in the Debye model by 8=234Nkp/ @13), where N is the
number of ions/mole and @p, is the Debye temperature. It is
clear from Fig. 3 that at x=0.30, i.e., deep in the FM metallic
state, Eq. (2) is indeed a good description of the data. We
found that addition of a 7° term to the lattice part of Cp(T)
was not required to achieve an adequate fit. [Note that the
highest temperature used in this analysis (10 K) is a factor of
40-50 below Op]. The observed intercept (i.e., y) is very
large, as will be discussed in detail below. This situation
changes rapidly as x is decreased. The electronic contribution
decreases as x decreases, as expected due to the approach to
the metal-insulator transition, but this is accompanied by in-
creasingly obvious systematic deviations from Eq. (2). In
fact, it can be seen from Fig. 3 that the data deviate down-
wards from simple linear behavior on the Cp/T vs T2 plot,
suggesting an additional contribution to Cp(T) with a T de-
pendence weaker than T3. This feature is, in fact, visible in
previously published data on polycrystals but was not dis-
cussed in detail.3®3 As the simplest possible means to quan-
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tify this additional contribution we attempted to fit the data
by adding a single power law term to Eq. (2), i.e., we added
a term of the form CT", n (and C) being allowed to vary with
x. This was found to provide a good fit to the data with n
=2.10£0.16 for x values of 0.05, 0.10, 0.15, and 0.17, sug-
gestive that n=2, i.e., these data can be described with an
additional BT? term in Cp(T). The solid lines in Fig. 3 are
thus fits to

Cp(T) = yT + BT? + BT, (3)

where B is a constant for a given doping value. This is found
to describe the data very well for 0.05<x<0.30. Before
continuing to discuss the x dependence of the parameters 7,
B, and B, and the origin of the BT? term, we should note that
Cp(T) at x=0.00 (the end member, LaCo00O3), is fundamen-
tally different from all of the doped samples. For x=0.00,
Cp(T)/T shows an upturn at the lowest temperatures, as
shown in Fig. 3. Measurements at still lower temperatures
reveal that this is the high-7 tail of a Schottky anomaly as-
sociated with the spin-state transition, an issue that was dis-
cussed in detail elsewhere.*’ As a final note on the data of
Fig. 3 it is important to point out that an FM spin-wave
contribution (often found to be of the form 7°?) was not
required to fit the data up to 10 K. We believe that this is
consistent with the significant magnetocrystalline anisotropy
in LSCO (Ref. 26) which should lead to a gapped spin-wave
dispersion relation, and the likely absence of significant mag-
non excitation at such low 7.

The doping dependence of the three contributions to
Cp(7), i.e., Op, v, and B, are shown in Figs. 4(a) and 4(c).
Considering Op(x) first, we see that the overall magnitude
(380-500 K) is typical for perovskite oxides of this type and
is in accord with measurements on comparable manganites
such as La;_,Sr,MnO5,"344 particularly single crystals.'*
The most surprising feature is the discontinuity in slope be-
tween x=0.10 and 0.15, suggesting a significant change in
lattice dynamics around x=0.125. It is natural to correlate
this with the known discontinuity in unit-cell parameters be-
tween x=0.10 and 0.15 (for both the lattice parameter, a, and
rhombohedral angle, @), which was noticed as early as 1968
by Raccah and Goodenough.’® The doping dependence of the
room temperature unit-cell volume of the crystals studied in
the current paper is shown in Fig. 4(b) for comparison to
Op(x), the discontinuity in the slope of @p(x) clearly occur-
ring at a similar x value to the discontinuity in cell volume.
In light of the proximity to the critical doping value for the
insulator-metal transition, and the crossover to true long-
range FM order, Goodenough™ interpreted the discontinuity
in lattice parameters as evidence for coexistence of hole-rich
FM metallic and hole-poor non-FM insulating regions, the
two phases having distinct lattice parameters. We now know
from direct measurements®!'3!%17 that such magnetic phase
separation does indeed take place, although the original in-
terpretation in terms of gross segregation of Sr dopants is too
literal. We mention parenthetically that the other obvious ori-
gin of such a lattice discontinuity would be the well-known
spin-state transition of the Co®" ion, which alters the bele,
orbital occupancy and hence the lattice parameters. However,
at 300 K the Co’" ions are already excited from the LS state
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FIG. 4. (Color online) Doping dependence of (a) the Debye
temperature, (b) the 300 K rhombohedral unit-cell volume (from
x-ray diffraction), (c) the electronic () and 72 contributions (B) to
the specific heat, (d) the 10 K conductivity, and (e) the nuclear
contribution to the specific heat (A), at applied magnetic fields of 0,
3, and 9 T. Dashed lines are guides to the eyes. Error bars are shown
in (a) and (c) but are similar in size to the data points. In (e) the
error bars are also similar in size to the points. The right axis of (e)
shows the conversion to hyperfine fields using the relation dis-
cussed in the text. Data in (c) and (e) are reproduced from Ref. 27
with the permission of the publisher.

to a finite spin state meaning that the spin-state transition is
unlikely to dominate the room temperature x dependence of
the cell volume. When the cell volume is examined as a
function of doping at low T [e.g., 2 K (Ref. 7)] a large
discontinuity is observed at low x (between x=0.00 and
0.10), consistent with the known stabilization of the finite
spin states of the Co®* ion with only light doping. Although
it is tempting to suggest that it is the same lattice anomaly
which gives rise to the discontinuities in Figs. 4(a) and 4(b),
it is not clear how one then understands the details of the
observed Op(x). The Op(x) we observe is, however, similar
to that seen in La,_,Sr,MnOjs single crystals,!* where it was
interpreted in terms of lattice softening induced by dynami-
cal short-range Jahn-Teller distortions. Such distortions have
also been implicated in LSCO (Refs. 15 and 16) and could
well play the key role in determining ®p(x). Finally, al-
though the correlation between Figs. 4(a) and 4(b) is quite
convincing it should be mentioned that a small, low-T
Schottky contribution to Cp(T) [of the type present for x
=0.00 (Ref. 47)], would provide additional specific heat at
low T perhaps resulting in extraction of an erroneously high
®p and providing an alternative explanation for Fig. 4(a).
We now turn to the doping dependence of the electronic
contribution as shown in Fig. 4(c) (left axis, solid points).
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These data were discussed briefly in our earlier work?’ and
are now discussed in detail, particularly with regards to the
large magnitude of the electronic contribution and its relation
to the conductivity. As expected, y=0 at low x (due to the
nonmetallic nature of low doped LSCO), then increases near
the MIT before abruptly saturating at x=0.22. The first point
to be made about these data is that the saturation of vy at x
=0.22 is further evidence for the onset of a phase pure FM
metallic state at x=0.22 with essentially 100% FM phase
fraction.”” These data are therefore consistent with the analy-
sis of the FM-ordering anomaly presented above (i.e., Figs. 1
and 2). We will see below that there exists even further evi-
dence for the validity of this picture. The second noteworthy
point about y(x) is that it provides further, very direct, evi-
dence of the percolative nature of the MIT, which is expected
in the phase-separation model.'®?® This is seen clearly by
comparing the doping dependence of the low-7 conductivity
[o(x),%° Fig. 4(d)] with y(x). The more rapid increase in y(x)
beyond the critical doping value results in a region near x
=0.18 (i.e., just beyond x.), where 7y is high (67% of its
saturation value) while the conductivity remains very low
(only 4% of its value at x=0.30). Such a large electronic
contribution to the specific heat in a system with low con-
ductivity clearly argues for a spatially inhomogeneous
charge-carrier distribution with hole-rich regions embedded
in an insulating matrix, consistent with the accepted MEPS
picture for LSCO.

The next point to discuss is the very large magnitude of y
at high x, i.e., in the region where we are dealing with a
homogeneous phase-pure FM metallic state. Above x=0.22,
v reaches 41 mJ mol~! K2, an order of magnitude larger
than similar manganites, e.g., 3.5 mJ mol~! K=2 in x=0.30
La,_,Sr,MnOj; single crystals.'*> The observed 7 in highly
doped LSCO is in fact well within the range of what would
typically be considered a heavy fermion system. It should be
noted though that our value is quite consistent with other
reports on polycrystalline LSCO which found 7y
=41-43 mJ mol™' K™% at x=0.3,%83° y=48 mJ mol™' K2 at
x=0.33, and y=46 mJ mol™' K2 at x=1.0,°' as well as a
solitary single-crystal measurement of 49 mJ mol™! K2 at
x=0.3.%2 An important point to consider here is whether there
is another contribution to Cp(T) that is linear in T, i.e.,
whether y could be composed of two contributions, one elec-
tronic, the other of some other origin, leading us to overes-
timate the electronic contribution. One obvious source of
such an effect is magnetism. It is well known that spin
glasses can exhibit a linear term in Cp(T) and in fact it has
been discussed in prior work on polycrystalline LSCO (Ref.
38) that this may be responsible for the large y. The analysis
presented above clearly suggests that for x=0.22 (i.e., the
region with the largest y values) we have a phase-pure FM
metallic state, strong evidence that we are not overestimating
v due to an additional spin-glass contribution. Neutron-
scattering data demonstrate persistence of FM to low T in
this region, with no suggestion of a re-entrant spin-glass
phase. We would expect any glassy contribution to y to show
up in the low x region, where v is, in fact, negligible. An-
other source of an additional linear contribution to Cp(T) has
been discussed in the context of nonstoichiometric
LaMnOs, ; materials,> which were found to have large y
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FIG. 5. (Color online) Doping dependence of the 300 K ordi-
nary Hall coefficient of La;_,Sr,CoOj single crystals. Open squares
are from this study and the solid circles are taken from Miyasato et
al. (Ref. 52) The right axis shows the equivalent electron density,
estimated from n=1/Rye. The dotted line is a guide to the eyes.

values (up to 23 mJ mol~! K=2) even though they were elec-
trically insulating. This effect was ascribed to a large density
of localized states near Ep, the charge carriers being local-
ized by magnetic or cationic disorder. This effect is not, how-
ever, a viable explanation for the anomalously large vy in
LSCO. The full x dependence measured in the current manu-
script [Fig. 4(c)] clearly shows no such effect at low x, i.e., ¥
is indeed zero when the system is insulating. All of this
analysis argues that the yT contribution to Cp(7T) in LSCO is
truly electronic in origin.

Applying the free-electron formula, y=mkaN(Eg)/3,
we estimate N(Ep)=17.5 states/eV/unit cell for
Lay;Sry3Co05, which, although much larger than typical
single-crystal manganites such as Lag,Sr;3MnO; [where y
implies N(Ep)=~1.4 states/eV/unit cell],'* is consistent
with the low-T spin-lattice relaxation rate measured by
NMR,!! where the conduction electrons contribute via the
orbital relaxation mechanism. First-principles electronic-
structure calculations predict much smaller N(Ey) for LSCO,
however,* and y=7.5 mJ mol~! K=25! All of this indicates
a significant mass enhancement. In order to further quantify
this we performed room-temperature measurements of the
ordinary Hall coefficient in order to directly estimate the
charge-carrier density, which, when combined with the
N(Ep) from v, provides an estimate of the effective mass, m".
The x dependence of the 300 K ordinary Hall coefficient, Ry,
is shown in Fig. 5, along with similar data from the work of
Miyasato et al>> on LSCO single crystals.”> Note that the
sign of the Hall coefficient corresponds to hole conduction.
The data reveal a striking change in character near the criti-
cal doping value for the insulator-metal transition. Below
this value Ry is small and strongly x dependent, while above
it, Ry=~1.0-1.4X 1073 cm?® C~!, weakly dependent on x and
in reasonable agreement with prior work on manganites.3 It
is clear from these data that the ordinary Hall effect is sup-
pressed below the percolation threshold, likely due to the
known magnetoelectronic phase-separation effects, which re-
sult in strongly inhomogeneous conduction paths.>> We
believe that interpretation of the Hall data at low x will there-
fore require a detailed study of the interplay between the Hall
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coefficient, the phase separation, and the inhomogeneous
current distribution, which is beyond the scope of the current
paper. Focusing on the high x region we see that the Ry
values correspond to carrier densities, n=1/Rye of 4-7
X 10?! em™3, corresponding to ~0.3 holes per Co ion, in
reasonable agreement with other perovskites at similar dop-
ing levels."3 Using the free-electron relation between N(Ej)
and n, then gives m*=h%7*3N(Er)/(3n)'3, leading to m*
~43m, for x=0.3. In agreement with the work of Balamu-
rugan et al.>' on SrCoOs, we interpret this as being due to
electron-correlation effects in the relatively narrow ¢ band,
similar to SrRu05.%° It should be noted that y(x) shows no
evidence of an enhancement confined to the region near the
insulator-metal transition in Fig. 4(c), indicating that we are
not simply dealing with mass renormalization in the critical
region, as often observed in doped Mott insulators.

The final discussion point from Fig. 4 is the doping de-
pendence of the T? term, i.e., B(x), as shown in panel (c).
This was discussed briefly in Ref. 27 but will now be cov-
ered in more detail, particularly with respect to the physical
origin of this term. The most important insight into the origin
of this contribution to Cp(T) comes from the comparison
between B(x) and y(x). B remains high out to doping values
approaching the MIT (x=0.17), beyond which it decreases
smoothly to zero at x=0.22. It is clear from these data that
B(x) and 7y(x) exhibit what is essentially a reciprocal rela-
tionship, the obvious implication being that B(x) is associ-
ated with the non-FM phase. What we observe in Fig. 4(c) is
thus phase conversion from insulating non-FM to metallic
FM with increasing x. Note that the signature of the non-FM
phase (i.e., B) goes to zero at exactly x=0.22, the point at
which the signature of the metallic FM phase (y) saturates.
As we have argued above this is the point where the mag-
netically phase-separated regime ends and a phase-pure FM
metallic state is entered.

The physical mechanism in the non-FM phase giving rise
to the 72 contribution to C p(T) warrants further discussion.
Such T? terms have been observed before in manganites,
particularly undoped LaMnO;.*® LaMnO; is known from
neutron diffraction to be an A-type antiferromagnet (AF)
(i.e., sheets of FM spins coupled AF) and it was shown that
a reasonable form for the spin-wave dispersion relation in
such a spin structure does indeed lead to a 72 contribution to
Cp(T),* and this was therefore taken as a plausible origin of
this effect. This interpretation is not directly applicable to our
case as undoped LaCoOj; does not exhibit A type, or any
other type, of AF order, and B remains finite even for x>0.
However, at least at x=0, thermal excitation of simultaneous
F and AF spin fluctuations has been observed in LSCO by
INS,'6 a simple interpretation being the existence of A-type
AF fluctuations.'® It is possible that these fluctuations are the
origin of the BT? term we observe. Although these fluctua-
tions were detected only at x=0 in INS,!® signal to noise
issues could have obscured them in lightly doped samples.
Cornelius et al.%! also observed a T2 contribution to Cp(7) in
electron-doped CaMnOs. As an extension of the idea pre-
sented by Woodfield et al.*® they interpreted the 7> term as
being due to long-wavelength excitations with both FM and
AF components, due to the magnetic phase separation into
nanometric FM droplets known to exist in that system.®> This
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is very similar to our own situation and it is clear that addi-
tional theoretical work aimed at calculating Cp(T) in systems
of nanoscopic FM clusters in a non-FM matrix would be
valuable. In terms of magnetism, the only other clear possi-
bility would be the incommensurate behavior discovered by
Phelan et al.'” and interpreted in terms of seven-site magne-
topolarons. Observations of similar polarons®%* or
excitons®% have been made at light doping by several
groups and it is likely that such entities exist in the non-FM
regions at higher x. It is clear that a theoretical study of the
possible contribution of such magnetic entities to Cp(T) is
urgently required, but in the absence of such work we are
unable to make definitive comments on the plausibility of
this explanation. As a final comment we note that it is also
possible that the 77 term arises from some nonmagnetic fea-
ture of the non-FM phase. In fact, application of a 9 T mag-
netic field has little influence on Cp(T) (see Fig. 3 where the
x=0.10 data are shown both in zero field and 9 T as an
example). This suggests that the BT? contribution is either
nonmagnetic in origin or arises from a magnetic mechanism
that is not significantly modified by a 9 T magnetic field.
Fields of this order have been observed to induce some level
of FM cluster coalescence, and an accompanying increase in
FM phase fraction, but isolated clusters remain. This has
been observed both in INS (Ref. 67) and SANS (Ref. 68)
experiments. The absence of a strong field dependence does
not therefore immediately rule out small clusters/polarons as
the origin of the T2 term. In any case, although the exact
mechanism leading to the 72 contribution to Cp(7) remains
unclear we can be definitive in ascribing it to the non-FM
phase. The data of Fig. 4(c) therefore show that specific heat
provides a very direct probe of the evolution of the MEPS
with doping, an important conclusion being the clear indica-
tion of an upper limit for phase separation at x=0.22, in
agreement with recent SANS data.?’

Figure 6 shows that extending the 7 range of the measure-
ment to 0.35 K provides considerable additional information.
These data are again plotted as Cp/T vs T2, using x=0.05,
0.10, 0.15, and 0.30 as representative compositions, although
all samples with x=0.05 show such an effect. Applied mag-
netic fields of 0, 3, and 9 T are shown, over a temperature
range from 0.35 to 1.5 K. Note that Cp increases with H at
low T, a point which will be returned to later. The important
feature in the data is the large increase in Cp(T) at the lowest
temperatures, a feature which is, in fact, common in mag-
netic materials and has been observed in manganites,3%48-61.69
This was discussed briefly in Ref. 27 and is now discussed in
detail. This feature is understood to be the high-7 tail of a
Schottky anomaly due to splitting of the nuclear-energy lev-
els. This is observable at these relatively high temperatures
in magnetically ordered materials due to the large values of
internal magnetic field present. In essence, the internal mag-
netic fields, generated by the electron system, generate a
nuclear-energy-level splitting, which results in a two energy-
level system with AE=2uy, H,; (we have used a nuclear
spin, I=1/2 for the purposes of simple illustration), where
Mnuc 18 the nuclear moment and H, is the hyperfine field.
The resulting two-level system leads to a nuclear Schottky
contribution to the specific heat (Cy*) of the form,”*”!
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FIG. 6. (Color online) Temperature dependence of the specific
heat (0.35<7T<1.5 K) of (a) x=0.05, (b) x=0.10, (¢) x=0.15, and
(d) x=0.30 La,_,Sr,CoO5 single crystals plotted as Cp/T vs T?, in
applied magnetic fields of 0, 3, and 9 T. The solid lines are fits to
the model described in the text.
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where g, and g, are the degeneracies of the lower and higher
energy levels and AE is the energy gap between these two
levels. This equation predicts a peak in Cp(7) in the vicinity
of 10 mK, meaning that the data of Fig. 6 are simply the
high-T tail of this feature. In the limit 7> AE, Eq. (4) re-

duces to CZI\JI“C%A/ T2, where the constant A is related to H hf
by, 0.61.69.72

A=§(1+1><MNu(‘Hhﬁ'>2 (5)
3\ 1 kg )

Note that I=7/2 and uy,.=4.64 nuclear magnetons for *Co,
and that H;; is the hyperfine field at the Co site. The impor-
tant point here is that the parameter A provides a direct mea-
sure of the local internal field, allowing us to probe the mag-
netic ordering as a function of x. Addition of this nuclear
Schottky contribution to Eq. (3) results in

A
Cp(T) = yT +BT? + BT + et (6)

which generates the solid lines shown in Fig. 6, confirming
that it is indeed a good description of the data. Note that
although we now have four distinct contributions to Cp(7),
the final term in Eq. (6) is so dominant at low T (for ex-
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ample, it contributes about 96% of the heat capacity at 0.39
K for x=0.10), the parameter A can still be reliably deter-
mined.

The doping and magnetic field dependence of the H, val-
ues extracted from A [using Eq. (5)] are illustrated in Fig.
4(e). The field dependence rules out the possibility of para-
magnetic impurities as the origin of this Schottky anomaly
since in that case, application of magnetic fields on the order
of 9 T should strongly suppress the heat capacity, exactly
opposite to our observations. Previous zero-field NMR mea-
surements probing the %Co nucleus revealed a broad peak
centered at a frequency of approximately 172 MHz corre-
sponding to an internal field of 17.1 T in the FM phase.® This
is in good agreement with the value of Hj, of 159 T at x
=0.30 [Fig. 4(e), right axis], demonstrating that at high x the
data of Fig. 6 are quantitatively consistent with the known
features of the long-range FM ordering. The intriguing as-
pect of the data in Fig. 4(e) is the behavior in the lower x
region. Decreasing x from 0.30 results in a decrease in Hj,
due to the weakening of the FM ordering, as expected, but
we observe no clear feature at the critical doping value of
x=0.17-0.18. Clearly this is due to the persistence of short-
range FM ordering well below the critical composition, con-
sistent with the general phase-separation picture. The surpris-
ing feature of the data is the apparent vanishing of H,, at a
well-defined doping value, estimated by extrapolation to be
x==0.04. This suggests that the short-range magnetic order
from the FM clusters disappears abruptly at x=0.04. We
have already argued above that there exists a well-defined
upper limit to the region over which phase separation occurs
at x=0.22, which is, in fact, qualitatively consistent with the
theoretical work of Suzuki et al.”® showing a crossover from
a phase separated to homogeneous state at high doping. The
data of Fig. 4(e) additionally suggest a lower limit of x
~(.04, defining an interval, 0.04<x<0.22, over which
MEPS is active, as pointed out in our earlier work.?’
Complementary SANS data on the same crystals also show a
clear onset of high ¢ scattering intensity around x=0.04,
further validation of this result. We recently used this unan-
ticipated result that the phase separation is confined to a pre-
cise doping range as they key piece of evidence to argue that
the phase separation is doping fluctuation driven rather than
being true electronic phase separation.?’

There are certain aspects to this observation of a well-
defined range over which phase separation occurs which
warrant further discussion. The first of these is the lower
limit of x=0.04. A significant number of investigations, using
techniques such as NMR,*? INS,%* muon spin relaxation,%>%¢
and susceptibility®® have concluded that local magnetic enti-
ties are certainly present below this limit. These local mag-
netic entities have been given a variety of labels such as
“magnetopolarons,”’”  “spin  polarons,”*  “magnetic
excitons,”®>% and “spin-state polarons”®* but it is clear that
they all describe magnetic inhomogeneity at low or zero dop-
ing. We do not believe that this is contradictory to the results
presented in the current paper. It is our hypothesis that these
entities are precursors®>% to the strongly FM-correlated clus-
ters observed in SANS and heat capacity, which are appar-
ently only present in large enough quantities to be detected
by SANS above x=0.04. It is not currently clear exactly
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how the evolution from “polaron” to “cluster” takes place or
exactly what the distinctions are between the two terms, al-
though the presence, or otherwise, of magnetocrystalline an-
isotropy could play an important role. It could also be that
the detection limits of the various experimental techniques is
a factor that contributes significantly to this confusion, and
this is obviously an area that would benefit from additional
work. Another important point is that the range over which
phase separation occurs in polycrystalline LSCO is distinctly
larger than for single crystals. NMR studies suggest that the
range in polycrystals could be as high as 0.00<x<0.50%
significantly widened in comparison to the single crystals
studied here. We believe that this is likely due to additional,
extrinsic, Sr-doping inhomogeneity due to incomplete solid-
state reaction. It has been observed in prior work that the
signatures of magnetic phase separation weaken with in-
creasing firing temperature in polycrystalline samples,**#!
which fits with this picture. The single crystals, where the
magnetic phase-separation limits can be understood within
the picture of purely random Sr distributions,?” are the ulti-
mate limit of such studies.

IV. SUMMARY

In summary, we have performed a comprehensive study
of heat capacity and ordinary Hall effect in La;_,Sr,CoO;3
single crystals (0.00 <x<0.30). We observed three conven-
tional contributions to the heat capacity at low 7. A lattice

PHYSICAL REVIEW B 80, 214411 (2009)

contribution (=73), an electronic contribution («7), and a
nuclear contribution (A/7?), in addition to an unexpected 72
contribution which originates in the nonferromagnetic phase.
The doping dependence of these terms was analyzed in de-
tail, providing a significant amount of information. In par-
ticular, we found evidence for a softening of the lattice at
intermediate doping values, strong additional evidence for
the percolation nature of the insulator-metal transition, and a
large electron mass enhancement due to strong electron-
electron correlations in the ferromagnetic metallic state. Ad-
ditionally, the doping dependence of the 72 contribution,
electronic contribution, and nuclear Schottky anomaly, when
considered with prior neutron-scattering and specific-heat
data, were shown to provide a detailed picture of the evolu-
tion of the phase-separated state with doping. These results
not only clarify the systematics of the magnetic phase sepa-
ration in the important La,_,.Sr,CoO5 system, they also reit-
erate the capabilities of specific-heat measurements as a
powerful probe of magnetic inhomogeneity, particularly
when performed as a function of doping.
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