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Spin polarons in La;_,Sr,CoQO; single crystals
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Nanoscale inhomogeneity in La;_,Sr,CoO; has been investigated in single-crystal samples for 0.05=x
=0.30 using 1393 and **Co NMR to probe local magnetization. In contrast to polycrystalline samples, single
crystals exhibit ferromagnetism only above the metal-insulator critical concentration x-=0.17. However, over
the entire doping range, the single crystals exhibit an unusually broad and asymmetric distribution of hyperfine
fields, evidencing (local) spin-polaron formation that persists to temperatures as high as 200 K, well above the
glass transition reported previously from bulk magnetization. Above x the asymmetry decreases rapidly with
increasing doping as polarons overlap to give rise to long-range ferromagnetism. A modified phase diagram is
presented. The key features of the data are reproduced by a simple model in which Sr dopants trigger spin-
polaron formation, a physical picture first proposed by de Gennes [Phys. Rev. 118, 141 (1960)].
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The occurrence of nanoscale phase separation has been
established in transition-metal oxides, particularly the cu-
prates and manganites,"-? and is very important in determin-
ing the magnetic and transport properties of these systems.3™
In particular, phase separation has been suggested as a key to
understanding the large magnetoresistance in cobaltites and
manganites. The phase diagram for La;_,Sr,CoO; (Refs.
6—8) has a metal-insulator (MI) transition at the critical con-
centration x-=0.17 with long-range ferromagnetism occur-
ring in the metallic phase (x=0.17) below the Curie tem-
perature 7. Phase separation in La;_.Sr,CoO; has been
observed in sintered polycrystalline samples in the range
0.10=x=10.30.""* For x <x. a droplet model involving fer-
romagnetic (FM) clusters in a nonferromagnetic matrix has
been proposed to account for the large magnetoresistance
and other interesting properties.”-314-17

Recent neutron-scattering' and bulk magnetization'¢ ex-
periments on single-crystal samples, however, show that
phase separation in single crystals occurs over a much nar-
rower range (0.17=x<0.30) than in polycrystalline
samples. NMR provides a powerful means for detecting local
inhomogeneities in magnetic materials from the local hyper-
fine (internal magnetic) field distribution. Using '*’La and
MCo NMR, we find internal magnetic-field distributions in-
consistent with the simple droplet model described above
and consistent with a model first proposed by de Gennes,'®
where an inhomogeneous system is driven by the nucleation
of spin polarons at each Sr ion.

In La;_,Sr,CoO;, coupling between pairs of Co ions in
different valence states is due to the double-exchange (DE)
mechanism'® involving o™ (e, parentage) electrons in the
hole-doped regions. The driving mechanism determining the
internal field distribution in the cobaltites is not well under-
stood but involves competing effects, including DE interac-
tions, Coulomb energy, and Jahn-Teller distortions, either lo-
cally or over an extended range.’*>* Small-angle neutron-
scattering experiments on polycrystalline'* La,_ Sr,CoOs
and neutron scattering on single crystals'> show that the FM
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correlation length ¢ increases with increasing x as the MI
transition is crossed. Recent elastic neutron-scattering
measurements’* show that the FM regions coexist with an
incommensurate spin structure arising from local order of
Co**-Co™" clusters.

The present work has applied NMR to a set of floating-
zone grown single-crystal La;_,Sr,CoO; samples with x val-
ues in the range 0.05-0.30 as used in a recent investigation
of transport and magnetic properties.'*!® The compositional
uniformity of the single crystals was verified using scanning
transmission electron microscopy. All samples were crushed
to a grain size of ~20 um to overcome rf skin-depth prob-
lems. The spectra were recorded in the range 2-300 K, fol-
lowing field cooling in 10 T, by integrating the spin echo at
fixed frequency while sweeping the magnetic field over the
range 10-15 T. The spectral shape is independent of (i) the
sample cooling protocol in either high field or zero field (ZF)
and (ii) the applied magnetic field over the entire experimen-
tal range of 6-15 T. Magnetoresistance measurements show
no evidence of a field-induced MI transition.

13%a NMR spectra in La,_,Sr,CoO; exhibit down-field
shifts from the bare nucleus value, proportional to the local
magnetization, and thus map the internal magnetic-field dis-
tribution. The '*°La (1397/271:6.0146 MHz/T) resonance
field corresponding to the measuring frequency of 84.2 MHz
is 14 T as determined in an x=0 sample at 4 K. Figures 1 and
2(a) show our *°La spectra (open circles) for our single-
crystal samples as a function of 7 and x. The NMR spectra
are broad and in general asymmetric, corresponding to a con-
tinuous distribution of hyperfine fields at the La sites, and
stand in stark contrast to the two-peak spectra of the sintered
polycrystalline samples'? [shown as heavy red lines in Fig.
2(a) for x=0.10, 0.18, and 0.30].

All "®°La spectra in Figs. 1 and 2(a) can be well fit (blue
lines) using a skewed Gaussian (skew—normal) function
that uses three independent parameters (center field (H,y),
width AHy;, and skew «). The lack of structure in these
spectra does not justify fitting with multiple Gaussians. The
form used is
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FIG. 1. (Color online) '*La NMR field-sweep spectra (open
circles) for single-crystal La;_ Sr,CoO3 at 84.2 MHz show the dis-
tribution of the hyperfine field at La sites for selected x and 7. The
heavy blue lines are fits using the skew-normal distribution de-
scribed in text.

F(a,(Hyp), AHyg) = G((Hyg), AHp) ©(t,(Hyp))
with

a(th>
D(a,(Hy) =1 +J G(H',AH")dH' =1+ erf(a,(Hyp)),

0

where G((Hyp), AH,y) is a Gaussian, erf (a,(Hy) is the error
function and « is an adjustable skew parameter that may be
positive or negative. ®(a,(Hyy) acts to skew the line shape
such that when a=0 the line shape is Gaussian and as «
increases the line shape approaches half Gaussian. The
closed circles in Fig. 2(b) are the fitting parameters (H,),
AH,;, and « obtained for the 4 K spectra as a function of x.
Note that the skew parameter, a measure of the asymmetry of
the distribution, changes sign at x-=0.17 as the spectral
weight shifts from small (H,;) to large (Hy; (Fig. 2). Fur-
thermore for all x>0.15, (H,;) ~2.6 T is consistent with the
onset of long-range FM order. ZF *Co NMR tests this inter-
pretation as it is sensitive only to the presence of FM; the
0.15 sample shows no evidence of FM regions whereas the
0.18 and 0.30 samples give broad (~10 T) ZF spectra. We
find that this signature of FM in single crystals and sintered
polycrystalline samples'’»> is identical; however, in the
single crystals, long-range FM appears only for x=0.17 and
is negligible at lower dopings; specifically, the FM volume
fraction is less than ~1% for x=0.15.

At the highest doping of x=0.3, the spectrum is well fit
using a single symmetric Gaussian for which the down-field
shift of 2.6 T corresponds to a frequency shift of 15.6 MHz.
This is in quantitative agreement with the transferred hyper-
fine interaction obtained in ZF NMR experiments®® as well
as the previous 'La FM shift found in sintered
La,_,Sr,Co05.'> We therefore identify the data at x=0.3 as
fully FM. Turning to the temperature dependence of the
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FIG. 2. (Color online) (a) Doping dependence of spectra (open
circles) at 7=4.2 K for all doping levels studied: 0.05=x=0.30 at
4.2K. The skew-normal fits are indicated by the heavy blue lines.
Polycrystalline spectra (heavy red lines) are shown for x=0.10,
0.18, and 0.30. Figure 2(b) shows the skew-normal fitting param-
eters (circles) from the fits to the '°La NMR spectra  of
La,_,Sr,CoO; at T=4.2 K [Fig. 2(a)]. Center field (H,), width,
AH,; and skew « are defined in text, and the solid lines are guides
to the eye. The open squares (triangles) are the skew-normal param-
eters for the statistical inhomogeneity model with a threshold value
nr=2 (ny=1), discussed in text.

NMR spectra, Fig. 3 plots (Hy), AHyy, and « as a function of
T for the x=0.05, 0.15, 0.18, 0.19, 0.25, and 0.30 samples.
(Hyp for x=0.25 and 0.30 shows significant shift (~1.5 T)
above T with little (0.25) or no (0.30) skew. High magnetic
fields smear magnetic transitions, however, extrapolating the
x=0.30 (H,;) curve shows (H,s) reaching 0 T at ~340 K,
very close to the formation temperature of magnetic clusters
seen in Ref. 8. Both x=0.18 and 0.19 show much smaller
(H,s) values (~0.25 T) above T yet both exhibit sudden
large increases in (Hyy) at T unlike x=0.25 and 0.30, which
appear unaffected. For both x=0.18 and 0.19, & continuously
increases with decreasing T peaking at T~ before decreasing
and changing sign. Interestingly, lowering the temperature
further reveals a local maximum in {H;) and local minimum
in a corresponding to a shift in spectral weight to weaker
magnetic regions. This shift in spectral weight is more pro-
nounced as doping decreases and persists below the MI tran-
sition to x=0.15, where it is accompanied by a local mini-
mum in AH,; Comparing the temperatures at which these
shifts in spectral weights occur with the appearance of the
incommensurate spin structures seen in Ref. 24 reveals an
interesting correlation. Both x=0.05 and 0.15 spectra exhibit
skew (presence of polarons) at temperatures much higher
than the spin-glass freezing temperature 7,. For comparison
purposes, the low applied field glassy transition temperatures
T, or (for x>xc) Tc are indicated for each x value. Spin-
glass behavior has been reported®’ but (H,;) is much larger
here than expected for a conventional spin glass. The peaks
in x=0.05 spectra above 30 K are resolved electric quadru-
polar satellites. For x=0.15 the satellites are smeared out by

092201-2



BRIEF REPORTS

Width (T) T
b o w oo =
://} {}
3
‘\O &
o o
| ¢
[ R ‘c? -
} L9
' jg
3
1

Skew, o

150 300

FIG. 3. (Color online) Temperature dependence of the skew-
normal fitting parameters for x=0.05, 0.15, 0.18, 0.19, 0.25, and
0.30 samples, for which the solid lines are guides to the eye. The
vertical dotted lines show the transition temperatures 7, and T¢
from low-field measurements (Ref. 16).

hyperfine fields for all measured temperatures.

For near-cubic La,_,Sr,CoO; the dominant transferred hy-
perfine interaction at a La nuclear site is the isotropic part
given by the Hamiltonian H=AXA,l-S; with I=7/2 as the
nuclear spin, S; as the coupled nearest-neighbor (NN) elec-
tron spins at Co ion sites i, and A; as the corresponding
transferred hyperfine coupling constant produced by orbital
hybridization. For this FM system in an applied magnetic
field H,, the nuclear resonance frequency obtained by sum-
ming over the eight nearest neighbors is f=(y;/2m7)[H,
+8Agup(Shoe]=(y/2m) [ Hy+H;] with (S),,. as the average
for local spins S; on the neighboring Co ions and A (in units
of T/ ug) as the average hyperfine coupling.

We propose a statistical inhomogeneity model that ac-
counts for the observed skew-normal NMR spectra by con-
sidering a 180X 180 X 180 lattice with random Sr doping.
The model assumes that small polarons form in cells contain-
ing Sr ions with mobile holes shared by the eight NN Co
ions as proposed by de Gennes.'® The polarization (S) of a
given Co ion is proportional to the number n of NN Sr**
ions. We fix A to match the measured hyperfine field of 2.5 T
(per the x=0.30 spectra at 4.2 K), and assume that A is in-
dependent of i and x. This model reproduces the following
features of the data: (1) broad and skewed hyperfine field
distribution, (2) the crossover from positive to negative
skewness at an intermediate value of x, and (3) the anomaly
in the linewidth at the crossover [Fig. 3(c)]. Within this
model, the data indicate that a Co ion is fully polarized for
n=3; however, this model finds a crossover at x=0.23 that is
less sudden than the observed transition.

The model described above cannot capture the transfer of
polarization between Co ions via mobile holes because each
hole is confined to a single unit cell. In the actual material,
hole mobility will increase as nearest-neighbor Co ions be-
come aligned. We find improved agreement with the data of
Fig. 2(b) (magnitude of the fit parameters and a sharp tran-
sition at x=0.18) by mimicking hole motion in an ad hoc
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FIG. 4. (Color online) (a)-(c) Hyperfine field distribution from
the model for x=0.05, 0.18, and 0.30, respectively. The magnified
insets (30X 30 unit cells) show the random Sr-dopant sites (black)
and the continuous nature of the field distribution, consistent with
the NMR data of Figs. 1-3. (d) The dark solid line marks the
boundary below which the measured (H,;) is greater than 1.5 T, in
good agreement with the ferromagnetic metal (FMM) phase re-
ported from transport and magnetization (Ref. 16). The “skew on-
set” line indicates the strikingly large region of the phase diagram
exhibiting skewed spectra in Figs. 1-3. The dashed line marks the
crossover from positive to negative skew, which matches the
insulator-to-metal transition from transport data (Ref. 16) at low
temperatures. The dotted line indicates the spin-glass (SG) region
from Ref. 16, which lies outside our polaron model.

manner: (1) We identify every connected region of Co ions
within which each Co has at least a threshold number () of
nearest-neighbor Sr. (2) We find the single Co ion in each
region with the highest polarization and assign that value to
all of the Co ions within that region. The open squares in
Fig. 2(b) are the results from the model using a threshold
value ny=2, which fixes x-=0.18 and shows quantitative
agreement for all x<x.. Quantitative agreement for x> x,
requires ny=1 (consistent with enhanced hole mobility), al-
though the model leaves unexplained why the value of ny
would change across the transition. We emphasize that the
statistical inhomogeneity model captures the salient features
of the data even without the ad hoc addition of the uncon-
strained free parameter ny.

Two-dimensional slices of the model lattice are shown in
Figs. 4(a)-4(c) for x=0.05, 0.18, and 0.30, respectively. The
slices are 180X 180 unit cells with the insets showing 30
X 30 unit cells. The color scale is a mapping of the La hy-
perfine field with dark red being the saturated ferromagnetic
moment and dark blue being zero internal field. The continu-
ous distribution of the polarization is consistent with the data
of Figs. 1-3 and is distinctly inconsistent with a simple two-
phase model in which nanoscale regions are either paramag-
netic insulator or FM metal (FMM). Figure 4(d) shows a
modified phase diagram that captures the primary features of
the NMR data: (1) a crossover from positive to negative
skewness that corresponds to the MI transition in the
low-temperature limit; (2) a region for which (Hpp=1.5 T
that matches the FMM phase found in transport and
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magnetization;8 and, most strikingly, (3) a “skew onset” line
(below which the NMR spectra are asymmetric) that is lo-
cated at much higher temperatures than the previously re-
ported glassy transition (dotted line from Ref. 16), which
evidences the existence of polarons at extremely high tem-
peratures across the entire phase diagram, even for x <x.
In conclusion broad skew-normal distributions in the hy-
perfine field reveal the occurrence of nanoscale inhomogene-
ity and polaronic behavior in single-crystal La;_.Sr,CoOs
over a wide range in the x-7 plane. A simple model based on
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random Sr dopants provides a physical picture for the ob-
served continuous distribution of hyperfine fields from
weakly polarized to highly polarized regions.
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