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The spin density of doped electrons was investigated by 87Sr NMR in the paramagnetic (PM) and
antiferromagnetic (AF) G-type phases of electron-doped Sr1−xLaxMnO3 (x = 0.00, 0.02, 0.04; TN = 236–200 K)
ceramics with the cubic structure. It is shown that the 87Sr NMR shift is proportional to the local density of the
itinerant doped electrons surrounding the Sr sites; these electrons have mainly the eg character. In the PM phase,
all the doped electrons are itinerant; however, they are inhomogeneously distributed in the La-containing oxides,
creating electron-doped regions (EDRs) with a number of eg electrons per Mn larger than in the rest of the oxide.
At room temperature, the network of the overlapping EDRs does not cover all Sr sites. Nevertheless, the number
of the Sr sites inside an EDR exceeds the site percolation threshold even for x = 0.02, so that the eg electrons
can move on large distances. In the AF phase, below 80 K the EDRs cover the entire crystal. In this T range
the doped electrons separate into two species: some of them slow down their motion and form below 50 K static
FM domains, which are considered as bound magnetic polarons (MPs) of small size with the effective moment
peff = 23(10) μB and a MP formation energy ∼40 meV. The second species concerns the electrons which remain
itinerant at low temperature participating in the fast hopping in the AF G-type ordered lattice of the Mn4+ ions.
Nevertheless, their motion is slower than what is expected in an AF metal phase without cation disorder; this is
probably due to the imperfect shielding of the (La3+/Sr2+) charge disorder.

DOI: 10.1103/PhysRevB.96.104409

I. INTRODUCTION

The manganites display a great variety of electronic
properties when doped by charge carriers [1]. One of the main
issues in the studies of these strongly correlated materials is
the ground state emerging from the competition of the anti-
ferromagnetic (AF) superexchange (SE) interaction between
localized spins and the ferromagnetic (FM) double-exchange
(DE) interaction of the localized spins with the itinerant
doped carriers [2,3]. On the insulating side of the FM metal
to AF insulator transition (MIT) the magnetic ground state
of the doped Sr1−xLaxMnO3 and Ca1−yLayMnO3 oxides
is considered as heterogeneous with FM nanosize domains
frozen in the AF lattice, the doping being whether with
holes (x, y > 0.7) [4–6] or with electrons (x < 0.1 [7,8],
y < 0.1 [9–12]). In the hole-doped oxides, a magnetic field
induces the percolation of these FM domains [13,14] yielding
a MIT with the colossal magnetoresistance (CMR) effect [15]
which is nowadays widely used in spintronics.

The parent compounds, CaMnO3 (orthorhombic, Pnma;
TN ≈ 120 K [16,17]) and SrMnO3 (cubic, Pm3m; TN ≈ 240 K
[18,19]) have a simple AF G-type order of the core S(t2g) spins
of the Mn4+ (3t2g

0eg; S = 3/2) ions. The heterovalent substi-
tution of Ca2+ or Sr2+ with La3+ (Ce4+) donates one (two)
extra electron(s) to the eg conduction band and shifts these
semiconducting oxides toward the MIT. In the paramagnetic
(PM) phase, the resistivity, ρ, is lowered by several orders of
magnitude due to a rather small number of doped electrons
(x � 0.01 [8], y � 0.02 [20]) yielding a crossover to a
metallic-like behavior (dρ/dT > 0) above room temperature.

In the AF G-type phase, at low temperature where the
magnetic scattering of the conduction electrons by the t2g

spins vanishes, the residual resistivity ∼10−2 � cm [8] is
significantly larger than the value expected for the AF metal
ground state [21,22]. The low mobility of the dilute carriers
was tentatively assigned to their enhanced coupling with the
Jahn-Teller phonons [8,20]. However, almost no polaronic
renormalization of the eg electron mass follows from a
microscopic model of Sr1−xLaxMnO3 and Sr1−x/2Cex/2MnO3

oxides [22]. According to this model at low doping level,
the eg electrons move with a reduced velocity due to the
narrowing of the conduction band in the AF G-type phase.
These controversial interpretations require more details about
the motion of the itinerant doped electrons, about the locally
varying competition of the DE and SE interactions, and about
the corresponding AF/FM configuration of the neighboring
t2g spins.

In the AF phase of the electron-doped cubic SrMnO3 the
DE/SE competition is manifested by a static FM component,
MFM, emerging in the bulk magnetization at low tempera-
ture [8,23]. Whether MFM should be assigned to the canted AF
G-type structure or to the nanosize FM entities is a dilemma
which can be resolved with neutron scattering and/or NMR
experiments. The 55Mn NMR study of lightly electron-doped
Sr1−xLaxMnO3 (x = 0.02) [24] compounds has shown two
well resolved NMR signals corresponding to the AF and
FM correlated Mn spins, evidencing the separation of the
doped electrons into two species and the heterogeneity of the
magnetic ground state.

In this paper we present a 87Sr NMR study of lightly
electron-doped cubic Sr1−xLaxMnO3 (0.0 � x � 0.04) poly-
crystalline samples. The magnetic state of these oxides is
characterized by the bulk magnetization with a focus on the
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FIG. 1. X-ray diffraction powder pattern of the Sr1−xLaxMnO3−δ

(x = 0.00, 0.02, 0.04) samples measured with the CuKα radiation at
room temperature.

static MFM component emerging in the AF phase (Sec. III A).
In Sr1−xLaxMnO3 the resonance frequency of 87Sr (nuclear
spin 87I = 9/2 and the quadrupole moment 87Q = 0.15 ×
10−24 cm2) is determined by both the magnetic hyperfine and
the electric quadrupolar interactions, so that with the 87Sr
NMR tool we can probe the spatial distribution of the spin
and charge densities with a resolution of about the cubic
unit cell size. The negligible quadrupole broadening of the
87Sr NMR spectrum complements the room temperature x-ray
diffraction data, evidencing that the average crystal symmetry
of the studied samples is cubic in both the PM and AF
phases (Sec. III B 1). The magnetic hyperfine interaction of 87I

with the itinerant doped electrons coupled by DE with eight
Mn4+ neighbors and its impact on the magnetic broadening
of the 87Sr NMR in the La-containing oxides is clarified in
Secs. III B 3 and III B 4. As a result, the variation with T and
x of a spatially distributed density of the itinerant eg electrons
is disclosed in the La-doped oxides. At low temperature, the
separation of the eg electrons into two species with a distinct
thermal behavior is quantitatively characterized by the 87Sr
spin-lattice relaxation rate, 87T −1

1 , in Sec. III C and by the 87Sr
spin-echo decay rate, 87T −1

2 , in Sec. III D.

II. EXPERIMENTAL DETAILS

The Sr1−xLaxMnO3−δ samples (x = 0.02, 0.04) were syn-
thesized with the citrate-gel method [25]. Thoroughly milled

chemically pure (99.9%) initial reagents SrCO3, La2O3, and
Mn2O3 were weighted in the right quantities and put into a
quartz ampoule with nitrogen acid until complete dissolution.
After that, citrine acid was added until getting a homogeneous
gel which was heated to ignition. The black powder obtained
was pressed into tablets of 2 mm thickness and 12 mm
diameter. The tablets were first annealed at 900 ◦C in air for
2 hours and then the annealing temperature was increased up
to 1300 ◦C. After 10 hours the samples were cooled down
to room temperature, with a cooling rate ∼1 ◦C per minute.
According to x-ray diffraction (XRD) data, the samples adopt
the hexagonal 4H -SrMnO3 structure with a minor volume
fraction of the 6H -SrMnO3 polymorph.

In order to obtain the x = 0.02 and 0.04 samples with
the cubic structure, we used the two-stage method which
was developed for similar metastable compounds [19]. At
the first stage the samples were heated in a flow of gas
mixture 10% H2 / 90% Ar up to 1000 ◦C until the oxygen
content had decreased to (3–δ) ≈ 2.55. The reduction reaction
was permanently monitored with a thermal analyzer Setaram
TG-92. The XRD analysis showed that after reduction, a
single-phase oxygen-deficient sample with Sr2Mn2O5 struc-
ture was formed. In order to achieve 3 oxygen atoms per
formula unit the samples were finally annealed at 400 ◦C in
air.

The SrMnO3−δ (δ < 0.005) polycrystalline sample with
cubic structure was synthesized with the procedure described
in Ref. [23]. At the last stage of synthesis the sample was
annealed (24 hours T = 500 ◦C) in oxygen flow (PO2 ∼ 1 bar)
containing ∼70% of 17O isotope, for 17O NMR measurements.

The XRD patterns, measured with the CuKα radiation, at
295 K confirm that the three synthesized samples are single
phase (Fig. 1) since only the Bragg reflections corresponding
to the cubic structure are observed. The RT cubic unit cell
parameter, a, listed in Table I, shows that the size of the cubic
cell increases with La doping.

Magnetization measurements were carried out in the tem-
perature range T = 4–330 K and in external magnetic fields
H � 9 T with a magnetometer PPMS 9 (Quantum Design).

The 87Sr NMR spectra were measured between 20 K and
370 K, with a Bruker NMR spectrometer AVANCE 500 WB in
an external magnetic field H0 = 11.747 T. The spin echo sig-
nals were excited by the pulse sequence π/2-τ -π/2 with π/2
pulse length equal to 2 μs. The spectra extending to more than
200 kHz were obtained by summing the Fourier-transformed
half-echo signals acquired at equidistant (∼100 kHz) operating
frequencies. The 87Sr NMR shift components were determined
with respect to the 87Sr Larmor frequency, ν0 = 21.6747 MHz.

TABLE I. Cubic unit cell parameter at room temperature, a, Néel temperature, TN, magnetic width, 	νM , and quadrupolar width, 	νQ, at
H = 11.7 T, T = 300 K of the 87Sr spectra.

SrMnO3−δ (δ < 0.005) Sr0.98La0.02MnO3 Sr0.96La0.04MnO3

a (T = 295 K) (Å) 3.8062(4) 3.8068(6) 3.8095(8)
TN (K) 236(4) 230(10) 200(20)
(	ν)M (kHz) 5 18 35
(	ν)Q (kHz) 10(1) 37(4) 43(4)
(δν)Q = (	ν)2

Q/ν0 (kHz) 0.01 0.2 0.24
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The simulation of the spectra of the polycrystalline samples
allows us to determine the hyperfine interaction parameters,
i.e., the isotropic shift, 87Kiso = (ν − ν0)/ν0, the value of the
quadrupole frequency νQ = [3e2Q/2I (2I − 1)h]Vzz which
characterizes the interaction of the quadrupole moment 87Q

with Vzz, the main component of the electric field gradient at
the Sr sites. The Gaussian widths 	K = 	νM/ν0 and 	νQ

of the distribution of 87Kiso and νQ, respectively, were also
evaluated at the Sr sites.

The 87Sr spin-lattice relaxation time, T1, was measured
with the pulse sequence, π/2-τ -π/2-E(2τ,t) by varying t ,
the repetition time. The recovery of the nuclear magnetization
towards equilibrium conditions was always exponential.

The spin-spin relaxation time, T2, has been measured using
the pulse sequence π/2-τ -π . The T2 value was determined
as the time interval 2τ during which the echo signal E(2τ )
drops to 1/e of its initial value. Both T1 and T2 were measured
on the peak of the central line (transition mI = −1/2 ↔
+1/2).

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

The temperature dependence of the magnetic susceptibility
χ = M/H obtained by field-cooling at H = 9 T is shown in
Fig. 2(a). The transition temperature to the AF G-type ordered
phase, TN, is determined from the position of the maximum of
dχ/dT [inset in Fig. 2(a)]. With increasing x, TN diminishes
(Table I) in agreement with data obtained in single crystals of
the same composition [8]. Moreover, according to Ref. [8], the
presence of a local maximum [TN2 ≈ 100(20) K] in dχ/dT

for the x = 0.04 sample may indicate the formation of a AF
C-type structure in a part of the sample.

The field dependence of the magnetization, M , is seen in
the M(H ) reversal isotherms [Fig. 2(b)] obtained up to 9 T,
by cooling from T = 330 K. In the AF phase each M(H )
isotherm can be represented as the sum of two contributions:

M(H ) = MAF + MFM, (1)

where MAF ∝ H is the magnetization of the canted-in-
magnetic-field AF G-type structure. The FM component
MFM(H ) = M(H ) − MAF(H ) varies nonlinearly with H to-
wards the maximum value MFM,sat at H > 3 T.

The origin of MFM was clarified in a 55Mn NMR study [24]
of the very same x = 0.02 sample. Indeed, the 55Mn NMR
spectra show two well resolved lines which were assigned to
Mn atoms in the AF lattice and in FM domains, evidencing the
heterogeneity of the magnetic ground state. In this study, we
present more detailed properties of MFM at low temperature.

(a) The thermal behavior of MFM,sat and NFM, the fraction of
the Mn atoms located inside the FM domains, is represented in
the inset of Fig. 2(b), for the x = 0.02 sample. The NFM value
was estimated from 55Mn NMR by measuring the intensity
of the FM line, 55IntFM-line ∝ NFM/T , which obeys the Curie
law. As T increases, the drop of MFM,sat and NFM are about
the same (≈3 times) indicating that the decrease of MFM,sat is
determined by NFM. Above 80 K about 2/3 of the Mn atoms
are no longer FM coupled and the corresponding FM-ordered
entities vanish.

(a)

(b)

(c) (d)

FIG. 2. (a) Magnetic susceptibility χ (T ) = M/H measured by
cooling Sr1−xLaxMnO3 [x = 0.00 (�), 0.02 (•), 0.04 (�)] in a mag-
netic field H = 9 T. Inset: derivative 	χ/	T vs T for x = 0.02 and
0.04 samples; the transition temperature, TN, is indicated by arrows.
(b) Magnetization reversal isotherms M(H ) of Sr0.98La0.02MnO3.
Inset: fraction NFM (♦) of the Mn atoms located inside the static
FM entities, and MFM,sat(T ) (•) vs temperature. (c) Magnetization
[M(H,T ) − M(H,T = 150 K)] vs H/T in Sr0.98La0.02MnO3 at T =
10 K (•) and T = 20 K (◦). The dashed line is the initial slope
of the Langevin function: M = (p2

eff/3kB)H/T with the effective
magnetic moment peff = 23(10) μB. (d) Schematic fragment of the
cubic structure: the gray balls indicate the Mn atoms with spin down in
the AF G-type lattice whereas the spin up of the four Mn represented
by black balls is flipped to form the magnetic polaron, mMP = 25 μB,
centered at the La cation.

(b) The magnetization of these thermally unstable FM
entities, defined as the difference [M(H,T ) − M(H,T =
150 K)], is presented vs H/T [Fig. 2(c)] in a Langevin plot for
T = 10 K and 20 K, in order to underline the particular thermal
behavior that is observed in single-domain FM nanoparticles
with negligible crystallographic and shape anisotropies. The
dashed line shows the initial slope (in weak magnetic fields)
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(a)

(b)

(c)

FIG. 3. 87Sr NMR spectra obtained at 11.7 T in the polycrystalline
x = 0.00 (a), 0.02 (b), 0.04 (c) samples at T = 300, 120, 90, and
20 K; 	νM is the width at half height of the central transition mI =
−1/2 ↔ +1/2, and 	νQ is the width at half height of the satellite
transition mI = 1/2 ↔ 3/2. The blue dashed curve shows the 87Sr
NMR spectrum including all transitions (x = 0.00; T = 300 K),
calculated with νQ = 0 and with the 	νM and 	νQ values listed
in Table I.

of the Langevin function, M = (p2
eff/3kB)H/T , yielding the

effective magnetic moment value peff = 23(10) μB per FM
entity. A possible configuration of these FM clusters in
Sr1−xLaxMnO3 is shown in a fragment of the AF G-type cubic
structure centered on a La atom with 20 Mn atoms [Fig. 2(d)].
Due to the DE interaction, a doped electron trapped inside
this fragment flips the spins of the four Mn4+ ions shown by
black balls, so that all 20 Mn spins are FM polarized, creating
a bound magnetic polaron (MP) with a magnetic moment
mMP = 25 μB [26], close to the value previously deduced.
Besides, the negligible hysteresis (Hcoerc � 0.001 T), observed
in the MFM(H ) reversal isotherms [Fig. 2(b)], is in agreement
with the rather high symmetry of this MP.

B. 87Sr NMR spectra

1. Quadrupole interaction and cubic symmetry

Figure 3 shows examples of 87Sr NMR spectra obtained
in the three polycrystalline samples. The spectra consist of a
central line transition (mI = −1/2 ↔ +1/2) with a relative
intensity of 15%, centered on a wide pedestal of 8 unresolved
satellite line transitions (2I − 1 = 8). For quadrupole nuclei,

such unresolved NMR spectrum is usually detected in a powder
of imperfect cubic crystals [27]. As shown by our XRD data,
the average symmetry of the 3 samples is cubic at 300 K. This
yields 〈Vzz〉 ∝ 〈νQ〉 = 0 for the electric field gradient and the
quadrupole frequency. Nevertheless, the locally distorted cubic
symmetry at the Sr sites produces electric field gradient (EFG)
local perturbations, |Vzz − 〈Vzz〉|, which lead to the existence
of satellite lines. The width of these lines is characterized
by 	νQ whereas the central line is broadened by δνQ =
(	νQ)2/ν0, which is far smaller than 	νQ so that the width of
the central line, 	νM , is only due to the magnetic interaction.

For instance, the dotted blue curve in Fig. 3(a) results from
the simulation with 〈νQ〉 = 0 of the room-temperature NMR
spectrum of SrMnO3−δ . The optimized broadening 	ν and
	νQ, given in Table I, show that a small deviation from the
stoichiometric composition (δ < 0.005) yields a broadening
	νQ = 10(1) kHz of the satellite lines, which form the
pedestal representing 85% of the total intensity. On the other
hand, the impact of the quadrupole interaction on the width
of the central line at 11.7 T, δνQ = (	νQ)2/ν0 ≈ 0.01 kHz, is
negligible compared to 	ν = 5.2 kHz. It is worth noting that
	νQ and thus the EFG spatial dispersion 〈(Vzz − 〈Vzz〉)2〉 do
not vary with T .

Compared to SrMnO3−δ , 	νQ increases significantly in the
La-doped samples, due to the charge disorder of the La3+/Sr2+
cation sublattice. Nevertheless, the absence in the spectrum of
any sign of a fine structure with satellite peaks [Figs. 3(b)
and 3(c)] leads to a Sr charge environment characterized by
〈Vzz〉 = 0. At room T and for the three samples, the equality
〈Vzz〉 = 0 found by NMR agrees with the average cubic crystal
symmetry deduced from the XRD results. At low T , as the
equality 〈Vzz〉 = 0 holds, we deduce that all three samples are
also cubic in the AF phase.

2. Magnetic broadening of the central line

The magnetic broadening 	νM [28] is minimal in the PM
phase of SrMnO3−δ , the central line of which has a Gaussian
shape. For the La-containing oxides, the central line acquires
an asymmetric shape due to spectral components with a larger
value of the local magnetic field [Figs. 3(b) and 3(c)]. With
decreasing T the width at half height of the central line,
	νM , increases gradually, reaches a maximum at about 120 K
(Fig. 4), and significantly diminishes down to 20 K.

In order to clarify the origin of the particular magnetic
broadening that appears for the central line in the La-
containing oxides, we first consider the shift of the 87Sr NMR
line (Fig. 5) in the PM state of SrMnO3−δ .

3. Line shift and spin density of the doped electrons in SrMnO3−δ

The Sr2+ ion has the configuration of inert Kr with filled
valence electron shells plus an empty 5s shell. It is located at
the center of the cubic unit cell so that the anisotropic dipolar
and hyperfine fields created at the 87I nucleus by the unpaired
electrons of the eight first Mn4+(3t2g

0eg) neighbors cancel each
other. Thus, one should expect that the magnetic shift of the
87Sr NMR line contains only the isotropic component, 87Kiso,
which does not depend on the orientation of the crystallites in
the magnetic field. As for 17O NMR [23], the 87Kiso value is
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FIG. 4. Width of the central 87Sr NMR line at 11.7 T, 	νM , vs T

in x = 0.00 (�), x = 0.02 (•), and x = 0.04 (�) samples.

determined by two contributions:

K(T ,x) = K0 + Ks(T ,x). (2)

The chemical shift 87K0 is assumed to be independent
of T and of the doped electrons concentration, where
x = 2δ for SrMnO3−δ . The T -dependent shift 87Ks(T ,x) =
87Kiso(T ,x) − 87K0 = hloc(5s)/H is related to the local field
hloc(5s) appearing due to the Fermi contact interaction of the
87I nuclear spin with the s-spin density of the itinerant doped
electrons. The wave function of these doped electrons has
mainly an eg character [22,29,30] with a small admixture
of the 5s(Sr) and 2s2p(O) states so that a spin density
sz(5s) = fssz(eg) can be transferred from the eg electron to
the empty 5s(Sr) orbital, fs being the transferred fraction of
sz(eg). The eg electron state is strongly polarized due to the
intra-atomic exchange interaction, −J s(eg)S(t2g), with the
core t2g(Mn) electrons. As a result, the ensemble-averaged
value of sz(5s) [31,32],

〈sz(5s)〉 = fs〈sz(eg)〉 = fsg(EF)J 〈Sz(t2g)〉, (3)

FIG. 5. Isotropic NMR line shifts 87Kiso (�) and 17Kiso (�) vs T

in SrMnO3−δ . Inset: 87Kiso vs 17Ks plot, in the PM phase; the dotted
line is a linear fit.

can be related to the local density of states of the doped
eg electrons, g(EF), and the spin susceptibility of the eight
neighboring Mn atoms, 〈Sz(t2g)〉 = χmol/2μBNA. The expres-
sion for the spin contribution to the line shift, 87Ks , takes the
form

87Ks(T ) = hloc(5s)/H = 8HFC(5s)fs〈sz(eg)〉/H
= 8HFC(5s)fs(J/EF)neg

〈Sz(t2g)〉/H, (4)

where HFC(5s) is the Fermi-contact field created by one
unpaired electron occupying the 5s(Sr) orbital, and neg

is
the number of the itinerant doped electrons per Mn; neg

can vary with T but is always smaller than 2δ. A similar
expression was obtained for 17Ks , the isotropic spin shift of
the 17O NMR line [23], containing the same T -dependent
product neg

〈Sz(t2g)〉 besides constant quantities. The similar
thermal behavior of 87Kiso and 17Kiso shown in Fig. 5 confirms
that expression (4) is valid for both nuclei. Furthermore, the
significant decrease of both 87Kiso(T ) and 17Kiso(T ) below
300 K demonstrates that the local fields experienced by Sr
nuclei and by O nuclei have the same microscopic origin,
namely, the lessening of neg

with decreasing T .
As we are only interested in 87Ks , it should be extracted

from 87Kiso. To that end, 87Kiso is plotted vs 17Ks in the PM
phase (inset of Fig. 5). The linear fit of the data, extrapolated to
17Ks = 0, yields the chemical shift value, 87K0 = 0.24(3)%,
which coincides with the total shift at 20 K, so that the doped
electrons do not contribute anymore to 87Ks at T � 20 K in
SrMnO3−δ .

4. Inhomogeneous spin density of the doped
electrons in the La-doped oxides

As in SrMnO3−δ , in the La-containing cubic oxides the 87Sr
magnetic shift reduces to the isotropic component so that the
asymmetric shape of the lines [Figs. 6(b) and 6(c)] can only be
explained with a shift distribution on the Sr atomic positions.

For x = 0.02 spectrum [Fig. 6(b)] the steepness of the
low-frequency wing of the central line and its peak position
are practically the same as for the central line in SrMnO3−δ

[Fig. 6(a)]. These similarities led us to decompose the spectra
of the La-containing oxides in two lines [Figs. 6(b) and 6(c)].
For the symmetric line 1, the shift 87Ks1 and the width 	νM

are taken equal to the corresponding parameters of SrMnO3−δ .
Thus, the relative intensity of the line 1, Int1, determines the
fraction of the Sr atoms probing very few doped electrons
(2δ < 0.01), as in SrMnO3−δ . Its intensity decreases as the
doping increases [inset in Fig. 6(a)], but is still nonzero for
the most doped sample x = 0.04. For the other line, line 2,
with an asymmetric shape, g(K), we define its shift 87Ks2,
as the gravity center, i.e., as the first moment of the line:
87Ks2 = ∫

(K − K0)g(K)dK; 87Ks2 is on the high-frequency
side of the line 2 peak.

The inequality, 87Ks2 > 87Ks1, shows that the Sr nuclei
responsible for line 2 probe a larger number of eg electrons
compared to the Sr nuclei giving rise to line 1. A Sr ion
contributing to line 2 defines an electron-doped region (EDR).
The relative intensity of line 2, Int2, determines the fraction of
Sr atoms in the EDR containing presumably La3+ donors. At
room temperature, Int2 increases from 0.58(4) for x = 0.02 to
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(a)

(b)

(c)

FIG. 6. 87Sr NMR spectra, including all satellite transitions of
x = 0.00 (a), 0.02 (b), 0.04 (c) samples at 11.7 T and room
temperature. The dot-dashed (line 1) and gray (line 2) curves are
the result of the spectrum decomposition in two lines as described in
the text. Inset: relative intensity Int1 of line 1 vs x and fit (dashed
curve) with the binomial coefficient P0,N = (1 − x)N .

0.79(6) for x = 0.04. Assuming a random distribution of La3+
ions over the Sr2+ positions, one may estimate the average
number of Sr2+ ions, N , which gather with some La3+ ions
inside an EDR. The probability of this event is 1 − P0,N ,
where the binomial coefficient P0,N = (1 − x)N defines the
probability that no La is found among N randomly picked
up cations (Sr/La). The P0,N value is directly connected to
Int1, and the corresponding fitting curve shown in the inset of
Fig. 6(a) yields N = 36 ± 3.

It is worth noting that for x = 0.02 and N = 36, the
binomial probability P1,36 that one La atom is in an EDR is
significantly larger than P2,36, the probability of two La atoms
(P1,36 > 3P2,36). A spherically shaped EDR with one La atom
and N = 36 extends around the La atom to the distance ≈2a.
On the other hand, N = 36 overcomes Np = 31 [33], the site
percolation threshold in the 3D cubic lattice. Consequently,
even for x = 0.02, the network of overlapping EDRs allows the
motion of the doped electrons on large distances, explaining

(a)

(b)

FIG. 7. (a) Relative intensity, Int1, of line 1 vs T in x = 0.02 (•)
and x = 0.04 (�) samples. (b) Shift, 87Ks , vs T in x = 0.00 sample
(�), in x = 0.02 for line 1 (•) and line 2 (◦), in x = 0.04 for line 1
(�) and line 2 (�) samples.

the metallic-like conductivity observed in single crystals of the
same compounds at room temperature [8].

With decreasing T , the decrease of Int1 [Fig. 7(a)]
evidences a growth of Int2 which is proportional to the EDR
size, yielding an increasing overlap of the EDRs. Parallelly,
87Ks2 stays almost constant down to ∼80 K [Fig. 7(b)].
In the AF-ordered phase, the FM moment per Mn of the
in-field-canted AF G-type structure is 〈mFM〉 = gμB〈Sz(t2g)〉.
Its value is estimated from the slope of the M(H ) isotherms
[Fig. 2(b)]. The 87Ks2 value is defined by the spatially
averaged product neg

〈mFM〉, where neg
is the average density

of the itinerant eg electrons [23]. The growth of mFM is
negligible from 300 K to 150 K and significant down to 80 K;
indeed, [mFM(150 K) − mFM(300 K)] < 0.05mFM(150 K)
whereas [mFM(80 K) − mFM(150 K)] ≈ 0.25mFM(150 K).
As 87Ks2 is almost constant down to 80 K, neg

is almost
constant down to about 150 K and then diminishes down to
80 K.

Simultaneously, the width of the shift distribution 	K =
	νM/ν0 reaches a maximum at about 120 K (Fig. 4). As can
be seen in Fig. 3(b), the growth of 	K is caused by the Sr
atoms with a large shift, Ks2,large, contributing to the NMR
signal on the high-frequency side of line 2. A Sr atom with
Ks2,large is surrounded by eight neighboring Mn4+ ions the FM
moment of which is aligned along H and larger than the spatial
average value 〈mFM〉. The S(t2g) spins of these Mn4+ ions are
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AF G-type ordered with an enhanced local canting due to the
DE interaction with a number of itinerant electrons larger than
the average value, neg

.
Below 100 K, only the data for the x = 0.02 sample will

be analyzed since for x = 0.04 we showed that the sample is
apparently a mixture of G- and C-type AF.

Below 50 K, as the line 1 disappears, Int1 = 0 and the
EDRs cover all the Sr positions [Fig. 7(a)]. Parallelly, the
central line narrows, becoming almost symmetric [Figs. 3(b)
and 3(c); T = 20 K] and 87Ks2 drops indicating that the Sr
atoms having Ks2,large do not contribute anymore to line 2. At
low T the Sr sites with Ks2,large are located inside the static FM
entities and their 87Sr NMR signal is shifted towards far larger
frequencies [34], out of the NMR window corresponding to
the Sr sites in the AF lattice (Fig. 3).

The residual value of 87Ks2 = 0.07(2)% shows that about
half of the eg electrons are still itinerant so that two species
of eg electrons exist at T < 50 K. This NMR result is in
agreement with electrical conductivity data performed on a
single crystal of cubic Sr1−xLaxMnO3 with x = 0.02 which
shows a metallic-like conductivity, dσ/dT � 0, with a resid-
ual conductivity σ (T < 20 K) ≈ 2 × 102 �−1 cm−1 [8]. This
value is close to σmin ∼ 103 �−1 cm−1 the minimal metallic
conductivity limit of Ioffe-Regel [35] near the Anderson transi-
tion. We will first focus on the itinerant electrons at T < 50 K.

C. Dynamics of the itinerant doped electrons in the
AF phase of x = 0.02 compound

In the absence of structural and charge disorder, the
itinerant eg electrons [21,22,29] move fast with a characteris-
tic intersite hopping time τhop = a/vF = h̄g(EF) ≈ 10−14 s.
This value is significantly smaller than the period of the
87Sr Larmor precession in 11.7 T, 2π/γH ≈ 5 × 10−8 s.
As a result, the Fermi gas of the itinerant eg electrons
creates a homogeneous (q ≈ 0) spin polarization, fs〈sz(eg)〉 =
fs(2μB)−1χs(q ≈ 0)H . In oxides, the resulting spin suscep-
tibility, χs(q ≈ 0), is generally not the Pauli susceptibility
of the free electrons χP = 2μ2

Bg(EF); it is rather χs(q ≈
0) = 2μ2

Bg(EF)[1 − J (q ≈ 0)g(EF)]−1 enhanced by the fac-
tor [1 − J (q ≈ 0)g(EF)]−1. In our case, the enhancement
factor is due to the exchange interaction of the itinerant
eg electrons with the core t2g electrons of the Mn4+ ions [31].

According to calculations of the electronic structure [22]
in the AF G-type phase of an electron-doped cubic SrMnO3,
the Fermi level is located at the bottom of a rather broad
conducting band, W (eg) ∼ 0.5 eV, where the density of
electron states is almost constant with g(EF) ≈ 1 eV−1 spin−1.
At small doping level, x 	 1, this leads to a T -independence
of χs(q ≈ 0) and thus also of 87Ks which is indeed observed
for 87Ks2 in the x = 0.02 oxide at T < 50 K [Fig. 7(b)].

The dynamics of the itinerant doped electrons has been
studied in the x = 0.02 sample by measuring the spin-lattice
relaxation rate, 87T −1

1 , of the Sr nuclei. In the AF state, 87T −1
1

decreases with a power-law dependence, 87T −1
1 ∝ T α where

α is 3.5(5) above 120 K and changes to α = 1 below 100 K,
defining a linear behavior with (87T1T )−1 = 0.020(6) s−1 K−1

(Fig. 8). It is worth noting that for magnetic semiconductors
in the spin-wave region, below TN/2, a typical T dependence

FIG. 8. Spin-lattice relaxation rate, 87T −1
1 , vs T in

Sr0.98La0.02MnO3.

is T −1
1 ∝ T α with α = 5 due to fluctuations of the hyperfine

interaction IAS which in our case would be 87IAS(t2g). Our
87T1 data show that the x = 0.02 oxide is not in this case.

The Korringa law (87T1)−1
K ∝ T is typical for nuclei of

nonmagnetic ions in metals where the Fermi contact inter-
action with the conduction electrons provides an efficient
mechanism at low temperature for the nuclear spin-lattice
relaxation [36]. At small concentration neg

the interaction
between the conduction electrons is negligible. As these
electrons move in a crystal lattice with no random Coulomb
potential, the (87T1)−1

K rate should be determined solely by the
bare density of states at the Fermi level:

(87T1
)−1

K = 1687γ 2hkBT [HFC(5s)fsg(EF)]2. (5)

The Korringa product 87CK = 87(K2
s T1T )K is a constant

and does not depend on the electronic structure of the oxide:

87CK = 87
(
K2

s T1T
)

K = (
4μ2

B/87γ 2hkB
)

= 2.76 × 10−4 s K. (6)

When the FM exchange interaction of the itinerant electrons
with the core t2g is taken into account the value of 87Ks ∝
χs(q ≈ 0) is enhanced by the factor [1 − J (q ∼ 0)g(EF)]−1.
Because of the high symmetry of the Sr site, the impact of
this exchange interaction on the relaxation of the Sr nuclei
has no peculiar q dependence so that 87T −1

1 is still determined
by the (87T1)−1

K term of Eq. (5) which relates to the (q ≈ 0)
contribution to the nuclear spin-lattice relaxation. Thus, for
eg electrons interacting with t2g electrons the corresponding
Korringa product 87CK should be enhanced yielding

87
(
K2

s T1T
) = 87CK[1 − J (q ≈ 0)g(EF)]−2. (7)

Although one expects that 87(K2
s T1T ) > 87CK, an opposite

inequality is observed at T < 50 K where 87(K2
s T1T )exp =

0.32(6) × 10−4 s K is one order of magnitude smaller than
87CK. The discrepancy indicates that the 87T −1

1 value is larger
than in the Korringa prediction [Eq. (5)].
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The imperfect shielding of the (La3+/Sr2+) charge disorder
contributes to the scattering of the conduction electrons
and consequently τhop increases yielding a weak localization
[τhop > h̄g(EF)] of the itinerant electrons in the metallic phase.
Following Refs. [37,38], expression (5) is modified:

87T −1
1 = (87T −1

1

)
K

[
τhop/h̄g(EF)

]
, (8)

where the enhancement factor η = [τhop/h̄g(EF)] takes into
account a growth of τhop. On the metallic side of the metal-
insulator transition the value of η is associated with the static
conductivity by the following expression [38]:

η = 87T −1
1 /

(
87T −1

1

)
K

≈ 1 + (π/3)
[
σ 2

min/σ (σ + σmin)
]
. (9)

The value η = 8.6(8), obtained from the ratio
87T −1

1 /(87T −1
1 )K, shows that the duration between two sub-

sequent hops, τhop, is still larger than h̄g(EF) corresponding
to the de Gennes AF metallic phase [21]. It is worth
underlining that the η value, deduced from NMR, leads to
an estimate of the residual conductivity at low temperature,
σ ≈ 1.3 × 102 �−1 cm−1, close to 5 × 102 �−1 cm−1, the
conductivity measured in a single-crystal oxide with x = 0.02
composition [8].

D. Formation of magnetic polarons in the AF phase
of x = 0.02 compound

The electrons which contribute no more to the line shift,
87Ks2, below 50 K have slowed down their motion. Their
slow motion gives rise to low-frequency fluctuations of the
Mn magnetic moments. Indeed, the electronic configuration of
Mn ions changes during the time τc between two subsequent
hops of an eg electron, 3t2g

0eg → 3t2g
1eg → 3t2g

0eg , creating
fluctuations of the Sr local field, hloc(5s), contributing to
the spin echo decay rate, 87T −1

2 . In general [39] the main
contribution to T −1

2 is caused by the fluctuating component
h‖(t) directed along H , when T −1

2 � T −1
1 :

T −1
2 = γ 2〈h‖(0)2〉τc(T ), (10)

where 〈h‖(0)2〉 is the square average of the fluctuating local
field and τc ∝ exp(Ea/T ) defines the thermal variation of the
correlation function 〈h‖(t)h‖(0)〉 = 〈h‖(0)2〉 exp(−t/τc). Our
data show that below 150 K, the inequality 87T −1

2 � 87T −1
1

holds.
When T decreases, τc becomes longer and the corre-

sponding low-frequency fluctuations of hloc(5s) yield an
increase of the spin echo decay rate, 87T −1

2 , of the Sr nuclei.
This is seen in Sr0.98La0.02MnO3 (Fig. 9) where 87T −1

2
remains almost constant down to T ∼ 150 K, and then
increases up to a maximum at T ≈ 50 K. Below 150 K a
temperature-activated contribution to the spin echo decay rate,
(87T −1

2 )a = [87T −1
2 (T ) − 87T −1

2 (150 K)], increases following
the Arrhenius law (Fig. 9, inset). The linear fit (dotted
line) of the (87T −1

2 )a data above 50 K yields an estimate
of the energy barrier Ea = 460(100) K ≈ 40 meV which the
eg electron should overcome when hopping. At lower T , the
electron is bound in a Coulombic potential and polarizes
ferromagnetically the core spins of its surrounding. This

FIG. 9. 87Sr echo-decay rate, 87T −1
2 , vs T in Sr0.98La0.02MnO3.

Inset: Arrhenius plot of (87T −1
2 )a = [87T −1

2 (T ) − 87T −1
2 (150 )] vs

100/T ; the dashed line is a linear fit of the (T −1
2 ) data above 50 K

yielding the value of the energy barrier Ea .

interpretation is in agreement with the substantial growth of
MFM,sat and NFM below 50 K [inset of Fig. 2(b)].

It is reasonable to assume that the Coulombic potential
appears around La3+ ions. According to 87Sr NMR, magne-
tization, and 55Mn NMR [24] data, these doped eg electrons
form static FM domains below 50 K. These FM entities can
be considered as bound magnetic polarons (MPs) of small
size with the effective moment peff = 23(10) μB. A possible
configuration of the MP is represented in Fig. 2(d).

The energy barrier, Ea , that the bound electrons must
overcome to become itinerant is the energy of the MP
formation. The Ea value obtained from 87T2 measurements
is, in fact, an ensemble average. Its distribution (±50 K; inset
of Fig. 9) is due to the random distribution of the La atoms in
the x = 0.02 compound. The Coulomb well depends also on
the distribution of the La atoms in the compound. The deepest
well appears probably around lone La3+ cations whereas for La
atoms less distant from each other, the well is more extended
and presumably less deep. In Sr0.98La0.02MnO3 the energy
of the MP formation is about 1.5 times larger than the value
reported for cubic SrMnO3−δ (2δ < 0.01) oxides, where at low
T , all 2δ electrons slow down [23,40] in the Coulomb wells
of lone O2− vacancies. Above about 50 K, the bound MPs are
destroyed and only one species of doped electrons exists.

IV. CONCLUSIONS

The electron doped cubic Sr1−xLaxMnO3 perovskites were
investigated by 87Sr NMR. Three polycrystalline samples with
different doping levels (x = 0.00, 0.02, 0.04) were studied in
the paramagnetic (PM) and antiferromagnetic (AF) G-type
phases (TN = 236–200 K). The magnetic shift and magnetic
broadening of the 87Sr NMR spectra were analyzed. It is shown
that the magnetic shift is proportional to the local density of
the itinerant doped electrons surrounding the Sr sites; these
electrons have mainly the eg character. For the La-containing
samples, the deconvolution of the inhomogeneously broadened
spectra in two lines with distinct magnetic shifts and widths
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allows clarifying the spatially distributed density of the
itinerant doped electrons, which varies with the temperature
and x. The intensity of the first NMR line determines the
fraction of Sr atoms probing very few doped electrons whereas
the Sr nuclei probing a larger number of eg electrons give
rise to a second line and define “electron-doped regions”
(EDRs).

In the PM phase, all the doped electrons are itinerant. At
room temperature the network of overlapping EDRs does
not cover all Sr sites. Nevertheless, the estimation of the
number of Sr sites inside an EDR exceeds the site percolation
threshold in the 3D cubic lattice, even for x = 0.02, so that the
electrons can move on large distances yielding a metallic-like
dc conductivity.

The EDR overlapping enlarges with decreasing tempera-
ture. In the AF phase, below 80 K the EDRs cover the entire
crystal. In this temperature range the doped electrons separate
into two species. Indeed, a part of the electrons slow down
their motion and form below 50 K static FM domains. These
FM entities are considered as bound magnetic polarons (MPs)
of small size with the effective moment peff = 23(10) μB and
an MP formation energy of about 40 meV. The bound MPs are
presumably located near lone La3+ ions. In Sr0.98La0.02MnO3,
the MP formation energy is about 1.5 times larger than in
SrMnO3−δ (2δ < 0.01), where at low T , all 2δ electrons

slow down. Above about 50 K, the bound electrons become
itinerant, and the MPs are destroyed.

The second species concerns the doped electrons which
remain itinerant at low temperature and participate in the fast
hopping in the AF G-type ordered lattice of the Mn4+ ions.
Nevertheless, their motion is slower than what is expected in
an AF metal phase without cation disorder; this is probably due
to the imperfect shielding of the (La3+/Sr2+) charge disorder.

At low temperature, contrary to the insulating state of
SrMnO3−δ , in the metal phase of Sr0.98La0.02MnO3, two
species of doped electrons coexist. This electron separation
is a consequence of the random distribution of the La atoms in
heterovalent doped SrMnO3 oxides.
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