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Magnetic polarons in antiferromagnetic CaMnO;_, (x <0.01) probed by 70 NMR
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We study with 70O NMR and bulk magnetization a lightly electron doped CaMnOs_, (x<<0.01) polycrys-
talline sample in the G-type antiferromagnetic state. The 'O NMR spectra show two lines with very different
intensities corresponding to oxygen sites with very different local magnetic environments. The more intense
unshifted line is due to the antiferromagnetic (AF) matrix. The thermal dependence of the magnetic moment of
the AF sublattice deduced from the 7O linewidth is typical of insulating three-dimensional Heisenberg anti-
ferromagnets. The less intense, strongly shifted line directly evidences the existence of ferromagnetic (FM)
domains embedded in the AF spin lattice. The extremely narrow line in zero magnetic field indicates a nearly
perfect alignment of the manganese spins in the FM domains which also display an unusually weak tempera-
ture dependence of their magnetic moment. We show that these FM entities start to move above 40 K in a
slow-diffusion regime. These static and dynamic properties bear a strong similarity with those of a small size

self-trapped magnetic polaron.
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I. INTRODUCTION

The effect of doped electrons in an antiferromagnetic
(AF) spin lattice of magnetic compounds with mixed valency
was raised in the early 1960s by de Gennes.! A homogeneous
canted AF phase was predicted with double exchange inter-
action between the mobile electrons and the magnetic ions
when extra electrons are added to a pure AF insulator. It was
shown later that in doped manganites a homogeneous canted
AF state should be unstable with respect to a electron phase
separation.? In particular, at low doping, the AF lattice of
localized spins should coexist with microsize areas of a
modified phase® referred to as magnetic polarons (MPs).*>
The MP contains one electron “dressed” with a ferromag-
netic (FM) polarized cloud of neighboring magnetic ions.

The MP can be bound or self-trapped. In the bound mag-
netic polaron concept the extra electron is bound by the Cou-
lomb potential near defects and polarizes its neighboring lo-
calized magnetic moments. The mobility of the bound MP
has an activated behavior with an activation energy E, de-
fined by the position of the donor level within the band gap.
For the self-trapped magnetic polaron (STMP) the dressed
electron is mainly stabilized by the exchange interaction with
the ionic spins. As noted by de Gennes:' “the three-
dimensional (3D) alternated AF spin lattice (i.e., a G-type
AF) should restrict the mobility of electrons favoring for
each individual carrier to build up a local distortion of the
spin lattice in which the electron becomes self-trapped.”

In view of this, the origin of the weak FM moment ob-
served in bulk magnetization of the AF phase of lightly
electron-doped manganites should be clarified. CaMnOj; has
a nearly cubic crystal structure of Mn** ions®’ and a G-type
AF order appears together with a weak FM moment below
Ty~ 120 K.® Small-angle elastic-neutron-scattering® studies
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show the existence of local FM regions (~10 A) in
Ca;_,LaMnO; (x=0.02) while results of transport and
magnetization'? are attributed to the formation of MPs with a
binding energy E,~ 100 meV and displaying an activated
behavior of the conductivity. The existence of MP in lightly
oxygen deficient CaMnOs_, is an open question. In lightly
doped StMnO;_, and CaMnO;_, low-temperature transport
data are described as the formation of small size bound MPs
in StMnO;_, whereas in CaMnOs_, it is rather suggested to
consider a Dzyaloshinsky-Moriya (DM) coupling as the ori-
gin of the weak FM moment.!! On the other hand a theoret-
ical study of the MP formation suggests to consider small
size STMPs in lightly doped CaMnO;_, and shows that the
STPM hopping requires an intermediate spin configuration
associated to an energy barrier of E,~40 meV.!?

The bulk magnetization data, M, showing a small FM
contribution below 7 cannot trace unequivocally the prop-
erties of FM entities inside the sample since M may also
include a FM contribution due to a zero-field spin canting of
the AF structure as the DM coupling'? is allowed by the
symmetry in CaMnOj;. Thus, local informations are required
to evidence and study any magnetic entity embedded in the
AF matrix.

In this paper we present 'O NMR and bulk magnetiza-
tion studies of the magnetic inhomogeneity in the AF phase
of a CaMnOs;_, polycrystalline sample. The sample is lightly
doped with electrons due to a small amount of oxygen
vacancies (x<<0.01) inherently existing in perovskite
oxides.'"'* In manganites the magnetic local field on the '’O
nuclei, Ay, originates from the classic dipolar and from the
transferred hyperfine interactions of the nuclear spin '’ with
the electron spin S of the neighboring Mn ions. The direction
and magnitude of A, depend on the mutual orientations and
on the thermal average value (S) so that &, at '’O is a very
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sensitive local probe of static and time fluctuating spin cor-
relations of the neighboring Mn ions.'>!'® Our 7O NMR data
evidence directly the existence of small FM entities in the
AF matrix. Due to their static and dynamic characteristics

these FM entities are interpreted as small size self-trapped
MPs.

II. EXPERIMENTAL DETAILS

The ceramic sample of CaMnO; was prepared by chemi-
cal homogenization technique. Water solutions of metal ni-
trates were mixed in the proper molar ratio. Ash-free paper
filters were soaked with the solution then dried at 110 °C
and burned. The residue was annealed 1 h at 600 °C in air
and pressed into pellets. The final annealing was done at
1200 °C for 16 h in air. The sample was very slowly cooled
down to room temperature in the oven.

The pellet was crushed into powder with an average grain
size ~15 wm and enriched by 'O up to ~15 at. % 'O by
conditioning at 930 °C for 140 h in an oxygen gas flow
(Po,~1.5 bar) with a subsequent slow cooling with the fur-
nace. X-ray powder diffraction at room temperature shows
that the '"O-enriched sample is almost single phase with an
orthorhombic structure and negligible inclusions of nonmag-
netic CaO (<1 wt %). The unit-cell parameters determined
in the Pnma space group are a=5.2786(6) A, b
=7.4508(10) A, and ¢=5.2670(6) A. These values are in
the range of the structural parameters quoted for the nearly
stoichiometric oxide CaMnO;_, (x<0.02).5717-1 In the
orthorhombic structure of CaMnO; the oxygen atoms have
no inversion symmetry and two sites O(1) and O(2) are
present with a slightly different Mn-O-Mn bond angle,
154(2)° for Ol site and 157(2)° for O2 as deduced from our
x-ray data and the atomic positions of Ref. 6.

III. RESULTS AND DISCUSSION
A. SQUID magnetization

The temperature dependence of M(T) in zero-field-cooled
(M zgc) and field cooled (Mgc) runs, measured with a super-
conducting quantum interference device (SQUID) magneto-
meter in the magnetic fields H=1; 50 kOe are shown in Figs.
1(a) and 1(b). The M(T;H) behavior is quantitatively very
close to the results reported for nominally stoichiometric
CaMnO;_, (x<<0.01).%1%1921 ML (T) clearly shows a FM
component that appears just below the Neel temperature,
Ty=123(1) K, defined as the position of the cusp in
Mic(T) curve. Above 200 K the magnetic susceptibility
M/ H demonstrates the mean-field behavior ~(7—6)~! with a
negative paramagnetic Weiss temperature §~=~-380 K, indi-
cating that AF spin correlations dominate between Mn neigh-
bors in the paramagnetic phase. The linear fit of H/M data
[inset in Fig. 1(b)] yields for the effective magnetic moment
Meir=3.9(4) g per Mn very close to the value expected for
Mn*(S=3/2, L=0) ion in the pure spin state.

The isothermal behavior of M vs H was studied from 2 to
140 K. The isotherm at T=40 K is shown in Fig. 1(c). The
hysteresis loop is the sum of two contributions:

PHYSICAL REVIEW B 79, 214414 (2009)

T T T T T
084 -
o0 1 CaMnO3 ¥
3 1 Y
E 0.4.] ) H=1kOe 1
= | S |
O'OL;P ]
T N N | N | N | N | N | + 7
- 8 ) Dnu; T v T v ?;I " T " T v v
8 ] ., Zos
o S
° E02
£ 6 X s .
3 % 2041
= b) H=50k0e ® 3 i
2 s 5 | | | |
E 4] o 400 200 0 200
e ] o, T (K)
=~ B0ppg og
2 i BBoagg, o
M 1 1 1 1 1 1 1
= 0 50

100 150 200 250 300
Temperature (K)

T T T T T
=
g ¢)T=40K Mgy
"= 0.04 /TD,D/ 5 ]
s G
P JT
g 0.00 —
o
E% -7 /}j =
-0.04 - e .
= et D/gfﬁﬂsﬂg
D/D/
T T T T T T T

T — T T
-60 -40 -20 0 20 40 60
Magnetic field (kOe)

FIG. 1. Magnetization (a) M and (b) y=M/H versus tempera-
ture measured at H=1 and 50 kOe, respectively, for CaMnO;_, (x
<0.01) sample. Inset of (b): H/M versus temperature, the dashed
line is a linear fit above 200 K. (c) M versus H measured at T
=40 K. Mg and Mpy; are explained in the text.

M(H) = Mg+ Mgy (1)

The first contribution is due to the AF structure uniformly
polarized by the external field. This contributes by a linear
increase in M s with H since the variation in the angle of the
AF-ordered magnetic moments of Mn is less than 1° in the
range of our magnetic fields.

At high fields the vertical distance between M(H) and
M Ap determines the My, contribution which appears to be
constant. Thus the My, contribution saturates at H
>20 kOe. Mgy may be interpreted in two ways. First, Mgy
is considered as due to small FM domains. Following the
idea'# that My, is due to [Mn**-(O-vacancy)-Mn**] clusters,
we estimate from Mpy,; the upper limit of the O vacancies
content as x<<0.01 in our sample (assuming the minimal size
~2a of the FM domain). Second, My is attributed to a
zero-field spin-canted AF structure due to the DM coupling.
In that case the resulting phase is homogeneous in contrast to
the first interpretation. Finally both contributions may coex-
ist. Nevertheless, in a lightly doped Ca;_/La,MnO; with x
=0.02 the FM contribution seen by neutron diffraction and
magnetization was attributed to nanometric FM clusters ex-
cluding a homogeneous spin-canted state at this low doping.’
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FIG. 2. "0 NMR spectra measured (a) at H=94 kOe with fre-
quency sweep in the paramagnetic and AF states and (b) at v,
=41.6 MHz with field sweep. At 4.2 K the spectrum is shown
along with the fit for 6=154° (see text). The orthorhombic structure
is schematically represented in (a). Inset of (b), AF phase: T depen-
dences of the linewidth (SH) plotted as [SH(4 K)-SH(T)]/
SH(4 K) and of the spin-lattice relaxation rate TTI. The dashed and
dotted lines are the corresponding fits (see text).

B. O NMR in the antiferromagnetic matrix

The 'O NMR spectra shown in Fig. 2 were obtained (a)
with frequency sweep at constant magnetic field H
=94 kOe and (b) with field sweep at constant frequency v,
=41.6 MHz. 70 nucleus has a spin /=5/2 and above Ty the
interaction of the "0 quadrupole moment ¢'’Q with the
electric field gradient (EFG) eV;; of the charge environment??
determines the spectrum pattern with five well resolved
peaks of 27 transitions. These features are clearly seen in the
spectrum for 7=293 K on Fig. 2(a). The EFG tensor com-
ponents VQE362QVZZ/21(2I—1)2930(16) kHz for both O
sites and 7=| (Vyx—Vyy)/ V)| is 0.05 for O2 and a little bit
larger for Ol site. All the components are temperature inde-
pendent in the paramagnetic phase. In the AF state where the
quadrupolar structure of the spectrum is completely smeared
by the magnetic interactions we used the same EFG param-
eters in the analysis of 'O NMR spectra. Below Tl
=123 K the spectrum splits in two broad lines with very
different resonance frequencies and intensities as shown for
T=20 K on Fig. 2(a).
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The main line is close to Larmor frequency v, and evi-
dently originates from oxygens in the AF matrix of CaMnO;.
It shows an asymmetric trapeziumlike shape whose line-
width, Sv=ySH (where 7 is the 'O gyromagnetic ratio), can
be well estimated with the classic dipolar fields created by
the Mn** magnetic moments at the oxygen sites. The NMR
powder pattern is calculated in the frozen G-type spin lattice.
We used fhguggered(Mn**)=2.8p (Ref. 21) and our Mn-O dis-
tances whereas the Mn-O-Mn bond angle was the only fitting
parameter. This calculated line shape for both O1 and O2
sites is finally convoluted with the broadening function de-
scribing the quadrupole-splitted spectrum in the paramag-
netic phase. The result for 154° is shown in Fig. 2(b) by the
gray curve for 7=4.2 K. The quantitative consistency be-
tween the optimal fitting value of the Mn-O-Mn bond angle
and that obtained from structural data allows us to ignore the
short-range hyperfine transferred interactions which domi-
nates in the Mn**/Mn** mixed-valence manganites.'>!6-23
Since the dipolar width 6H is proportional to the average Mn
magnetic moment in a AF sublattice its temperature depen-
dence is the one of the sublattice magnetization.

The T dependence of (8H) is shown in the inset of
Fig. 2(b) as the dimensionless ratio [6H(4 K)-SH(T)]/
SH(4 K). The exponent a=1.9(2) of the 7% power law is a
signature of antiferromagnets with an isotropic Heisenberg
exchange (@e,r=2).>* The same conclusion follows from
the temperature dependence of the nuclear-spin-lattice relax-
ation rate, YTI(T), which probes the low-frequency dynamics
of the AF spin lattice. In the same inset the drop of 77" in 3
orders of magnitude from T, down to Ty/5~20 K is well
fitted with a power law 7;'~7>!®) consistent with the 7°
dependence of 7}'(T) due to a three-magnons scattering pro-
cess in isotropic AF insulators.>*

C. 0 NMR in the ferromagnetic domains

In total contrast the less intense line is largely shifted
toward high frequency so that the main interaction to be
considered for this signal cannot be the same as for oxygen
in the AF matrix. This line is in the same frequency range as
the 'O NMR line due to oxygens in the FM domains of the
half-doped manganites, e.g., Nd,sSrysMnO; (FM phase)
(Ref. 23) and PrjsCay sMnO; (FM domains in the H-melted
CO state).'® Moreover its intensity is about 3% of the total
NMR spectrum which is in a reasonable agreement with a
simple electroneutrality consideration. Each oxygen vacancy
(one removed O?~ ion) leads to a corresponding decrease in
the positive charge of the Mn-ions sublattice.'* As a conse-
quence for x oxygen vacancies the valence state of at least 2x
Mn ions is changed from Mn4+(t; eg) to a more magnetic
state with a partially filled e, orbital. These Mn ions nucleate
FM domains inside the AF spin lattice of CaMnOj; and their
magnetization contributes to the bulk magnetization data be-
low Ty (Fig. 1).

For doped manganites the large A, value at oxygen sites
originates from the Fermi contact interaction of the nuclear
spin '’I with the transferred s-spin density of electrons due to
the overlap of the O(2s2p,) and Mn(e,) orbitals:'>%>

hloc(zs) = 2szFC(2S)<S>7 (2)
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FIG. 3. O zero-field NMR spectra measured in the FM
domains of CaMnOs_,. Inset: T dependence of [h,.(4 K)
—I1oe(T)]/ (4 K), the dotted line is a power-law fit (see text).

where Hpc(2s) is the hyperfine magnetic field produced by
one unpaired electron on the O 2s orbital. The corresponding
s-wave spin density transferred from two Mn neighbors is
defined as f,=hy,(2s)/Hpc(2s) for 1wy effective moment
of the magnetic ion. Finally, k..~ (S) ~ ().

In contrast to NMR (H #0) in zero-field NMR the broad-
ening of a spectrum by the demagnetizing fields in polycrys-
talline samples is absent so that the intrinsic distribution of
hy,. due to various orientations of the magnetic moments
inside the FM domains can be studied. The zero-field 'O
NMR spectrum at 7=4.2 K measured in the frequency range
v=(15-35) MHz shows a very narrow line OJvpy
~0.2 MHz (Fig. 3) peaked near v=25.7 MHz (I,
=44 kOe). This value is consistent with the frequency posi-
tion of the less intense broad line detected at H=94 kOe
[Fig. 2(a)] so that both lines, at H=0 and 94 kOe, originate
from the same oxygen atoms in the FM domains.

The resonance frequency v of an oxygen is defined by the
magnitude of the vector sum A, from its two Mn neighbors.
Furthermore the width of the zero-field line, Svgy,, is sensi-
tive to both the magnitude and the mutual alignment of the
Mn spins. The small value of the ratio dvgy/ v=0.01 demon-
strates a nearly perfect alignment of the Mn spins in the FM
domains. Remarkably, the line does not show the quadrupole
splitting. The principal axis OZ of the EFG tensor corre-
sponds to its V,, component and is roughly directed along
the axes of the pseudocubic unit cell.?® The absence of quad-
rupole splitting is interpreted as due to the fact that the angle
between h,,., the quantization axis, and OZ is close to the
“magic angle” ~54°, thus the [111] direction is favored for
the Mn magnetic moment {)py in the FM domains.

It should be emphasized that the thermal variation in
Moe(T)/ yoe(4 K) measured up to ~4/5 Ty is unusually
small for FM domains. For comparison in Fig. 4 is also
plotted the temperature dependence of the AF sublattice mo-
ments as the ratio u(T)/ w(4 K)=hyoo(T)/h (4 K). Besides,
the T fit of [/,(4 K)=Iyoo(T)]/ Byoe vs T yields @=2.8(2) as
shown in the inset of Fig. 3. This value is very different from
the 7%2 Bloch law expected for M(7) in macroscopic FM
domains. It is known that for FM domains smaller than 100
nm the acoustic magnon branches providing the main contri-
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bution to the Bloch law are modified.?” This fact is in support
of small size FM domains in our sample.

The almost temperature independence (u)gy and the
nearly perfectly aligned Mn spins in a wide 7 range allow us
to consider the FM domains as saturated which is a signature
of a small size MP.'>?3 It is worth noting that the value of the
transferred spin polarization f(S)=0.05(S) at O(2s) orbital
inside the MP is the same as the one obtained for oxygen in
the metallic FM phase of Nd, sSrysMnO5.2* By analogy we
suggest to consider a similar mechanism implying a rather
strong O(252p,,)-Mn(e,) hybridized state for the electron in
the MP.

The low-frequency dynamics of the Mn spins was studied
in both the MPs and the AF matrix by measuring the '’O
spin-echo-decay rate, Tl, on the zero-field NMR line
(in MPs) and on the NMR line (AF matrix). The echo-
decay data were collected using the conventional (77/2—1
—ar—t)—echo pulse sequence. The characteristic time of the
echo decay, T,, is defined as the time at which the echo
signal E(2r) drops to 1/e of its starting value. In both cases
T,' is almost constant from 4 to 40 K and increases above 40
K so that at 7>93 K the FM signal is lost due to too short
T,. The component (Tgl)a defined as (Tgl)aE[TEI(T)
—751(4 K)] shows a thermal activated behavior
~exp(E,/kgT) with E,=180(20) K~ 15 meV as shown in
the inset of Fig. 5 for the MPs.

It is remarkable that in the same temperature range where
the (Tzl)a term is clearly seen, an electron-transport study of
a CaMnOj single crystal!! with an oxygen deficiency com-
parable to our sample shows that the bound electron becomes
mobile. In the MP scenario the electron should move from
site to site with its FM polarized surrounding thus creating
time-dependent spin fluctuations with a correlation time 7,
related to the MP mobility.

Let us analyze (75'), in the MPs. In general, the time-
dependent fluctuations of the local-field components i.e., the
transverse, £ |, and the longitudinal, /;, components contrib-
ute to the echo-decay process.?? In contrast, the nuclear-spin-
lattice relaxation rate, T[l, involves only the transverse com-
ponents of the fluctuating field and probes (%, (0)2 (r)). We
measured 7 and find that in the whole temperature range
T, ! <0.001T51. This permits to consider (hy(0)h(2))
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FIG. 5. "0 spin-echo-decay rate TEI vs T~! measured in zero-
field NMR in the FM domains of CaMnOs_,. The inset shows the
activated component [TEI(T)—TEI(4 K)] versus 1/T.

=h,(0)? exp(~t/7,) as the main contribution to (T;l)a. A0
nucleus captured inside the MP has a resonance frequency
v="vpy= Yhjoc pv- When the MP moves away, v changes im-
mediately to vap= Y. ar~ Y(OH)r for this oxygen spin
which contributes no more to the echo signal. The very small
Change with T of VEM, [VFM(4 K)_VFM(T)]/VFM(4 K)
<0.05, indicates that up to ~100 K the MPs are in the
slow-diffusion regime, ie., 7.00>1 where O=y(lopm
—hioe AR) ~ YMioe v, Whereas for fast-diffusing MPs with
7.00<<1 one should expect a strong shift of the resonance
frequency vgy toward v,p as the temperature rises. In the
slow-fluctuations regime the echo decay takes a simple ex-
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ponential form E(2f) ~exp{-2t/T,} with T,=7.2>?° Thus
(7;1)a data permit a direct measure of 7., the MP hopping
correlation time.

IV. CONCLUSION

In conclusion, the 'O NMR study of a lightly electron
doped CaMnO;_, with x<<0.01 evidences that FM domains
are embedded in the G-type AF spin lattice. This does not
exclude a contribution of the Dzyaloshinsky-Moriya cou-
pling to the Mgy term of the bulk magnetization. The nature
of the interaction of the '"O spin with its neighboring Mn
spins is very different in the AF matrix and in the FM do-
mains. The properties studied in the matrix indicate that it
behaves as a 3D Heisenberg antiferromagnet. In the FM do-
mains we find from "0 linewidth that the Mn spins are
perfectly aligned as expected for MPs and from the line shift
that the e, electron is responsible for the 70 Tocal field
through the O(2s2p,,)-Mn(e,) hybridized state. Furthermore
the almost temperature independence of the magnetic mo-
ment in the FM domains together with the thermally acti-
vated spin dynamics with E,~ 15 meV agree with the model
of small size self-trapped magnetic polarons'?> and as E,
<E,~ 100 meV the stability of the MP is ensured when it
moves through the AF spin lattice. Indeed, according to the
170 echo-decay data the MP starts to move above 40 K keep-
ing its static properties almost unchanged.
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