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An 70 NMR study of the distribution of the spin and charge densities of a lightly electron-doped CaMnOs;_,
(x<0.01, Ty=123 K) ceramic in the paramagnetic phase up to 7=670 K is reported. The isotropic and
anisotropic components of the NMR line shift probe selectively the local spin susceptibility of the itinerant (e,,)
and the localized (,,) electrons of the Mn neighbors whereas the nuclear quadrupole parameters look at the
distribution of the charge density along the Mn-O bond. When approaching Ty, the spin density of the doped
electrons becomes inhomogeneously distributed: a separation into slow carriers, forming magnetic polarons,
and fast carriers develops few tens of degrees above Ty. The energy barrier corresponding to the change in
carriers mobility was estimated to ~1100 K. The spin and valence charge densities at the oxygen ions were
also measured. From the comparison of these data, the ground state of CaMnQO; appears as a charge-transfer

insulator state.
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I. INTRODUCTION

Among the forefront issues of strongly correlated materi-
als are the intriguing inhomogeneities in doped manganese
oxides. Ferromagnetic (FM) nanosize domains frozen in the
antiferromagnetic (AF) lattice are considered as an intrinsic
property of the magnetic ground state of the parent AF insu-
lators lightly doped with holes!? or with electrons.>= In the
case of the lightly hole-doped LaMnOs, it was established
that these FM entities remain in the whole range of the or-
bital ordered paramagnetic (PM) phase as small-size FM-
dressed polarons with spin and charge fluctuations.®

For the lightly electron-doped counterparts, the existence
in the AF lattice of small FM domains was confirmed by
both a small-angle elastic neutron scattering’ investigation of
Ca,;_LaMnO; (x=0.02) and a '"O NMR study of
CaMnO;_, (x<0.01).8 According to 7O NMR, a nearly per-
fect alignment of the Mn spins is formed in the FM domains.
The static and dynamic properties of these domains agree
with the model of a small-size magnetic polaron (MP) for
which the FM dressing of the trapped electron is mainly
stabilized by the exchange interaction with the core (t,,)
spins of the Mn** ion.® The MP starts to move above 40 K in
a slow-diffusion regime.

In the PM phase of lightly electron-doped CaMnQOs;, some
clues indicate that the MPs character substantially changes.
Indeed, electrical resistivity,*!® Hall mobility,'" thermal
conductivity,'? electron paramagnetic resonance, and Raman-
scattering studies'® are consistent with the large (continuum)
polaron theory'* in contrast with the model of small-polaron
hopping for the hole-doped case.

In this paper, we present a 'O NMR study in the PM
phase up to 670 K of a lightly electron-doped CaMnO;_,
sample (x<<0.01). We focus on the charge and spin densities
transferred to oxygen from Mn ions. The reduced carrier
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concentration in CaMnO;_, allows tracing with temperature
all the components, isotropic and anisotropic, of the 'O
NMR line shift. This enables to study the role of the mobile
e, and core 1), electrons through the hyperfine magnetic
fields responsible for the '’O line shifts. The hyperfine mag-
netic shift components show that in the PM phase when ap-
proaching Ty, an increasing fraction of mobile e, electrons
becomes FM dressed. In the same temperature range, the
spin-echo decay-rate data confirm that these dressed elec-
trons appear with a slower motion.

II. EXPERIMENTAL DETAILS

A polycrystalline sample CaMnO;_, (x<<0.01) was pre-
pared and then crushed into a coarse-grained (~15 wm)
powder for '’O enrichment as described in Ref. 8. The en-
richment conditions follow the procedures of Refs. 16 and 17
to obtain a CaMnO;_, with x<<0.02 composition. The pow-
der was enriched up to ~15% '’O by conditioning at 930 °C
during 140 h in an oxygen gas flow (Po,~1.5 bar) with a
subsequent slow cooling with the furnace. During the proce-
dure, the thermodynamic equilibrium was controlled and the
mass saturation of the powder was achieved within several
hours.

As shown by our room-temperature powder x-ray diffrac-
tion data, the sample is almost single phase with an ortho-
rhombic structure. The unit-cell parameters determined in the
Pnma  space  group are a=0.52786(6) nm, b
=0.74508(10) nm, and ¢=0.52670(6) nm. These values are
in the range of the values quoted for a nearly stoichiometric
CaMnO;_, (x<<0.01).!>1618-20 Eyrthermore, the low-
temperature magnetization data of this sample presented in
Ref. 8 gave an estimate of the O-vacancies content with an
upper limit x=0.01 that is consistent with the x-ray result.
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The well-resolved quadrupole fine structure of '’O NMR
spectra discussed in the text shows that the number of 'O
nuclei located in grains boundary which are characterized by
local structural and charge imperfections®! represent a negli-
gible fraction (<1072) of the total amount of 70 nuclei in
the sample. Thus the NMR data analyzed in this study cor-
respond to nuclei in the bulk for which there is no effect of
grain boundaries.

The "0 NMR measurements were performed with ASX
BRUKER spectrometers in the temperature range 100-670
K in magnetic fields Hy=70, 94, and 117.4 kOe. The el-
evated temperature data were acquired with a high-
temperature BRUKER probe. Each broad spectrum was ob-
tained by summing the Fourier-transformed half-echo signals
acquired at equidistant operating frequencies. The '’O NMR
signal in H,O was used as a frequency reference vo="'"vH,
for the shift of NMR line.

In CaMnOs, the 7O resonance frequency is determined
by both the quadrupolar interaction ('’7=5/2; with a quad-
rupole moment '"Q=-0.02578 X 10~2* c¢m?) and the mag-
netic hyperfine interaction. The simulation of the spectra ob-
tained at different magnetic fields allows one to determine
the magnetic shift components {K,} as well as the quadru-
pole frequency vy=[3eQ/2I(2I-1)h]V; and asymmetry pa-
rameter  7=|Vyy—Vyy|/ V4, of the electric field gradient
(EFG) tensor {V,;}. The powder pattern simulation program
takes into account the quadrupole coupling corrections up to
the second order in v,/ v,.

The 70 spin-echo decay rate, Tgl, was measured on the
central peak of 'O NMR spectrum. The echo-decay data
were collected using a conventional 7r/2-t-7-t-echo pulse
sequence. The characteristic time of the echo decay, 75, is
defined as the time at which the echo signal E(2f) drops to
1/e of its starting value.

III. RESULTS AND DISCUSSION
A. Electric field gradient at O sites

In the orthorhombic structure of CaMnOj; schematically
shown in Fig. 1, the oxygen atoms occupy two sites O(1) and
O(2) with a slightly different Mn-O-Mn chemical bond
angle, 154(2)°—for Ol site and 157(2)°—for O2 as obtained
from our x-ray data and the atomic positions of Ref. 19. The
70 NMR spectrum of the polycrystalline CaMnO5 sample
shown in Fig. 1(a) displays a well-resolved quadrupole struc-
ture of 2/=5 peaks corresponding to the transitions
my—m;—1. In the case of significantly different spin and
charge environments at O(1) and O(2) sites, two sets of pa-
rameters {K;} and {v,; 77} would be required for the spectrum
simulation. Remarkably, we obtained that a single set of pa-
rameters is enough for a good spectrum simulation within the
whole temperature range [Fig. 1(b)].

In order to understand this result, we calculated the quad-
rupole parameters for both oxygen sites using the point-
charge model and ab initio full-potential linear augmented
plane-wave (FLAPW) method,?*> where the EFG components
are determined directly from the charge density as the second
derivatives of electrostatic potential at nucleus. The param-
eters calculated in both approaches are shown in Table I. In
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FIG. 1. 0 NMR powder spectrum including all m;«<m;—1
transitions in CaMnO;_, (a) measured at H=94 kOe, (b) and (c)
calculated at O2 and Ol sites, respectively (see text for the EFG
parameters used). In the upper corner, the orthorhombic structure is
schematically represented with the EFG principal axis, Z, shown by
arrows at Ol and O2 oxygen sites.

the point-charge model, the ion charges corresponded to
Ca*>Mn**0,™ and the Mn**-O~2-Mn** bonding are com-
}i)letely ionic. The Sternheimer antishielding factor,
7,.(072)=-13.785, was taken from Ref. 23. We took our
room-temperature lattice parameters a, b, and ¢ while the
atomic positions {x/a;y/b;z/c} were taken from Ref. 19.
The quadrupolar frequencies obtained in point-charge model
[vp=2.8 MHz and 3.3 MHz for the O(1) and O(2) sites,
respectively] are much larger than the experimental value
Vg exp=0.937 MHz. Ab initio calculations performed for the
lattice parameters and atomic coordinates from Ref. 19 [de-
noted as Ab initio (I) in Table I], give v, of 0.86 MHz and
0.875 MHz for O(1) and O(2) sites, respectively. These two
values are almost equal and close to vy ¢y, Thus, ab initio
approach provides much better agreement with experiment
than the point-charge model and demonstrates that the cova-
lent effects cannot be ignored for the Mn-O-Mn bonds in
perovskites.?*

In the point-charge model, the asymmetry parameter was
calculated to be 0.29 and 0.02 for the O(1) and O(2) sites,
respectively, whereas in the ab initio calculation, it is 0.29
and 0.08 for the O(1) and O(2) sites, respectively. Both cal-
culations yield the different values for the two oxygen sites.
Furthermore, the large value of 0.29 for the O(1) site is in-
consistent with our experimental data as shown in Fig. 1(c),
where a simulated spectrum for the O(1) site with the param-
eters Vg, =0.937 MHz and %=0.29 is displayed. The two
vertical arrows show the singularities which are not detected
in the experimental spectra. As already mentioned, there is
no indication of grain-boundary effects?! in the spectra. 'O
nuclei close to these grain boundaries should be sensitive to
local structural and charge imperfections. In the case where
the proportion of these '’O nuclei close to the grain surface
is significant, it should result in an EFG distribution which in
turn smears the (m;<m;—1) peaks of the spectrum. As
shown in Fig. 1(a), this is not our case since the peaks of the
spectrum are narrow.
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TABLE L. Quadrupolar frequency v, asymmetry parameter 7, and (3, the angle between the EFG principal axis OZ and the edge of the
pseudocubic unit cell, calculated in the point-charge model and ab initio FLAPW method at O1 and O2 sites in the orthorhombic (Pnma)

phase of CaMnO;. The sets of lattice parameters and atomic positions utilized in the calculations are explained in the text.

EFG calculation

Point-charge model

Ab initio (I)

Ab initio (II)

Lattice parameters (nm) a 0.52786(6) 0.52770(5)
b 0.74508(10) 0.74510(4)
c 0.52670(6) 0.52643(2)
Atomic positions {x/a;y/b;z/c} Ca(4c) {0.0272; 0.25; —0.007}
Ol(4c) {0.487; 0.25; 0.085}
02(8d) {0.289; 0.023; -0.289}
Ol site Vo (MHz) 2.8 0.860
7 0.29 0.29
B (deg) 55 12
02 site Vo (MHz) 3.3 0.875
n 0.02 0.084
B (deg) 0.9 02

0.52786(6)
0.74508(10)
0.52670(6)
{0.04204; 0.25; —0.0069}
{0.4855; 0.25; 0.0744}
{0.2924; 0.0381; —0.2932}
0.885
0.19
17
0.880
0.12
3.6

The EFG asymmetry parameter # is very sensitive to the
atomic parameters. Our calculations demonstrate that the
atomic O(1) and O(2) positions with coordinates from Ref.
19 retain substantial elastic strains in the CaMnOj; crystal
lattice yielding a too large value of 7 at the O(1) site. We
performed the optimization of atomic positions keeping fixed
our room-temperature lattice parameters and found that Ca,
Ol, and O2 are shifted along x, y, and z directions, respec-
tively, by about 0.01 nm [the optimized atomic positions and
the EFG parameters are listed in Table I, column denoted as
Ab initio (I1)]. There is almost no change for the two values
of v, while the asymmetry parameter changes significantly
being much closer for both oxygen sites. The ab initio cal-
culations show that the EFG parameters are very similar for
both oxygen sites that explains why the O(1) and O(2) sites
are hardly distinguished in the experimental spectra of a
powder sample. Since there are twice more O(2) sites than
the O(1) sites, we believe that our single set of NMR param-
eters is more relevant to describe the O(2) sites.

With decreasing temperature down to 160 K, v, and 7
grow monotonously as shown in Fig. 2. This thermal varia-
tion in the EFG parameters can be ascribed to a gradual
decrease in the orthorhombic lattice parameters accompanied
by a subtle increase in the Mn-O-Mn bond angle.? Below
160 K, 7 starts to decrease whereas v, shows an abnormal
growth that cannot be explained by the changes in the crystal
symmetry and the lattice parameters. This abnormal thermal
behavior of the EFG parameters, which are controlled by the
electronic charge on the 2p orbitals, is analyzed together
with the spin-density distribution in Sec. III C.

B. Magnetic susceptibility and 70 NMR shifts
1. Magnetic susceptibility

Magnetic susceptibility y=M/H of the CaMnO; sample
was measured from 7=4 K to 350 K with a superconducting
quantum interference device magnetometer (Quantum De-
sign) in magnetic field H=50 kOe and in the temperature

range (300-670) K with Faraday balance technique in H
=2.5 kOe. The temperature-reversible behavior of the bulk
magnetization M was confirmed at high temperature by two
successive heat-cool runs showing that no loss of oxygen
was observed.'? The set of y(T) data collected with different
H is presented in Fig. 3(a). Above Ty=123(1) K, yx follows
the Curie-Weiss law y(T)~ (T-6)~" with 6=-380(20) K.
The T-independent part of the magnetic susceptibility xq
=0.1 memu/mol is negligible in accordance with the corre-
sponding x, estimated in Ref. 10. The almost linear plot
¥ (T)=H/M(T) shows that the mean-field behavior holds
down to Ty. The linear fit shown by the solid line in Fig. 3(a)
yields an effective magnetic moment p.=3.9(4) ug per Mn
close to the expected value for Mn**(S=3/2,L=0) ion in the
cubic crystal field with half-filled 7,, orbitals. Thus in the PM
phase, the bulk magnetization is almost completely due to
the localized t,, spins of the Mn** ion. The behavior of y
does not evidence any precursor of the static FM/AF inho-
mogeneities which appear in the sample below 7.2

%%%H%H -_0.o4§
960;— % % %T i %
%0940: i %%§%% % %__002%
T : | 2
BEEPEP -

1(’)0” - .2(I)0 3(I)0. ..4(I)O 5(I)0 G(I)O. —

FIG. 2. Thermal behavior of the quadrupole frequency, vy, and
EFG asymmetry parameter, 7, at the O2 site in the paramagnetic
phase of CaMnO;_,.
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FIG. 3. (a) Magnetic susceptibility y=M/H and (b) isotropic
70 NMR shift K, versus temperature 7. The straight line in (a) is
a linear fit to H/M data in the PM phase. The vertical dashed line
indicates the transition temperature Ty. (¢) Kjs, vs x(T) plot with T
as an implicit parameter. The solid and dashed lines are linear fits to
the data below and above 450 K, respectively.

2. 70 NMR isotropic shift

Figure 4 shows representative 'O NMR spectra measured
at different 7 and plotted versus K= (v—w,)/v,. The width
and asymmetry of the central (m;=+1/2+<>—1/2) transition
depend on the relative values of the magnetic shift compo-
nents {Ky;Ky;K,} while the position is mainly defined by
the isotropic shift Ki,,=1/3{Ky+Ky+K,}. The isotropic and
anisotropic shift components were deduced from the spectra
and their thermal behavior is analyzed from Ty to 670 K.

As seen in Fig. 3(b), the thermal dependence of Kj, evi
dences two distinct behaviors above and below 7~ 160 K.
Above 160 K, the isotropic shift value decreases with the
same curvature as the bulk magnetic susceptibility when T
increases. Indeed, the K;, versus x(T) plot presented in Fig.
3(c) is almost linear with a slightly different slope AK/Ay
above and below T~450 K. For T>450 K, the extrapola-
tion of the linear fit to y=0 (dashed line) separates K;, in
two parts,

Kiso(T) = K() + Kr,iso(T) . (1)
The value of K,=0.055(6)% is in the range of the 'O

NMR chemical shifts typically observed in insulating
transition-metal oxides.?
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FIG. 4. Magnetic broadening of the central transition m;
=1/2+-1/2 due to the magnetic shift components {Ky;Ky;K}
indicated by arrows in the 70 NMR spectra versus temperature.

The temperature-dependent component K ;(7) involves
the O(2s) orbital. For this O orbital, the only possibility of a
transfer of spin density from Mn electron spin is through e,
orbitals. We assume that in the PM phase, the e, carriers may
become itinerant* in the conducting 0O(252p,)-Mn(e,) band.’
During a hop through the O(2s2p,)-Mn(e,) orbitals, the
strong Hund coupling —Js(e,)S(z,,) favors the mobile e, spin
and the core 1,, spin to be ferromagnetically aligned. Con-
sidering the doped carriers as a Fermi gas with an effective
mass m*=4m,,*® the corresponding uniform polarization (s_)
can be described as?’

(52 = g(Ep)J(S (1)), 2)

where J>0 is the g=0 Fourier component of the exchange
coupling constant, g(Ep)=(2m*ry;, o/3h%)n"? is the carriers
partial density of states of O(2s) orbital near the Fermi level,
and n is the concentration of carriers per volume unit. The
corresponding local field A,.(2s) at oxygen site originates
from the Fermi-contact interaction of the nuclear spin with
the s-spin density transferred from the e, electrons,®2

hioc(25) = 2Hgc(25)(s.) = 2Hec(25)(ER)J(S (12,)),
(3a)

Ks,iso(T) = hloc(zs)/H’ (3b)

where Hpc(25) = (87/3) p|hr,(0)]>=1.1 MOe (Ref. 29) is
the hyperfine magnetic field due to the Fermi-contact inter-
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action with one unpaired electron, the factor 2 in /..(2s)
takes into account the two first Mn neighbors, and H is the
magnetic field. As K ;,(7) depends on (S,(z,,)), it should
display in the PM phase the mean-field behavior with the
same 6 value as the bulk magnetic susceptibility. This is
consistent with our experimental finding for 7> 160 K.

As shown in Fig. 3(c), the proportionality of the local spin
density to x(7) is broken below 160 K. According to Egs.
(3a) and (3b), a drop of K| ;,,(T) can occur only due to a drop
of g(Ep) and thus a decrease in n as if the carrier density
diminishes in the lattice of Mn** ions when approaching T.
In the absence of any structural changes, the decrease in
K, s(T) indicates that below 160 K, there are probably two
kinds of doped electrons: some of the carriers contribute no
more to K ;;,(T) and g(Ef). Their relative number increases
when approaching Ty. We believe that below T~ 160 K,
these doped electrons start to be involved in strong correla-
tions with localized Mn spins and form the magnetic po-
larons which are evidenced in the AF phase of the sample.®
Being involved in strong ferromagnetic correlations, the mo-
tion of these doped electrons is much slower than that for the
remaining carriers. Furthermore, they produce a very differ-
ent local field at 'O nuclei that shifts the resonance fre-
quency far above the window where the 'O lines shown in
Fig. 1 are detected.

3. 70 NMR anisotropic magnetic shift and spin-density transfer
Jfrom Mn ions

The anisotropic magnetic shift {K,— K} (@=X,Y,Z) is
due to local fields produced at the 'O nuclei by dipole-
dipole interaction with local moments of the Mn** ions, hdip»
and by anisotropic hyperfine interaction, Ay,

(Ko = Kiso))H = hgip o+ g (@=X,Y,Z). 4)

For our powder sample, the components of the anisotropic
magnetic shift were determined in the EFG reference system,
XYZ. At the O(2) site, OZ axis is nearly parallel to ryp pn-
The calculated angle, B, between OZ and ryy, .\, is less than
4° (Table 1) while the OX and OY EFG axes are parallel to
the corresponding rg,_c, vectors.

The dipolar field Ay, , Was calculated at each temperature
with the static magnetic moment of Mn** ions defined as
m=xmol(T)H/N, and the « direction along H. The inter-
atomic distances r(Mn;-O) were taken from the room-
temperature x-ray data ignoring the small temperature varia-
tion in the PM phase.?® Then the differences (K,—Ki,
—hgip o/ H) enable to deduce the anisotropic hyperfine shift
components Ky =y o/ H. We find that |hy | is about three
times larger than |/, -

The anisotropic hyperfine interaction involves O(2p,) or-
bitals. The shift components Ky , are plotted versus T in Fig.
5. When T decreases to about 160 K, th,a| increases follow-
ing the Curie-Weiss law Ky;,~ (T—6,)”", where 6, is the
fitting parameter indicated in Fig. 5. Within our accuracy, all
6, values coincide with @ of the bulk magnetic susceptibility
showing that Ky , also probes the 1,, spin polarization.

In the tight-binding approximation, the magnetic shift ten-
sor {Kys.x; Knpy; Kn 7z} may be expressed with the spin den-
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sity, fo(S.(t2,)), transferred on O(2p,) orbitals from the
neighboring Mn ion’ as

2

K xH = 2§MB<V_3>2p<Sz(tzg)>{— fo=Ffm+2fm}, (52)
2

Ky yH = 25M3<V_3>2p<sz(f2g)>{—fu —fm+2fm}, (5b)

2
K H = 2glu‘B<r_3>2p<Sz(t2g)>{2f0' ~fm—fmt.  (5¢)

The spin densities ;) (S,(t,,)) correspond to core t,, spins.
This transfer results from the direct overlap of 2py(wl)
[2py(72)] oxygen orbital with dy, [dy,] orbital of Mn**
neighbors.? For f,, we still assume as in the case of K, iso(T)
that the mobile e, electrons hop through the hybridized
O(252p,)-Mn(e,) orbitals. These hops yield on 2p,=2p,
orbitals a spin density f,(S.(r5,)), where f,=cg(Ep)J ~n'".
The factor ¢ takes into account the ratio of the partial densi-
ties of 2s and 2p states at E.

The analysis of Ky, with Eqs. (5a)-(5¢) yields f,,
~1.3(2)f and f 2. m1>f, The nonequality of /., and f,,
is consistent with the orthorhombic structure whereas the
strong inequality is expected for a lightly electron-doped
CaMnO;_, sample. In the limit x— 0, our estimate (f,2)max
=0.09(2) indicates a significant covalent character of the
O(2py)-Mn(dy,) chemical bond. The lobes of the involved
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orbitals are pointing toward the Ca’* ion. The
Mn(#,,)-O(2p ;) hybridization was considered as an addi-
tional channel for the Mn-Mn superexchange interaction in
theoretical studies.3'* We show that this independent chan-
nel for the superexchange interaction is anisotropic since
f w2 7&f ml:

Below T~160 K, the thermal behavior of K , deviates
from the mean-field behavior (Fig. 5). The ratio, ¢, of the
partial densities on 2s and 2p states at E can be evaluated at
Ty. For each shift component, K¢, and Kj,, we define the
difference AK=K_,,(Ty)—K(Ty) between the shift value ex-
trapolated with the mean-field behavior, K (Ty), and the
experimental value, K(Ty). By comparing AKy¢, and AKjq,
the estimate is ¢ ~4. Thus the spin density on O(2p,) orbit-
als is about four times larger than on the O(2s) orbital.

As the deviation from the mean-field behavior of Ky ,(T)
and K, (T) are detected at about the same temperature, they
may have the same origin. Thus the behavior of K¢ ,(7) can
be reasonably attributed to a decrease in f,,~ n'’ indicating a
decrease in the number of itinerant electrons to the benefit of
electrons involved in strong correlations when approaching
the PM-AF transition.

One important result of this work concerns the compari-
son of |Ky;7(T)| and v,(T) shown in the inset of Fig. 5. From
500 K to Ty, the parametric plot |Kys(T)| versus vy(T) is
well approximated by a linear dependence in spite of the fact
that both Ky »(7) and vy(7) demonstrate an unusual behav-
ior below T~ 160 K. Furthermore, Ky, relates to the spin
density transferred from Mn to O orbitals whereas v, de-
pends on the local charge environment of oxygen nuclei. The
values of v, and 7 may be expressed in terms of the oxygen
occupancies 7, as

3 2
Vo= ;ThQ<r_3)2p|2no— Ny =N, (6a)
Mgl —Ng
= | [mThm | 6b
7 2ncr L R () ( )

where n,=2[frgo(E)dE and g, is the density of O 2p,,
states.

The proportionality found between Ky (T) and vy(T)
data is supported by the similar form of Egs. (5¢) and (6a).
Indeed, the magnetic shift data show a decrease in f,
=g (Er) below 160 K. This loss of density of states near Ep
induces a decrease in n,,. Thus the abnormal growth of v, as
well as the decrease in 7 previously described when ap-
proaching T, are well explained by a decrease in n, if n,
<n,i,nm. This inequality is suggested for undoped
CaMnO; by band-structure calculations®and those per-
formed in this work. The calculations result that density of
states at Ep is represented almost by Mn(z,,) and O(2p,)
states whereas the e, states form the conducting band.

The proportionality between Ky ; and v, relevant, respec-
tively, to the spin density and to the charge density trans-
ferred from the transition-metal ion to the ligand atom have a
single origin associated with the semicovalent bonding be-
tween 0>~ and Mn** ions.
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FIG. 6. 0 spin-echo decay rate 7;1 versus T measured in PM
and AF phases of CaMnOs;_,. Inset: activated component [TEI(T)
—9TTI(T):| versus 1000/7. The solid line is a linear fit.

C. Dynamics of the magnetic polarons

The low-frequency dynamics of the Mn spins was probed
by measuring the '’O spin-echo decay rate, T;l, on the cen-
tral peak of NMR line. The thermal dependence of Tgl is
displayed in Fig. 6. It shows a maximum at ~100 K with an
almost constant behavior above 150 K.

TEI probes the time-dependent fluctuations of the local
field 4 at '’O nuclei. The transverse and longitudinal com-
ponents, i, and Ay, are defined as a function of the direction
of H. In general, both &, and & contribute to the echo-decay
process,’’

7,1 (T) = "o+ (V14 172)2T, (D), (7)

where the nuclear spin-lattice relaxation rate, T‘l, involves
only the transverse components thus probing (4, (0)h (z)).
The main contribution to the difference (Tgl)a=[T51(T)
—97,1(T)]is (y(0)hy(1))=hy(0)>exp(~t/ 7). Its determination
requires 7 measurements.

In the AF phase below 100 K where magnetic polarons
are detected, (T;') probes only (/,(0)hy(#)) since the second
term in Eq. (7) is found negligible. 7,' shows a thermally
activated behavior with an energy barrier between the
trapped and the moving magnetic polaron states E
=180(20) K.® The magnetic polaron starts to move above 40
K.

In the PM phase, Tl_1 is found almost constant down to Ty
whereas 7,' is constant down to T~ 140 K and then starts to
increase. As can be seen from Eq. (7), an increase in (Tgl)a is
due to an increase in 7,, the correlation time characterizing
the fluctuations of 7,(z) at O site. Above 100 K, (Tgl)a has an
exponential behavior versus 1/7 (inset in Fig. 6). Assuming
that the temperature dependence of 7. is an Arrhenius law
T.=T.0 exp(E,,/T), we deduce E,,=1100(200) K>E,;,
defining an energy scale different from the low-temperature
one. Transport measurements reported for the PM phase of a
nearly stochiometric CaMnO; sample yield an activation en-
ergy E~1000 K for resistivity* and Hall coefficient.!! The
activation energy E was attributed to a decrease in mobility
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rather than carrier density.”® The proximity of E,, and E
energy barriers allows to consider that the growth of (TEI)a is
caused by electrons with slower hopping.

IV. CONCLUSION

The distribution of spin and charge densities in the para-
magnetic phase of a lightly electron-doped CaMnOs;_,
(x<0.01, Ty=123 K) ceramic was studied by 7O NMR. It
is shown that the isotropic and anisotropic components of the
NMR line shift are determined by magnetic hyperfine inter-
action of the 7O nuclear spin with the electron environment.
This allows probing selectively the local spin susceptibility
of the itinerant (e,) and the localized (z,,) electron of the Mn
neighbors whereas the nuclear quadrupole parameters of the
spectrum look at the distribution of charge density along the
Mn-O bond.

Above about 160 K, the spin density of the itinerant elec-
trons is equally shared between manganese Mn** ions. Be-
low 160 K, the local spin density of carriers probed by '’
spin in the regular lattice of the Mn** ions diminishes as
approaching T. The density of doped electrons becomes in-
homogeneously distributed since some of the electrons start
to be involved in strong correlations with the localized Mn
spins. Thus, according to NMR results a separation of the
doped electrons into slow carriers, forming the magnetic po-
larons, and fast carriers develops few tens of degrees above
TN.
According to the 'O echo decay-rate data, the FM-
dressed electrons become unstable with increasing tempera-
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ture. Their rate of hopping changes and approaches the
metallic-like. The energy barrier required to excite these
electrons into the O(2s2p)-Mn(e,) conducting band is esti-
mated as E,=1100(200) K. Nevertheless, on the basis of
70 NMR data sensitive to low-frequency spin dynamic of
the mobile carriers, we cannot define in what degree their
mobility at elevated temperature approaches the one existing
in conducting band of a metal.

Besides, 70 NMR shows directly that Mn bye electrons
hybridize with the O(2p,,) orbitals. This hybridization pro-
vides an independent channel for the Mn-Mn superexchange
interaction. Furthermore, the thermal behavior of the aniso-
tropic hyperfine magnetic shift and EFG parameters are cor-
related down to 7. The proportionality of these properties
relevant, respectively, to the spin density and the charge den-
sity transferred from transition-metal ion to the ligand atom
is associated with semicovalent bonding of the 2p_ oxygen
orbitals with the 7,, manganese ones. This correlation be-
tween charge and spin densities at the oxygen thus favors to
consider the ground state of the parent CaMnOj; as a charge-
transfer insulator state.
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