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In the paramagnetic phase of cubic antiferromagnet StMnO; 997 (Tn = 236 K), the spin susceptibility of the
localized Mn(#,,) electrons exhibits a gapped behavior with dx,(T) > 0, suggesting the existence of a low-
dimensional short-range magnetic order above 7y. The low-frequency fluctuations of the spin correlations of
neighboring Mn** ions were probed by measuring the spin-lattice relaxation rate 7,"' and the echo-decay rate
T,”" of 170 and ¥Sr nuclei up to 420 K. 70 being involved in an Mn—-O-Mn bond, the echo-decay rate "7,
probes the fluctuations of the two neighboring S(f,) spins at low frequency, @ < 10* s™!. It is shown that there
exist local changes of the double-exchange interaction, which favor FM correlated pairs of neighboring S(z,,)
spins in the Mn—'7O-Mn bond. The unusual thermal behavior of 77,™'(T') indicates low-frequency fluctuations
of the short-range magnetic order which may include the change of AF <> FM spin alignment of neighboring
magnetic ions. For ¥’ Sr nuclei, which probe the spin configuration of eight neighboring Mn ions in the cubic unit
cell, ¥ 7," has no such anomaly, implying that FM order should be excluded within the cubic unit cell. With both
NMR probes, it is deduced that the only magnetic orders which may exist in the cubic unit cells are the following:
AF-G [qg =m/a(1,1,1)], AF-C [qg = 7 /a(1, 1, 0)], and AF-A [q¢ = 7 /a(0, 0, 1)] so that the slow fluctuating
short-range magnetic order is built from these three AF ordered unit cells. Furthermore, we deduce from 17T1_1
results that the fluctuating short-range magnetic order, i.e., corresponding to large ¢, has a high thermal stability

in the PM phase of StMnO, g97.
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I. INTRODUCTION

The manganese oxides with perovskite structure display a
great variety of electronic properties when doped by charge
carriers. One of the main issues in the studies of these strongly
correlated materials is the ground state emerging from the
competition of the antiferromagnetic (AF) superexchange in-
teraction between localized spins and the ferromagnetic (FM)
double exchange (DE) interaction of localized spins with itin-
erant doped carriers.

The lightly electron-doped SrMnO;_, compound appears
at first as a simple system with no particular physical prop-
erties of great current interest. However, as disclosed in the
present research, it is the slight oxygen deficiency that gives
rise to unusual dynamic correlations of the localized spins due
to the competition of the exchange interactions.

The parent manganese oxide SrMnOs with the Pm3m
crystal structure is a rare example of cubic antiferromagnet.
Below Ty &~ 240 K the magnetic moments of Mn** ions
(Ctrleq; S = 3/2) are ordered in two sublattices forming a
three-dimensional checkerboard pattern of the G-type AF
structure with g, = 7 /a(1, 1, 1) [1-3]. Cubic StMnOj; has a
high Néel temperature and a small magnetic field anisotropy,
H, < 200 Oe [4]. A similar situation exists in the well known
standard cubic AF RbMnF; (Ty ~ 83 K; H, < 5 Oe [5]). In
RbMnF;, the exchange coupling of the Mn?* localized spins
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(Ctag’eq; S = 5/2) is well described within the nearest neigh-
bor only Heisenberg model [6,7] showing the classic isotropic
AF properties below Ty and the Curie-Weiss behavior in the
paramagnetic (PM) phase above 1.37y. Whereas in nomi-
nally stoichiometric STMnOs, the bulk magnetic susceptibility
x increases gradually from 7y reaching a plateau above 1.5Ty
with no sign of the mean field behavior [2,8—10]. It follows
from an !0 NMR study of lightly electron-doped SrtMnOs_,
(x < 0.01) oxides [4] that this gaplike peculiar behavior of
the bulk magnetic susceptibility dx/dT > 0 should be at-
tributed to the spin susceptibility x, of the localized spins of
Mn ions, S(f2).

The gaplike T dependence of yx is typical of compounds
with low dimensional AF configuration [6]. It implies that
for StMnQOs3, some short-range magnetic order with a lower-
dimensional AF configuration of the S(t,,) spins should add to
the main three-dimensional AF-G type configuration. In this
configuration, each S(#,,) spin orders antiferromagnetically
with its six nearest neighbors [3]. In contrast to RbMnF;, in
SrMnO3, FM correlated pairs of neighboring S(#,,) spins may
appear due to the #,, — e, electron hopping at empty doubly
degenerate e, orbital [11]. The broad e,-orbital degenerate
conduction band, W ~ 2 eV, allows a gain in kinetic energy
for the e, electrons placing the undoped cubic StMnOjs close
to the borderline between the metallic and insulating states.
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FIG. 1. Paramagnetic phase of polycrystalline cubic STMnO, 997
sample. (a) Central line (transition m; = —1/2 < +1/2) of 70
NMR spectra and (b) '7Sr NMR spectra including all the transitions.
The angle « is determined by the direction of the external magnetic
field H relative to the Mn—O—Mn bond direction.

Furthermore, in lightly e-doped StMnO; the energy bar-
rier, separating AF phases with different magnetic unit cell
characterized by FM correlated planes (A type [3]) or FM
correlated chains (C type [3]) of the Mn*t ions is comparable
to kgTn =~ 0.03 eV [12,13] so that short-wavelength AF phase
fluctuations may exist. If these fluctuations exist, they should
be enhanced along the path of the diffusing motion of the
doped e, electrons [14] by the double-exchange mechanism
[15]. To our knowledge, there are no studies of low-energy
spin excitations in the PM phase because of the absence of
large enough SrMnOj; single crystals for neutron experiments.

Our recent NMR studies have shown the efficiency of 17O
[4] and ¥7Sr [16] NMR probes to investigate the static spin
correlations of the neighboring Mn** ions in lightly doped
SrMnOs;_,.. Some basic results of these NMR studies are used
in the present research focusing on the Mn dynamic spin
correlations in the PM phase of StMnOs_, (x < 0.005).

In the perovskite structure, an oxygen atom is directly
involved in the formation of both covalent chemical bond
and anisotropic superexchange interaction between the lo-
calized S(#p,) spins of neighboring Mn. The transferred spin
on the O(2py) orbital s(2p;) = fzS.(t2¢), creates the main
contribution, " K, (2p ), to the anisotropic hyperfine shift of
the 70O NMR line: Kps(a) = Kax ne(3 cos? o — 1), where « is
the angle between H, the experimental magnetic field and the
straight Mn—O-Mn bond (Fig. 1). Atx < 1 [17],

17Kax(2pn) == hax(zpn)/H
= —4/5u5(r ) apfr ((Sc1 (t2g) + Sia(t2)))/H
= HQ2pa) fr (S (t2g) + Saa(t20)))/H, (1

where f,; is the fractional occupancy of the O(2p, ) orbital
by an unpaired Mn spin and the thermal average (S, (t5))
relates to x, = gup(S:(t2¢))/H, the local spin susceptibil-
ity of Mn*" ion, the nearest neighbor of the '7O probe.
A negative value 'K, (2p,) < 0, following from Eq. (1),
defines an asymmetrical shape of the central line (Fig. 1)
which intensity is maximum at a higher frequency relative
the gravity center, !"Kis,. Whereas the transferred spin on
the O(2p, ) orbital, which lobes are directed along Mn—-O—
Mn bond, creates a positive shift 7K, (2p,) > 0. This shift
is negligible in StMnOs_, (x < 1) because of the almost zero
occupancy of the Mn(e,) orbital, Mn(e,) being the counterpart
in Mn(eg)-O(2p, ) covalency (Egs. (5) and (6) in Ref. [4]).
Thus the temperature dependence of |K,,| is the one of x,(7').!

The isotropic component of the hyperfine magnetic shift
Kiso arises only in doped StMnOs_,. It is due to the Fermi
contact interaction of the nuclear spin '7I with spin density
5:(28) = fass;(eg) = fasne J/Er(S:(f2g)), created by the n,,
fast-moving doped electrons, with n,, < 2x. The n,, electrons
become itinerant in the conduction band O(2s)-Mn(e,), hav-
ing a dominant e, character [14,18]. Because of the strong
intra-atomic exchange interaction with the almost localized
Iy, electrons, —Jy(eg)S(t2g), the band consists of spin-up po-
larized states with the density of states g(Eg) ~ n,,/Er When
x < 1[12], and

171{150 = l7h(eg)/H
= Hrc(25) fos(Ju/Er)ne, ((S21(12g)) + (S2(t20)))/H
= ""H (eg)ne, ({51 (t2e)) + (Sca(t20)))/H. 2)

Here, the hyperfine magnetic field, Hgc(2s), is created by one
unpaired electron residing at the O(2s) orbital. According to
Egs. (1) and (2), the ratio Kijso(7T)/|Kax| is proportional to
ne,/2x, the fraction of the fast-moving doped electrons per
Mn. Only these fast-moving n,, electrons provide the '"O
NMR shift,!” Kis,, defined by Eq. (2).

The same reasoning is valid for !’Sr NMR. In SrMnOj3 the
Sr atom has eight nearest Mn neighbors. The corresponding
isotropic hyperfine shift, 8Kig,, is caused by the spin den-
sities s;(55) = fsssz(eg) = fssne J/Er(S,i(t2g)), transferred to
the Sr(5s) orbital by each magnetic neighbor:

YK, = Sh(ey)/H
= Hpc(55)fs5(J/Ep)ne, Zi(S:.i(t2g)) /H
=Y H(e)ne, Ti(S-.i(t2)) /H. A3)

In addition, it was shown that in the AF ordered phase
at low temperature, all doped electrons have slowed down
the Mn—Mn hopping. In this situation, there is an increase
of FM interaction between Mn neighbors by means of the
DE mechanism [19] leading to the formation of small-size
magnetic polarons in the G-type AF matrix. These polarons
were detected below 10 K by Mn NMR [4].

"Tn SrtMnOs, the contribution Ko qip Of the classic dipolar fields
from neighboring induced Mn** moments n1,y(Mn) = xmoH /Na
is about three time smaller than | 'K, (2p;)| [4]. Thus the value
of K, (2p.) was obtained in the following way: 'K, (2p,) =
Kax,measured - Kax.dip~
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FIG. 2. Integral of the spectral intensity !71(27) of the 170
NMR central line at o ~ 54° as a function of 2t (see text). The
solid lines are the fit with a single exponential decay '7I,(27) o
exp(=27/ " D).

In this paper, we study the time-dependent part of the
hyperfine fields 17h(eg), 87h(eg), and '"h(2p, ) at low frequen-
cies by measuring the spin-lattice relaxation rate Tl_l and
the spin-echo decay rate TZ’1 of 170 and '"Sr nuclei. The
results shed light on the slow-fluctuating short-range correla-
tions between the localized Mn spins, S(#,), in the PM phase
of a lightly electron doped cubic StMnOs_, polycrystalline
sample, i.e., STMnO;997 (x < 0.005). A description of the
short-range magnetic orders is inferred.

II. EXPERIMENTAL DETAILS

The SrMnO, 97 polycrystalline sample with the cubic
structure was synthesized following the procedure described
in Ref. [4]. At the last stage of synthesis the sample was an-
nealed during 24 hours at 7 = 500 °C in oxygen flow (Po; =
1 bar) containing 70% of 7O isotope, for 7O NMR mea-
surements. According to x-ray diffraction the !”O-enriched
sample has the Pm3m perovskite structure with the unit cell
parameter a = 3.8062(4) A at room temperature. In order to
estimate the oxygen content of our sample, 3 —x = 2.997,
we used a phenomenological dependence law of the lattice
cell parameter versus the oxygen deficiency, a(x), which was
suggested in Ref. [4] for cubic StMnO;_, compounds with
x < 0.01. Let us note that a slightly less doped '”O-enriched
sample, STMnO, 995, was described in Ref. [4]. We use their
17T, data at room temperature in Sec. IT1 C.

Magnetization measurements were carried out with a
magnetometer PPMS-9 (Quantum Design) on cooling the
sample in magnetic field H =90 kOe. The correspond-
ing dc magnetic susceptibility y = M/H demonstrates a
plateaulike behavior in a broad temperature range above Ty =
236(2) K with no signature of the Curie-Weiss law depen-
dence [Fig. 3(a)].

The 70 and '"Sr NMR measurements were performed
with AVANCE II(IIT) - 500WB (Bruker) NMR spectrometer
in the temperature range 200 — 400 K and H = 117 kOe.
The broad NMR spectra of both, 7O (spin 71 = 5/2) and
7Sr (#I = 9/2) nuclei (Fig. 1) were obtained by sum-
ming the Fourier-transformed half-echo signals acquired at
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FIG. 3. Temperature dependence of (a) the bulk magnetic sus-
ceptibility x = M/H; the axial hyperfine component 7K, (2p,) of
the 70O NMR shift, and (b) isotropic hyperfine NMR shift Ky, of
both nuclei 7O and '7Sr; n,,/2x is the fraction per Mn atom of the
fast-moving doped electrons.

equidistant (80 KHz) operating frequencies. The 'O (!7Sr)
NMR shifts "®7K are defined relative to the Larmor fre-
quency vy = 67.80 MHz (¥"vy = 21.67 MHz), 77K =
(v — 76T y) /176Dy

The spin-lattice relaxation rate of 7O nuclei '77;"" was
measured on the central line of the 7O NMR spectrum (Fig. 1)
by the inversion-recovery technique using the pulse sequence
2 p-tiny-p-T-p-T-echo signal E(tny) with fixed delay t =
30 ps, variable f;;,y = 0.01-250 ms and a pulse duration p =
1.6 us. At each f;,y, the integral of spectral intensity of the
line I,(tiy) taken in the frequency range v, + 0.005 MHz
was measured, where v, corresponds to the angle o. At
Omagic = arccos(1/+/3) = 54.7°, all nuclear m; levels of 70
are equidistant so that the {/, (#,y)} data array is well described
by a single-exponential dependence [20]: (I, o — I (finv)) X
exp(—tiny/ " T1), where I, 0 = I (tiny) at tiny > 5T;. The rate
177! was determined also at @ = 40° and 70° aiming to eval-
uate the anisotropic contribution 17Tl_l (2px) x (2 4 3sin’ )
of the fluctuating hyperfine field /., (2p, ). The value of 77}
was approximated by a single-exponential fit of {I, (ti,y)} raw
data in the range 0.57) < ftiny < 5T

For 'Sr nuclei, the spin-lattice relaxation rate 87 Tl_1 was
measured at the peak of the spectrum (Fig. 1) using the
pulse sequence p-t-p-t-echo signal 3 £ (27, t) with fixed T =
100 ps, p =3 us and variable repetition time of the pulse
sequence, t = 0.005-2 s. Over the entire temperature range
the excitation bandwidth [21] (§v)gw = 2.8/7p = 300 KHz
is three times larger than the width of the '7Sr NMR spectra
which includes all 2 x 877 = 9 transitions. Indeed, the NMR
spectrum of the quadrupolar nuclei ’Sr (¥’Q = 0.15 barn)
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has no quadrupolar splitting due to the cubic symmetry, in
average, of the '7Sr electrical environment as shown in Fig. 1.
Because of that, the method for measuring 3’7y yields a single
exponential recovery.

The spin-echo decay rate 7, ' of YO and '"Sr
nuclei were measured using the pulse sequence
p-t-2p-t-echo signal EQ27), with  p(’0)=1.6  us;
p(®’Sr) =3 us. For '"Sr nuclei, the measurements were
performed at the peak of the !"Sr NMR spectrum. The
intensity of the echo signal /(27) was acquired as a function
of 7, the delay between the pulses. The 877, value was
determined by fitting of the {¥I(21)} data array with the
expression 871(27) = I(0)exp(—21/%'T5). For 7O nuclei,
the integral of the spectral intensity of the central line
1,(2t) < "E,(21) was considered. This integral was
measured in the frequency range v, £ 0.005 MHz and as
a function of 27, at fixed v,, where v, corresponds to the
angle «. Some representative 71, (27) raw data collected at
Qmagic = 54.7° and at different temperatures are plotted in a
semilogarithmic scale in Fig. 2. As can be seen on the figure
the drop of the echo signal '7I,(27) on more than ¢* times is
well described by a single exponential dependence over the
entire temperature range.

III. RESULTS AND DISCUSSION

A. Static spin susceptibility traced by 70 and ¥Sr NMR shift

Figure 1 shows at 7' =250 and 370 K the central line
(transition m; = —1/2 <> +1/2) of the 7O NMR and the
17Sr NMR spectra which include all the 2 x I = 9 transitions.
For both probe nuclei, the spectra are shifted toward higher
frequencies relative to the corresponding Larmor frequency
178Dy so that the hyperfine isotropic shifts 77K, are pos-
itive; their growth with T is shown in Fig. 3(b).

(1) The growth with temperature of the hyperfine axial shift
| Kax (2P )| o x5 confirms the gaplike d x;/dT > 0 behav-
ior of static spin susceptibility of the localized S(t,) spins in
the PM phase of StMnO, ¢97 [Fig. 3(a)].

(2) Below 350 K the ratio "7 Kiso(T)/| V7 Kax (T')| decreases.
As it is proportional to n,,, the number of fast-moving doped
electrons, the decrease indicates that the number of slow-
moving electrons (2x — n,,) grows [Fig. 3(b)]. These doped
electrons slow down their rate of Mn—Mn hopping, thus lo-
cally enhancing the FM interaction of their Mn neighbors by
means of the DE mechanism [19]. With decreasing T the time
T during which such electrons are near Mn ions, increases
following the Arrhenius law 7(7') o exp(E,/T) where the
energy barrier E, is about 300 K. Below 50 K when 7 >
6 x 107 s, these slow-moving electrons create static FM
nanodomains.

(3) In the PM phase, the slow-moving (2x — ne,) elec-
trons create along their diffusion path the local field hpy,
which is far larger than the h(e,) value defined by Egs. (2)
and (3). So that during the time v < 27 /wy, the local field
hey shifts the resonance frequency of the '"®7I neighbors
out of the NMR window studied in this work and shown in
Fig. 1. Consequently, and as it is observed, no static magnetic
broadening of the 787’ NMR spectra should occur when T de-
creases. These pulselike fluctuations of the local field, caused
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FIG. 4. Temperature dependence of (a) the spin-lattice relaxation
rate T, of 70 (@ = 54°) and " Sr nuclei, and (b) isotropic "7, (e,)
and anisotropic 77,7 (2p,) contributions to 77,7" at o = 54°.

by slow-moving (2x — n,,) electrons, may have an impact on
the nuclear spin relaxation of both NMR probes as explained
below.

B. Spin-lattice relaxation of 70 and 'Sr nuclei

Figure 4(a) shows the thermal behavior of the spin-lattice
relaxation rate 7,”" of 17O (a = 54°) and " Sr nuclei. Above
1N, both rates 17Tl_1 and ¥’ Tl_1 are roughly proportional to T'.

Let us consider 777! (a, T). According to Egs. (1) and
(2), its value is contributed by the time fluctuating part of
the isotropic hyperfine field h(e,), 17Tl_l(eg), and of the «-
dependent hyperfine field h(2p,) with 7,7 (2p,) o< (2 +
3sin® ) [22]:

T ) =TT 2pa) + T ey). )

More precisely, 17Tl_1(2p,,) is due to the time dependence
of the transverse component /, (2p, ), which originates from
the fluctuations at the frequency w = "y H of the transverse
Si.x(yy components of the localized S(f2,) spins of neigh-
boring Mn** ions through the corresponding spin transfer
Syvy(2px) = faSxyy(t2g) on the O(2p,) orbital [23]. The
transverse component 4, (2p, ) of the hyperfine field h(2p,)
lies in the x'y’ plane orthogonal to H || z’ and is defined as
hJ_ (2]771) = H(ZP:T )f:r {Sl,x’(y’)(IZg) + SZ,.x’(y’)(t2g)}~ These two
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contributions to "7, (), having different o dependencies,
were separated from each other by measuring the rate 17Tl_1
at o = 40°, 54°, and 70°. As seen on Fig. 4, the magnitude
and T dependence of '’7,”! are determined by 77" (2p,).

Vsz
16143

x T, co8’(q:a/2)x, (¢, w)/w.  (52)

The factor (2 + 3 sin® «) takes into account the o dependence
of T'Q2pa),  x/(q, )« [;° dT(S,(r)S4(0)) cos(wr)
is the imaginary part of the dynamic spin susceptibility.
Its value determines the spectral intensity of the g¢
component of the correlation function of the fluctuating
neighboring S(fy,,¢) spins at the frequency w. Because
the 77! data were obtained at wnwr < wex Where
onvr = TV H =4 %108 s and we &~ 5.8 x 1012 7!
Ref. [13], we may approximate x!(q,w)/w ~ x.(q)/wst.
Furthermore, the long-wavelength terms with ¢ < 7 /a
are the only significant terms in the summation of
Eq. (5) because of the specific g dependence of the
form-factor. After reducing ¥,cos?(q,a/2)x!(q, ®)/w —
Zgo0xs(@)/wst(q) = xs(g = 0)/ws, Eq. (5) takes the
final form:

T 2pa) = (HQ2p:)fx)*T (2 + 3sin® a)

Vsz
16u%
x T(2+43sin’ a)xs(q = 0)/wy,  (5b)

T 2pe) = (H2p:)fx)

where x;(g = 0) is the uniform (¢ = 0) spin susceptibility of
the localized S(#,,) spins. The almost T'-independent behavior
of x,(g = 0) is well traced by static '’O NMR data.

The linear growth with 7' of 17Tl_l(2p7,) indicates an al-
most T -independent value of 7wy, the characteristic energy
of the damped magnon excitations, at ¢ < 7 /a of AF cou-
pled S(#y,) spins in the PM phase of StMnQO, 997 with liwg =
2.5(7) meV.? This value is about 1.5 times less than the ex-
change energy fiwex (¢ = m/a) = 3.8(2) meV, i.e., 5.8(1) x
10'2 s~ !, estimated at Ty = 236 K. In a classic AF scenario,
just above Ty a peak of x,(q) at ¢ ~ 7 /a is expected; as T
increases in the PM phase, this peak is more or less smeared
out so that x;(g) at g ~ gar decreases while x,(q) at ¢ ~ 0
increases. That is why the T-independent behavior of the
Xs(q)/wst(q) ratio at g ~ 0 is unexpected; it could imply that
even far above 7Ty some peak of y(q) at ¢ ~ gar would
still exist. Thus the 77,"" results indirectly indicate a high
thermal stability of the fluctuating short-range magnetic order
(SRMO) in the PM phase of StMnO; 997, unlike RbMnOs,
where a thermally fragile SRMO was observed only up to
1.17y in inelastic neutron scattering experiments [24].

As seen in Fig. 4, the increase with T of 17T1_](eg) and
87Tl_1 is less pronounced than for 17Tl_1(2pﬂ). According
to Eqs. (2) and (3) their values are defined by the spectral
intensity, built at 7" wyyr by the product of two correlation
functions: (n,,(¢)n,,(0)) relevant to the fast moving doped

>The wy (¢ < 7 /a) value was estimated using Eq. (5a) with the
17'(2p,) rate in Fig. 4(b) and the product H(2p,)f, = 7 kOe
deduced from Eq. (1) and the 'K, and x = M/H data in Fig. 3.
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FIG. 5. Thermal behavior of 17O and '7Sr spin-echo decay rates
in StMnO, 997. The angle « defines the direction of the magnetic
field H relative to the Mn—O-Mn bond direction.The solid curves
are guide for the eye.

e, electrons and (S,(¢)S,(0)) of the localized S(f,) spins.
The small variation of "7, '(e,) and 87" (Fig. 4) shows
that, in the frequency range "®Pwyr = (1-4) x 103 57!, the
spectral intensity is not much influenced by (n,, (¢)n,,(0)). In
contrast, at very low frequencies (n,,(t)n.(0)) leads to an
abnormal growth of the fluctuating '"h(e,), as seen below.

C. 70 and ¥Sr spin-echo decay rate

The thermal behavior of the spin-echo decay rates are
shown on Fig. 5. Unlike the almost constant value of 877,
the 17T2_l rate increases with T passing through a broad peak
around T = 310 K, whatever the value of the angle «.

Compared to 7®77~! which is only proportional to
hi, the spin-echo decay rate is determined by both time-
dependent components: h; | H at o = "®ogg and iy ||
H at much lower frequency, w < 103 s™!, of the correspond-
ing hyperfine fields '"h(2p, ), "h(e,), and ¥"h(e,) [23]:

17(87)T271 — 17(87)T51(h“) + 17(87)(T1,echo(hl))71- (6)

The contribution (7} ccho)~' in Eq. (6) is enhanced com-
pared to the corresponding spin-lattice relaxation rate Tl_l.
As Egs. (6a) and (6b) show, the enhancement depends on the
fluctuating local field. For 7 Sr nuclei, it is

(T eeno) ™ = (1 +172)° T 1(e)) " (6a)

For 70 nuclei, the second term in Eq. (6) depends on «
[25,26]. Compared with previous 17T2’1 consideration pre-
sented in Ref. [4] at room temperature for the less doped
SrMnO, g95, we use here an expression for the 7T} eeno (7)™
rate taking into account both an isotropic contribution of
doped electrons, 87Tl(eg)_l, and anisotropic contribution of
localized S(t2,) spins, 7,7 (2p5 ):

(T eeno) ™' = T +1/2°"T1(ee) ™" + (5.25
+5.625sin? o) (T 1 (2py, @ = 54°)71),
(6b)
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FIG. 6. Temperature dependence of '77,' (k) for different val-
ues of the angle «.

where the (V7T (eg))71 and T, 7'(2p,, o = 54°) values are
shown at each temperature in Fig. 4. For both nuclei,
(T],echo)‘1 varies monotonically with temperature. By sub-
tracting these terms from the measured data (Tz_l)exp, the
spin-echo decay rate 7, ' (/) defined by the fluctuations of
hy is obtained:

T3 ) = (1) o = (Thecho) ™
="T5, () + "5, (. (7

Figure 6 shows the T dependence of "7, ' (k) for & =
15°, 54°, and 82°. The two terms in Eq. (7) are due to
the isotropic fluctuations of the hyperfine field "A(e,) and
anisotropic fluctuations of the hyperfine field "h(2p,) o
(1 —3cos?a), respectively. Let us consider the « depen-
dence of '"7,'(hy). Figure 7 shows 77,7 (k) as a function
of the angle o for StMnQO; 997 (x = 0.003) at T = 244 and
420 K, and for the less doped StMnO; gog (x =0.002) [4] at

=300 K. At each temperature the {17T2 (h||)} data array
was fitted with the expression a + b(1 — 3 cos? o) aiming to
determine both the isotropic "7, ! () = a and anisotropic
17T2T21,,ﬂ (h)=b(1-3 cos? a)? contributions. Their tempera-
ture dependencies are shown in Fig. 8.

Comparing StMnO, 997 to the less doped STMnO; g9g sam-
ple, the value of "7, (k) is not changed, unlike the
contribution 17T2;1g(h||), as seen on Fig. 8(a). As 17T2f21],ﬂ (hy)
shows no dependence on x, it is expected to be the same in the
stoichiometric (x = 0) SrMnQO3, where 17T2T2]pn (hy) is caused
by fast fluctuations (wex > wy) of the exchange-coupled
localized S(t¢) spins. In the scenario of the nearest-neighbor
AF exchange interaction, the spins S, S of the two neighbor-
ing Mnl, Mn2 spend all the time in the ground singlet state
(81 + 82 = 0). The local field h(¢) created by these spins at
oxygen has no vanishing mean square value <(hH,singlet)2) ~
(" Knt.axH )% As for Vwg/wex < 1, the rate l7Tszlpn (hy) can
be written as yz((h||,single[)2> X 21 [wex [23], 17Tz_](h”) is
thus estimated to be 0.5 s~!. This value is far smaller

T T T T I T T T I T T T I T
- SrMnO, _(x=0.003) -
o o T=420K -
1.5 — o 244 K .
Ty i ]
g’ 1.0 i
Tt :
:& 0.5 @) —
w —
5 10 StMnO,  T=300K ]
e o x=0.003 7
3 - s 0002 ]
Il B
1.5 = —
= S 52 5y
-~ - e
S ]
B 10 - -
<[ ) ;
IR TR W AN TR SO TR N SO TN RO NN SR TR S M T
20 40 60 80
O (degree)
FIG.7. "0 spin-echo decay rate '"7,7'(h) vs a in

(a) StMnO,497 at T =244 and 420 K and (b) in SrMnO; g9,
and StMnQO, g93 at T = 300 K. The solid curves are the fits with the
expression a + b(1 — 3 cos? a)?.

than the experimental rate 77, ' (k) = 0.2-0.3 ms™! shown
on Fig. 8(b).

The large experimental value of 77! (%) is most likely
due to an increase of {(h )?), created at oxygen by the neigh-
boring S(f2) spins, S, S», which instant configuration is
not only the ground state but also the excited triplet state
(81 + 82 = 28) with hy yipler > hy. During the time Tgnglet,
the '7O resonance frequency, Vsinglet = ¥l singlet, it is about
0.1 MHz whereas during the time Tyiplet, Viriplet = ¥ 1| triplet
it is about 25 MHz [27]. The latter frequency value is far
above our experimental NMR window in Fig. 1. The ratio
Tyiplet/ Tsinglet 1S €qual to Pyipler/Pringlet» the ratio of the prob-
abilities to find the Mn neighbors in the triplet or singlet
configurations. At Tyiplet/ Tsingler < 1 and for I7T2T211>n () =
(J/hll,tripletPtriplet/Psinglet)2 > 21 [wex [28,29] we get at room
temperature the ratio Pyipiet/Psingler = 0.08. This value quan-
tifies the proportion of FM and AF correlated S(t,) spin pairs
which exist at room temperature in the PM phase of slightly
electron doped as well as in undoped cubic StTMnOs.

Let us now turn to O and !"Sr Tzfelg(h“) rates defined
by the time fluctuating component along H, hyt (e,), of
the hyperfine fields hys(eg), where Ay (eg) is proportional
to n,, (t)Sy(t). This is in contrast with 17T2T2117n (hy) which
expression, 17T2T21,,ﬂ (hy) o [3° dT(S.(7)S-/(0)) cos(wt), does
not depend on n,,. The rate Tzfel(h“) is proportional to
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FIG. 8. Temperature dependence of (a) isotropic contribution
T, (h) = a and (b) anisotropic contribution 77, (hy, @) =
b(1 — 3 cos® a)? to the rate 15 (hy)~!.

the spectral intensity built at @ < wnmr by the product of
the corelation functions (n,,(¢)n.,(0)) and (S (7)S;(0)). In-
deed, the comparison of the two samples SrMnO, 997 and
SrMnO; g9g, shows that on one hand Tz_elg (h)) is sensitive to
the electron doping level since it decreases in the less doped
SrMnO; g9g and on the other hand, 17T2’_2'p” (hy) is not sensitive,
as expected. The rate Tzz (h)) shows an unusual behavior with
a broad peak around 310 K in StMnO, ¢97 [Fig. 8(a)]. It is
worth to note that at high frequencies w = (1-4) x 103 s,
the thermal behavior of (ne,()n.,(0)) shows no anomaly as
deduced from 17Tl_l(eg) versus T data [Fig. 4(b)] in con-
trast to Tz}i(h\\) which shows that at far lower frequencies
(ne,(t)n.,(0)) leads to an abnormal growth of the fluctuating
17h(eg).

In StMnO; 997, the nonmonotonic variation of 17Tz;lg(T) is
caused by the slow-moving (2x — n,, ) electrons which create
pulselike fluctuations of the local field at the '"O probe. In-
deed, the slow diffusing motion of these electrons increases
the efficiency of the DE mechanism, favoring FM correlated
pairs of neighboring S(t2,) spins in the Mn—'7O-Mn bond.
This ‘77"2jeL(T) unusual behavior indicates the presence of
fluctuations of some short-range magnetic order (SRMO) at
low-frequency in the range wgmo = 27 7, ' (e,), i.e., fluctu-
ations slower than 103 s=!. The SRMO includes the change
of spin configurations from AF to FM order of the two Mn
neighbors in an Mn—O-Mn bond during the time l7T2,gg.

G A C
qar = Wa(l,1,1) qar = Wa(1,0,0) qar = a(1,1,0)
1/a(0,1,0)

FIG. 9. AF spin configurations in the paramagnetic phase of
cubic StMnQO; ¢97 in the magnetic field H = 117 kOe.

In contrast to 7O, the T dependence of ¥7,' shows no
anomaly (Fig. 5). Let us underline that each !7Sr probes the
spin configurations of eight nearest Mn neighbors. The ab-
sence of anomaly means that the sum ¥ 8i=1hi(eg) is zero,
even if during the time 8’7, some pairs of S(f2,) neighbors
become FM correlated within the cubic unit cell. Thus, with
the Tz;i results, we deduce from 7O that there is some short-

range magnetic order at low-frequency whereas with '7Sr, we
deduce that FM order should be excluded within the cubic
unit cell. So that the scrolling of different S(,,) environments
experienced by both NMR probes O and Sr leads only to
the following AF orders in the cubic unit cell (Fig. 9): AF—
G lg=m/a(l,1,1)], AF-C [q = m/a(1,1,0)], and AF-A
[q =7 /a(0,0, 1)] [3]. Thus in cubic StMnO;3_, the slow
fluctuating short-range magnetic order is built from these
three AF ordered unit cells. Being short range, the SRMO
involves slow fluctuation of spin correlations of Mn neighbors
in nanodomains built with a restricted number of unit cells;
its proposed description is as follows. Pairs of neighboring
AF coupled S(#,) spins fluctuate rapidly (1| < | 1) with
the time constant t. = 27 /wex, While the AF configurations
of the eight S(#,,) spins within the cubic unit cell is stable
during a much longer time, T, gmo = 277 /Wsmo corresponding
to fluctuations slower than 10* s~!. During this long time,
the staggered moments of the spin configuration rotate per-
pendicularly to H minimizing the magnetic energy of these
nanodomains, as H > Hypin-fiop->

The existence in the PM state of C and A-type AF con-
figurated cubic cells which are of reduced dimensionality
(Fig. 9) most likely explains the gaplike thermal behavior of
the magnetic susceptibility.

3In the low-temperature phase, the value of Hyin-fiop 1s estimated
as 20 kOe, with the expression Hginop = (H,H.,)"> using the
magnetic field anisotropy H, =200 Oe and the exchange field
He, =1 x 10° Oe. In the PM phase this Hyinqop €stimation is an
upper limit.
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IV. CONCLUSIONS

The manganese oxide SrMnO;z with the Pm3m crystal
structure is a rare example of cubic antiferromagnet. A
lightly electron-doped StMnQO; g97 polycrystalline sample has
been studied in the PM phase with 7O and '7Sr NMR
measurements.

The gaplike peculiar behavior of the bulk magnetic suscep-
tibility d x /dT > 0, is due to the spin susceptibility x, of the
localized spins S(#,,) of the Mn ions, as deduced from 170 and
17Sr NMR shift data. Such T dependence of x being typical of
compounds with low dimensional AF configuration suggests
that in the PM phase some short-range magnetic orders of the
S(t>¢) spins with a lower-dimensional AF configuration should
add to the main three dimensional AF-G type configuration.
We have focused our study on the low-energy spin excitations
in the PM phase by measuring the spin-lattice Tl_l and the
spin-echo decay Tz_1 rates of both probe nuclei in the PM
phase. Thus the time-dependent part of the hyperfine fields
"h(ey), ¥"h(ey), and '"h(2p,) at low frequencies were inves-
tigated.

The thermal behavior of 17Tl_1(2pﬂ) o« T indicates an
almost T -independent value of the characteristic energy of
the damped magnon excitations of the AF coupled S(#y,)
Mn spins, hwg, at g < m/a. Moreover the deduced T'-
independent behavior of x(¢q)/ws(q) ratio at g K< m/a,
indicates a high thermal stability of the fluctuating short-range
magnetic order in the PM phase of StMnO; g97.

The echo-decay rate 17T2_l probes the fluctuations of the
neighboring S(12,) spins at @ < @nm,. The contribution 17T2;1g
is proportional to the spectral intensity of the correlation func-
tion, {n,,(¢)n,(0)), where n,, is the number of fast-moving
doped electrons per Mn with n,, < 2x. Consistently, our re-
sults show that 17T2;i is sensitive to the electron doping level
since it decreases from StMnO; 997 to the less doped sample
SrMnO; g0s. As shown by our shifts data, n,, decreases down
to 7, so that a fraction (2x — n,,) of the doped e, electrons

slow down their Mn—Mn hopping providing local changes of
the double-exchange interaction which favor FM correlated
pairs of neighboring S(t2,) spins in the Mn — 7O — Mn bond.
The rate 17T2Te]g exhibits an unusual behavior with a broad
peak around 310 K in SrtMnO; ¢97. This nonmonotonic vari-
ation which is caused by the slow-moving (2x — n,,) doped
electrons indicates low-frequency (wgmo < 10°s™!) fluctua-
tions of the short-range magnetic order which may include
the change of AF <> FM spin alignment of neighboring
magnetic ions.

For the !"Sr nuclei, which probe the spin configuration of
eight neighboring Mn in the cubic unit cell, there is no Tz’1
anomaly. With the 87T2:,lg results, we deduce that FM order
should be excluded within the cubic unit cell. Both NMR
probes lead only to the following AF orders in the cubic unit
cells: AF-G [q =m/a(1,1,1)], AF-G [¢q¢ = /a(l, 1,0)],
and AF-A [q = 7/a(0,0, 1)] so that the slow fluctuating
short-range magnetic order is built from these three AF
ordered unit cells shown in Fig. 9.

Finally, in contrast to the AF state where FM ordered
nanoregions like small-size magnetic polarons are created by
the doped electrons below 50 K, our study reveals that no FM
ordered cubic unit cells may appear in the PM state so that
more complicated AF short-range spin order exists above Ty
in cubic StMnOs;_,.
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