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Dynamic motion and freezing of polaronic local structures in a colossal-magnetoresistive perovskite
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The magnetic hyperfine field and electric field gradients at a radioactive impurity probe of '!Cd(<« ""Cd)
occupying the La/Ca A site in a perovskite manganaite Lay;Cag3MnO; (T¢ ~ 250 K) were measured by means
of time-differential perturbed angular correlation (TDPAC) spectroscopy. In the paramagnetic-insulator phase
at room temperature, the '''Cd(< """ Cd) probes are distributed in two different environments: distorted and
less distorted sites; whereas in the ferromagnetic-metal phase below T¢, the oscillatory structure of the distorted
component vanishes from the TDPAC function. The vanishing of the oscillation is ascribable to dynamic motion
of polarons dragged by conduction electrons induced by the double exchange interaction. In liquid helium, the
dynamic motion freezes, leaving averaged local distortion. The dynamic motion and freezing of local structures
associated with the colossal-magnetoresistance phase transition to the ferromagnetic phase is discussed on the
basis of temperature-dependent electromagnetic fields at the probe nuclei of the A site ions.
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I. INTRODUCTION

Doped perovskite manganese oxides (R;_,A,MnO3, where
R and A stand for rare earth and alkaline earth metal ele-
ments, respectively) are one of the most promising materials
applicable to future spintronic devices. Since the discovery
of the effect of colossal magnetoresistance (CMR) at high
temperature [1], much effort has been focused on the un-
derstanding of the origin of the phenomenon so as to raise
their magnetic property and electric conductivity [2]. The
CMR mechanism is basically explained in the framework of
the double exchange interaction arising from the e, electron
hopping between heterovalent Mn3*—Mn** ions [3,4]. In
addition, many papers suggest that different phenomena such
as charge and orbital ordering should be taken into account
for the explanation of the physical properties of manganites.
It is also reported that existence of nanoscale inhomogeneous
structures strongly affects their magnetic properties [5,6]. For
a detailed examination of the magnetotransport phenomenon
of manganese oxides, therefore, microscopic information of
local sites is essential. In this respect, atomic scale observation
of the A site is very important because magnetoresistance
of R|_,A;MnOj3 is governed largely by doping of A-site
ions [4,7-9]. Information on an electromagnetic phenomenon
occurring at the A site around the phase transition temperature
is especially important for materials design of functional
devices.

From this point of view, we employed time-differential
perturbed angular correlation (TDPAC) spectroscopy for the
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present study. The TDPAC method is a powerful nuclear
spectroscopic technique, providing atomic level information
on local structures and/or internal fields at the radioactive
nuclear probe through hyperfine interactions between the nu-
clei and the surrounding spins and charge distribution [10,11].
Thus, this spectroscopy fulfills the present requirement for the
investigation of a specific local site. Taking this advantage, we
measured in our previous work the local electromagnetic field
at the A site in a perovskite manganite Lag7Cag3MnOs; with
the '*°Ce(<— '“"La) probe [12]. In the study, we succeeded
in observing a dramatic change in the hyperfine field at the
probe nucleus residing in the La/Ca A site below Tz ~ 250 K,
demonstrating that the magnetic transition of Mn at the B site
largely affects the local field at the A site [13].

The next stage of this study is to clarify the structural
change at the A site in Lag7;Ca3MnOs; at temperatures above
and below T¢. As regards the local electronic structure, the
formation of polarons in the vicinity of Mn ions has been dis-
cussed in the literature [14,15]. Because they cause distortion
of their neighboring structure, their formation and behavior
could also be detected via electric quadrupole interaction
between the adjacent probe nucleus and the electric field
gradient (EFG) produced by the polarons. For clear informa-
tion on the local structure, in the present work, we adopted
the '''Cd(<— '"'"Cd) probe because it is nonmagnetic and
sensitive to the EFG. From the temperature dependence of
the EFG at the '''Cd(« """"Cd) probe occupying the La/Ca
A site, in this paper, we discuss the formation and dynamics
of Jahn-Teller (JT) polarons associated with the effect of
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electric conductivity. In addition to the information of the
local structure, we also discuss the contrastive marked change
in the local field at the '“°Ce nucleus observed in our previous
work [12].

II. EXPERIMENTS

Powder Laj;Cap3MnO;3; was synthesized by a conven-
tional solid-state reaction in air [16,17]. The stoichiometric
amount of starting powder materials (MnO,, La;03, and
CaCO3) was thoroughly mixed in a mortar. The powder
mixture was calcined on a platinum plate at 1273 K for
12 h. After cooling down to room temperature, the sample was
again ground to uniformity, and it was pressed into a disk. The
disk was then sintered on a platinum plate at 1473 K for 96 h.
For the characterization of the synthesized Lag7Cay3MnOs3,
powder x-ray diffraction (XRD) patterns were obtained at dif-
ferent temperatures using Cu-Ko radiation, and magnetization
measurements were carried out to investigate bulk magnetic
behavior of the sample.

About 3 mg of cadmium oxide (CdO) enriched with ''°Cd
was irradiated with thermal neutrons in the research reactor of
Kyoto University (KUR) with a flux of 5.5 x 10! cm=2 57!
typically for 60 min, and radioactive '''""Cd was generated by
the ''°Cd(n, y)!"'"Cd reaction. For the introduction of the ra-
dioactive nuclear probe into the sample, the neutron-irradiated
CdO powder was then added into 250 mg of Lay7Cag3MnO3
powder sample synthesized above. After being mixed in a
mortar, the mixture was pressed into a disk and sintered
in air at 1373 K for 45 min, and TDPAC measurements
were performed in the way described below. Through the
introduction of the '''"Cd probe, the pristine Lag 7Cag 3MnO3
was inevitably doped with 2 at. % of nonradioactive Cd ions
together with the probe; this treatment possibly brings about
substantial change in the physical property of the sample. In
order to examine the possibility, we synthesized an identical
sample of 2 at. % nonradioactive Cd-doped Lag;Cag3MnO3
through the same synthetic procedure taken for the intro-
duction of the ''"Cd probe, and the powder XRD pattern,
magnetization curves and resistivity curves were obtained for
the synthesized sample.

TDPAC measurements were carried out for the sample
containing the ''Cd(<« "' Cd) probe on the 151-245 keV
cascade y rays with the intermediate states of / = 5/2 having
half-life of 85.0 ns [18]. A simplified decay scheme of the
probe is shown in Fig. 1(a). For the y-ray detection, a con-
ventional four detector system of BaF, scintillation detectors
was adopted to observe delayed coincidence events of the
cascade at 7 and 7/2 radians. In the present work, we obtained
the directional anisotropy of the cascade as a function of
the time interval of the y-ray emissions by the following
relation:

NG, t) — N(t /2, 1)]
NG, t)+2N(/2,1)

AnGxn(t) = ey

where Ay, denotes the angular correlation coefficient repre-
senting the magnitude of the directional anisotropy of the
cascade y rays, G (t) is the time-differential perturbation
factor as a function of the time interval, ¢, between the
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FIG. 1. Simplified decay schemes (a) of the '''Cd(<« '"'"Cd)
and (b) of the °Ce(« '¥°La) probes. The latter is displayed for
reference for the discussion in Sec. III B 2.

cascade y-ray emissions, and N(6,t) are the number of
the delayed coincidence events observed at an angle, 6.
Low-temperature TDPAC functions were obtained with the
sample sunk in respective cryogenic liquids: dry-ice con-
taining ethanol (201 K), liquid nitrogen (77 K), and liquid
helium (4.2 K).

III. RESULTS AND DISCUSSION

A. Sample characterization

Structural characterization of the synthesized polycrys-
talline Lag7Cap3MnO3; was carried out by the powder XRD
patterns. The room-temperature diffractogram is shown in
Fig. 2(a). The diffraction peaks demonstrate that an or-
thorhombic perovskite structure is formed as expected. Tem-
perature dependence of the angle of a diffraction peak ob-
served at 26 ~ 58.55 degrees shown in Fig. 2(b) evidences
the phase transition at 250 K, which demonstrates that the
structural change is coupled with the magnetic transition
stated just below.

Typical magnetization curves of zero-field-cooled (ZFC)
and field-cooled (FC) runs for the sample are shown in Fig. 3.
The abrupt change in the magnetization curve at around 250 K
indicates the paramagnetic-ferromagnetic phase transition.
These structural and magnetic characterizations corroborate
the successful synthesis of Lag7Cag3MnO; reported in the
literature [17].

The powder XRD pattern, magnetization curves and re-
sistivity curves for the 2 at. % nonradioactive Cd-doped
Lagp7Cap3MnOj3 are shown in Fig. 4. Any secondary phase
was detected in the XRD pattern shown in Fig. 4(a), sug-
gesting that Cd ions were successfully introduced in the
matrix as solid solute. The temperature dependence of the
M/H curves in Fig. 4(b) shows a similar trend to that of
the pristine Lag ;Cap3MnO3 shown in Fig. 3, suggesting that
paramagnetic-ferromagnetic phase transition takes place at
Tc. The slight shift of 7¢ is ascribable to the effect of the Cd
doping. As for the resistivity shown in Fig. 4(c), we can see a
typical temperature variation expected for the CMR effect at
around 7¢. The shoulder-like undulation at around 260 K may
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FIG. 2. (a) Powder x-ray diffraction pattern of Lay;Cay3;MnOs3
at room temperature, and (b) temperature dependence of the diffrac-
tion angle for the peak at 20 ~ 58.55 degrees. The solid line is a
guide to the eye.

also be attributed to the effect of the Cd doping. Although
slight changes can be pointed out for both measurements, it
was found that Cd-doping does not substantially disturb the
original property of Lay;Cag3MnOj3. The results of the TD-
PAC measurements are discussed based on these observations.
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FIG. 3. Magnetization curves for Lag;Cay;MnO; taken zero
field cooled (ZFC) and field cooled (FC) at 100 Oe.
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FIG. 4. (a) Powder XRD pattern, (b) magnetization curves taken
zero field cooled (ZFC) and field cooled (FC) at 100 Oe and (c)
resistivity curves observed for 2 at. % Cd-doped La;;Cay3;MnOs5.

B. Electromagnetic fields at the A site

1. Temperature-dependent local structures at the
M ed(« MmCd) probe sites

Figure 5 shows the TDPAC functions of the '"'Cd(<«
Hmcd) probe in Lag7Cag3MnO; measured at different
temperatures. As is obvious from Fig. 4(b), the sample is
in the paramagnetic state at room temperature. The room-
temperature function in Fig. 5(a) was therefore fitted with the
following perturbation factor Gy,(¢) assuming only electric
quadrupole interaction between the probe nucleus on the in-
termediate state of the cascade (I = 5/2) and the extranuclear
charge distribution due to the paramagnetic nature of the
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FIG. 5. TDPAC functions of '''Cd(<« "'""Cd) in polycrystalline
Lay;Cay3MnO; measured (a) at room temperature, (b) at 201 K, (c)
at 77 K, and (d) at 4.2 K.

sample:

3
Gu(t) =020+ »_ 020 cos(@yt). @)

n=1

In Eq. (2), the amplitudes o,, are functions only of the
asymmetry parameter 7 = (Vi — V,,)/V.(0 < n < 1) for the
principal axes of the EFG chosen as |V,| < V| < [V|. An
EFG can be described by using the two tensor parameters V,,
and 7 for the diagonalized symmetric EFG tensor. The fre-
quencies w, are related to the electric quadrupole frequency,

wo = - eQV., 3)

Q21— 1)h
for the asymmetry parameter n = 0, for example, in such a
way as w; = 6wy, wy = 12wy, and w3 = 18wy. In Eq. (3),
the quadrupole moment of the probe nucleus on the relevant
intermediate state of the cascade is Q = +0.74(7) b [18], and
the other symbols have usual meanings. It is to be noted that

a normal distribution, §, was included in fits of quadrupole
frequencies for all perturbation functions in Fig. 5, with fitted
values given in Table 1.

The least-squares fit revealed that there coexist two differ-
ent components (C1 and C2) in the room-temperature TDPAC
function shown in Fig. 5(a), exhibiting distinct hyperfine
interaction parameters as listed in Table I. The wp and 1 values
for C1 are greater than those for C2, signifying that the site
of the dominant component Cl1 is largely distorted compared
with C2 site. In the orthorhombic structure, the Mn3tQg
octahedra are regarded as distorted by the JT effect due to
singly occupied e, orbitals in Mn**, where polarons would
be locally formed via the electron-lattice interaction [14,15];
whereas for Mn*TOg, the octahedra are not subject to the
JT effect. Taking into consideration the fact that the fraction
ratio of the components (fc1/fc2) shows agreement with the
stoichiometric ratio of Mn** /Mn** (= 0.7/0.3) in the present
sample, we can assume that the degree of distortion of MnOg
octahedra is directly related to the asymmetry (1) and the
electric quadrupole frequency (wp) at the cd probe nuclei
forming C1 and C2. This interpretation is not applicable to a
matrix in which Mn** and Mn** are randomly distributed in
the lattice but to one in which Mn ions of different valences
(Mn**+ and Mn**) individually form their aggregates, and the
Cd probes involved in each aggregate are perturbed by
the different EFGs produced by the neighboring Mn3*+/4+ Qg
octahedra. Stripe formation with alternate layers of Mn**
and Mn*" ions observed for Lag-,Cag3MnO5 [15,19] is con-
sistent with this explanation; that is, this is an atomic-level
observation of the polaron clusters from the viewpoint of the
nonmagnetic La/Ca A site. [For the site assignment of the
M cd(« "'"™Cd) probe, see the next section. ]

As regards the low-temperature TDPAC functions shown
in Figs. 5(b) and 5(c), the pattern is obviously different from
that in Fig. 5(a) reflecting the phase transition below T¢. For
the magnetic interaction between the magnetic moment of the
probe nucleus and the hyperfine field, By, the perturbation
factor Gy, () is expressed with

Gu(t) = %[1 + 2 cos(wrt) + 2 cosCwrt)], “)

where w;, stands for the Larmor frequency, which is a function
of By in the following relation:

oph = —gnunBy. (5)

Because of the low temperature measurement below 7¢, the
perturbation functions were fitted assuming the presence of
both magnetic hyperfine field and EFG at the probe nucleus
[10]. As a result, the upper limit value of the hyperfine field
(Bry < 0.048 T) was obtained as shown in Table I. Because
of the negligibly small value, however, only the perturbation
by the EFG is taken into account for the present multicom-
ponent analyses for simplicity. (The small value is discussed
in the next section.) From the fits, we found that only the
C2 component survived but the oscillatory structure of Cl
completely disappeared from both of the low-temperature
functions. However, the amplitude of C2 does not change
from that appearing in Fig. 5(a): namely, the disappeared C1
component does not contribute to the fractional increase of
C2. For the analysis of the functions in Figs. 5(b) and 5(c),
we fitted the data introducing an exponential function to the
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TABLE I. Hyperfine interaction parameter values obtained by least-squares fits on the TDPAC functions of ''Cd(< '"Cd) in

La0_7CaoA3MnO3,

Temp. Comp. wg (Mrad s™!) n 8 (%) A (108 s71) f(%) By (T)

RT. C1 21.0(1) 0.51(1) 14(1) - 69(1) -
c2 14.0(1) 0.19(1) 12(1) - 31(1) -

201 K Cl1 - - - 8.0(53) 63(5) —
C2 14.1(2) 0.09(1) 9(2) - 39(5) < 0.048

77K Cl - - - 4.109) 59(16) -
2 14.0(1) 0.21(1) 12(1) - 41(11) <0.048

42K Single 18.7(6) 0.41¢ 42(4) - 100 -

#Fixed to the weighted mean value of 1 at room temperature.

perturbation factor assuming a fast relaxation of the probe
nucleus for the C1 component [20]:

G (t) = fexp(—At)

3
+1 - f)|:02,0 +Y oo COS(wnt)]- (©)

n=1

Here, A denotes the relaxation constant for the C1 component.
The results of the fit are also shown in Table I. The fast
damping of C1 suggests that the static JT effect on the local
lattice structure at temperature above 7¢ changed to a dynamic
effect below T¢ by the phase transition to the ferromagnetic
metal. We understand this phenomenon to mean that
delocalization of e, electrons causes fluctuation of the local
field of nearby lattice, which leads to dynamic perturbation
to the adjacent '''Cd probes. The time scale of the fluctuation
can be deduced by the following relation between A and
the correlation time for the changes of the extranuclear field
7. [10]:

S
A= Crad, @)

5
Using the wp value at room temperature [= 21.0(1)
Mrad s~!], the correlation time was evaluated to be
7. = 1.8(12) x 1078 s at 77 K. We found from the result
that the time scale of the fluctuation of the JT-distorted local
lattice is slow enough to cause the fast nuclear spin relaxation
of the probe.

The oscillatory structure in the perturbation function in
Fig. 5(d) is distinct from those in Figs. 5(b) and 5(c). We
analyzed the function assuming a single component with a
wide distribution in the quadrupole frequency as listed in
Table I. This result shows that the effect of the lattice dis-
tortion was spread to the whole system at this low tem-
perature. The disappearance of the dynamic effect observed
in the higher-temperature functions in Figs. 5(b) and 5(c)
may signify freezing of the fluctuation of the polaronic local
structures, suggesting that they can no longer follow the
electron movement at this low temperature. The large distri-
bution in the quadrupole frequencies may also be ascribable
to the freezing of the fluctuation, resulting in random local
structure. The obtained value of the quadrupole frequency,
wo = 18.7(6) Mrad s™!, agrees well with the weighted mean

value of those for C1 and C2 observed at room temperature,
demonstrating the validity of the analysis.

2. Magnetic hyperfine fields at the probes in the La/Ca A site

For the site assignment of the '"'Cd(<— "''"™Cd) probes,
it is natural to consider that they substitute for the A-site
jons [21,22] because the ionic radius of Cd** (131 pm) in
the dodecahedral coordination geometry is close to those of
La** (136 pm) and Ca®>* (134 pm). This interpretation is
corroborated by the magnitude of the magnetic hyperfine field
(Byy) at the probe site. The By,s at the ' Cd(« '''"Cd) probe
site is vanishingly small (< 0.048 T) even at the temperature
far below T¢. This small value provides an important clue to
the probe site. If the '''Cd(<«— "™ Cd) probe occupies the B
site, a spin density would be fully transferred to the probe
from Mn ions through oxygen p orbitals due to the bond angle
of '"'Cd(B)-O-Mn close to 180°, and a considerably large su-
pertransferred magnetic hyperfine field (SMHF) should be ob-
served at the '''Cd site [23—25]. Thus, the present small field
provides circumstantial evidence that the g« Mneg)
probe occupies the La/Ca A site which is connected to Mn
through O at the bond angle of ' Cd(A)-O-Mn close to 90°.

Then, what causes the marked change in the local field at
the “°Ce(« '“OLa) probe nucleus in the same A site below
Te(Bpy = 6.3(9) T at 240 K) [12]? There should be a distinct
factor for the production of such a large field characteristic of
the '“Ce probe. We preliminarily proposed in our previous
work [13] that the origin of the large field at the '*°Ce nucleus
is the hyperfine interaction with a 4 f spin slightly oriented by
the small SMHF from adjacent Mn ions under ferromagnetic
phase. The presence of a 4f electron signifies that the probe
ion takes the trivalent state, '*0Ce3t, despite the fact that the
parent of the probe, '*°La’*", emits a 8~ particle in the nuclear
decay process to transform into '*°Ce**. Because the initial
B~ -decay product “°Ce** is in the metal phase below 7¢,
the electron rearrangement in its atomic orbital presumably
completes within 10~!2 s through contribution of conduction
electrons [10], resulting in reduction to the trivalent daughter
140Ce*+ mostly before the first y-ray emission of the cascade.
[Note that the half-life of the initial state of the cascade on the
2412 keV level is as long as 55 ps [18]. See Fig. 1(b)]. The in-
formation provided during the time window of the observation
is therefore of the perturbation to '“°Ce3*, where a 4 f electron
significantly contributes to the nuclear spin precession.
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In relation to the effect of a 4f electron, incidentally, we
should note the report that vanishing hyperfine fields of an
upper limit of 0.3 ~ 0.4 T were observed, even below the
Néel temperatures, at the '*°Ce(< '“La) probe generated
by the same nuclear reaction in antiferromagnetic perovskite
compounds LaCrO3 and LaFeQOj3 [26]. This observation can be
interpreted as meaning that the probe remains in the tetrava-
lent 40Ce** state in the conduction-electron free insulating
phases over the time of observation, resulting in very small
local magnetic fields produced at the 1*°Ce probe, as observed
for the present ''Cd(<« !'""Cd) probe.

IV. SUMMARY AND CONCLUSION

In the present work, the magnetic hyperfine field and/or
EFGs at the ''Cd(< ""Cd) probe in a perovskite
Lag7Cap3MnO; were measured by means of TDPAC spec-
troscopy to clarify the phenomenon locally occurring at the A
site. Temperature dependence was observed for the TDPAC
functions obtained above and below 7. Two different com-
ponents (C1 and C2) were detected in the room-temperature
function: the C1 site is highly distorted and the C2 site less
distorted; whereas at 201 and 77 K (< T¢), the oscillatory
structure of C1 completely disappeared from the function.
Taking the CMR property of the sample into consideration,
we assigned Cl to the probes involved in aggregates of
Mn3*+Og octahedra, which are highly distorted by the for-
mation of polarons arising from the Jahn-Teller effect, and
C2 to those of Mn*TOy octahedra. The disappearance of the
oscillatory structure of C1 below T¢ is explained by the fast
relaxation of the probe nucleus caused by fluctuation of the

polaronic local lattice dragged by conduction electrons. At
helium temperature, the TDPAC function consists of a single
component with an averaged quadrupole frequency, indicating
freezing of the fluctuation. It is interesting that the temperature
variation of the local fields observed by the present '''Cd
probe is consistent with a recently reported phase diagram of
La;_,Ca,MnOs [27].

The nonmagnetic '''Cd(< '''"Cd) probe in the A site is
magnetically perturbed at 77 K, but the field (SMHF from ad-
jacent Mn ions) is vanishingly small (B,; < 0.048 T), while
the local field observed at the '“°Ce probe in the A site is
significantly large at temperature below 7. We conclude that
the origin of the large field at the probe is the contribution of
a 4f electron as in the trivalent state of '4°Ce®*. The large
field has been preliminarily attributed to the orientation of
a 4f spin by the SMHF from ferromagnetically ordered Mn
ions due to the relatively large magnetic moment of the “°Ce
nucleus on the intermediate level; however, a possible effect
of the nuclear quadrupole interaction with the EFG produced
by a 4f electron on the large field also needs to be estimated
for precise estimation of the hyperfine field.
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