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1SR investigation of magnetically ordered states in the A-site ordered perovskite manganites

RBaMn,O¢ (R =Y and La)
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The magnetically ordered states of the A-site ordered perovskite manganites LaBaMn,Og and YBaMn,Og have
been investigated by muon spin relaxation in zero external magnetic field. Our data reveal striking differences in
the nature of the magnetically ordered state between these materials. For LaBaMn,Og, the SR time spectra in
the ferromagnetic state below ~330 K reveal a strongly inhomogeneous phase, reminiscent of a Griffiths phase.
Within this magnetically inhomogeneous phase, an antiferromagnetic state develops below 150 K, which displays
well defined static internal magnetic fields, but reaches only 30% of the volume fraction at low temperatures. A
broad distribution of SR relaxation rates is inferred down to the lowest temperatures. This behavior is similar to
that in the A-site disordered LaysBagsMnOj3. On the other hand, for YBaMn,Og, the 1SR time spectra for both
(i) the charge and orbital ordered and (ii) the paramagnetic phases reveal rather homogeneous states, namely, an
exponential relaxation in the paramagnetic state and well defined muon spin oscillation in the antiferromagnetic

state.
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I. INTRODUCTION

In the last few decades a great deal of experimental and
theoretical research efforts have been devoted to perovskite
manganites with chemical formulas of R} " A2*MnO; (R** =
rare earth ions, A = alkaline-earth ions) because they show
arich variety of fascinating electromagnetic properties, such as
the colossal magnetoresistance (CMR), charge and orbital or-
dering (COQ), and metal-insulator transition. Recently, a great
deal of attention is given to A-site-ordered perovskite mangan-
ites, materials with an ordered arrangement of two cations, R+
and A%, at the A site of the perovskite structure.!-?

RBaMn;0¢, an A-site-ordered manganite is formed by
substituting 50% of rare earth by barium ions in RMnO3.>*
The crystal structure of RBaMn,Og is schematically shown in
Fig. 1. Ithas a layered ordering of R3* and Ba>* ions along the
¢ axis, resulting in a stacking of two-dimensional structures
with the sequence of -RO-MnO;-BaO-MnO,- planes. The
structure of RBaMn,Og¢ at room temperature has a tetragonal
a, x b, x2c, cell (a, = b,) with no tilt of MnOg octahedra
for R = La, Pr, and Nd (dashed lines in Fig. 1), while for
R = Sm-Y the structure has a larger unit cell of \/Ea,, X

\/Ebp x 2c¢, with a tilt of MnOg octahedra.’>® Here the
three lattice constants a,, by, and c,, are associated with the
cell of the corresponding A-site disordered Ry sBagsMnOs.?
The ﬁap X \/sz x 2¢,, unit cells for R = Sm, Eu, and Gd
are orthorhombic but those for R = Tb, Dy, Ho, and Y are
monoclinic.>”?

The ordering of R3* and Ba’* ions dramatically changes
the phase diagram of the disordered Ry sBagsMnQOs.> The
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remarkable features of the A-site ordered RBaMn,QOg are the
following. (i) The COO transition temperature Tcq is very high
for R = Sm-Y, while magnetic glassy states are common in
Ry sBay sMnO; except for R = La. (ii) In the phase diagram
of temperature T vs the ratio of ionic radius 7; (= rg3+/rpaz+)
there is an abrupt phase transition near r; = 0.785 between
a COO and ferromagnetic metal (FM) states with critical
temperatures Tco(r;) and T¢ (7)), respectively. Near the phase
boundary no drastic changes in T¢ or Tgo are observed.
The second feature of RBaMn,Og is considered to be a key
characteristic for the development of new materials that exhibit
CMR at room temperature.'%!!

Among the series of RBaMn,;Og¢, YBaMn,O¢ has the
highest ordering temperatures; a structural change from a
triclinic to amonoclinic at 7, ~ 520 K, charge and orbital order
at Tco =~ 480 K, and an antiferromagnetic spin order with Ty
just below 200 K.>>~7-12-15 The distinct hysteresis at 7, and Ty
both in the susceptibility and the electrical resistivity indicate
these transitions to be first order, while the transition at Tco was
suggested to be second order.® These transition temperatures
are by far higher than the spin-glass transition temperature of
about 50 K in the disordered form Y, sBagsMnO3. The high
Tco is considered to be due basically to the stacking order of
Y3+ and Ba?t in the structure, which results in the absence of
electrostatic potential disorder.

The ordering patterns of orbital, charge, and spin in
YBaMn,Og are also closely related to the peculiar structure to
the A-site ordered perovskite.!® The charge order below Tco
is suggested to be a checkerboard type in the MnO; plane.
The orbital ordering pattern in the MnO; plane is the so-called
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FIG. 1. Crystal structure of RBaMn,0Og¢, where the three lattice
constants a,, b,, and c, are associated with the cell of the corre-
sponding A-site disordered Ry sBaysMnO;. Dashed lines indicate the
tetragonal unit cell of RBaMn,0O¢ (R = La, Pr, and Nd). Distortions
and tilting of MnOg octahedra are not shown.

charge-exchange (CE) type, which is the prototypical case in
Ry 5A0sMnO; (for example, see Fig. 3(A) of Ref. 16), but
here it has a new stacking pattern with a fourfold periodicity
along the ¢ axis, most probably a«afp type, the same as in
SmBaMn,Og.!"2° The rearrangement of the stacking pattern
in the orbital order is induced by the spin order below Ty . The
spin ordering pattern in the MnO; plane is of the zigzag CE
type with the stacking pattern of a8 type along the ¢ axis.
The Y/Ba order along the ¢ axis in YBaMn,Og may induce
alternating ferro- and antiferromagnetic interactions between
neighboring layers, resulting in the observed spin structure.
Hereafter we denote this antiferromagnetic insulating phase
as AFI(CE) phase.

A related and interesting material LaBaMn,Og shows a
transition from the paramagnetic metal to the FM phase at
Te ~ 330 K.»!121521.22 The transition temperature is moder-
ately enhanced with respect to 280 K in LajysBaysMnOs.
The neutron diffraction and NMR measurements revealed
that part of the FM phase transforms to the AFI(CE) phase
below ~200 K and that the AFI(CE) phase coexists with
the FM phase in the ground state.’’:>3 A similar coexistence
was previously observed in R;_,A,MnO; and attributed
to the A-site disorder or fluctuation of composition. The
observation of the phase separation in the A-site ordered
LaBaMn,Og reveals that this is not due to disorder at the
A site, that is, phase separation and coexistence of ferro-
and antiferromagnetic phases are intrinsic phenomena in the
perovskite manganites. Previous NMR results showed that the
microscopic magnetic properties of the FM phase are very
similar to those of the disordered Lag sBag sMnOs3.2° While the
transition temperature is moderately enhanced, the magnetic
properties of the FM phase are not affected by the order or
disorder at the A site in LaBaMn,Og.

Given the puzzling state of affairs regarding the AFI(CE)
and the FM phases in the A-site ordered manganites, we
have performed muon-spin-relaxation («SR) measurements
on YBaMn,O¢ and LaBaMn,O¢. We stress that these two
compounds provide a unique opportunity to study different
aspects of the A-site order, which result in dramatic changes
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of the physical properties in the Y compound, and a uniform
ground state may be attributed directly to the A-site order.
As explained above the situation is very different for the La
compound.

Our results reveal an inhomogeneous magnetic FM phase
for the A-site ordered LaBaMn;QOg. This is indicated by the
absence of muon spin oscillation in the SR time spectra and
the significant deviation from a single exponential form in
the relaxation. The spatially inhomogeneous spin dynamics
in the FM phase may be naturally associated with intimate
intermixing of different magnetic phases, such as in the case of
the Griffiths phase. Within this magnetically inhomogeneous
phase, an antiferromagnetic state develops below 150 K,
which displays well defined static internal magnetic fields, but
reaches only 30% of the volume fraction at low temperatures.
In the AFI(CE) state of YBaMn,Og, the magnetic properties
extracted from the wSR results agree with the expectations
for a charge-ordered antiferromagnet, that is, the observed
muon spin oscillating frequencies are consistent with the
checkerboard-type charge order and the antiferromagnetic spin
order proposed by the neutron diffraction study, where e,
electrons of Mn* ions are well localized.

II. EXPERIMENTAL PROCEDURE

Powders of RBaMn;0s5,s5 (R =Y and La) were obtained
by a solid-state reaction of R,03, BaCOs, and MnQO,. After
repeating the sintering process in pure Ar gas, the obtained
ceramics were annealed in flowing O, gas, resulting in
the A-site ordered perovskite RBaMn,Og. The details of
the preparation method are described in the literature.”> The
crystal structure and magnetic properties of both samples were
measured and found to be consistent with the published data.’

The samples for the present £SR measurements were used
in the previous >Mn-NMR experiments.?>?* In the >Mn-
NMR spectrum, one can clearly distinguish between the A-
site ordered LaBaMn,Og and the disordered Lag sBag sMnO5
from their resonance frequencies.”> We confirmed that the
majority of the material is A-site ordered for both samples; the
degree of A-site order is about 92% for LaBaMn;Og. As for
YBaMn, Oy, we did not observe >>Mn-NMR signal originating
from impurity or secondary phases,?” although the x-ray
powder diffraction detected minor impurity of BaMnQO3_; (less
than 1%).°

The SR data for YBaMn,Og have been taken by using
surface muon at the M 20 muon channel at TRIUMF (Vancou-
ver, Canada) and on GPS at PSI (Villigen, Switzerland). For
the 1SR measurements on LaBaMn,O¢ we have employed the
M?20 muon channel at TRIUMF and the 7 A muon channel at
KEK (Tukuba, Japan). All the SR data presented here have
been measured in zero field (ZF).

III. RESULTS AND DISCUSSION

A. YBaMn,Oq4

We show three examples of the ZF-uSR time spectra
of YBaMn,Og above and below Ty = 195 K in Fig. 2. A
spontaneous Larmor precession is observed in the data below
Ty, characteristic of a static magnetically ordered phase. The
Fourier transform FFT of the time spectra below Ty are shown
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FIG. 2. (Color online) ZF-uSR time spectra of YBaMn,Og¢ at
246, 174, and 75 K.

in Fig. 3, where four well-resolved frequencies are evident
at low temperatures. The time spectra above Ty were fitted
using G.(t) = Aexp(—At), where A and A are the initial total
asymmetry and the relaxation rate, respectively. Below Ty,
the functional form of the ZF-uSR time spectra includes
oscillating terms

G.(t) = A exp(—Ait)
+ D Agyexp(—hot) cosmuit + ), (1)

describing the effect of the static internal fields.
Ay; (O, Ari = A — Ay)and v; are the ith oscillating compo-

YBaMn,Oq4

174 K

FFT Amplitude (arb.units)

100
Frequency (MHz)

FIG. 3. (Color online) Fourier transform FFT of the time spectra
below Ty in YBaMn,Og.
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FIG. 4. (Color online) Temperature dependence of (a) A and A,
(b) A and A, and (c) v; in YBaMn,Og. Filled and open symbols
indicate the data measured on cooling and warming, respectively.
Inset shows the BaO plane (z = 0.5), where green filled circles,
red open circles, and blue stars represent Ba, O, and muon sites,
respectively.

nents of amplitude and frequency, respectively. ¢ is the initial
phase, the same for all the oscillating terms. The associated
relaxation rates, longitudinal and transversal, are 1 and A, ;,
respectively. The red solid lines in Fig. 2 represent the best fits
to the data by using Eq. (1).

The parameters (a) A, Ay, (b) A, A1, and (c) v; obtained for
various temperatures are summarized in Fig. 4, where A and A
(Ajand Aj)correspondto T > Ty (T < Ty). Aslight but clear
hysteretic behavior in these parameters for the data measured
on cooling (filled symbols) and on heating (open symbols)
reveals first-order features of the antiferromagnetic phase
transition. The situation, however, is complicated because
the transition also reveals critical fluctuations [see Fig. 4(b)]
which are normally associated with second-order type phase
transitions. All this points to a weak first-order type phase
transition.?* We note that the first-order features may be related
to a possible structural transition. The antiferromagnetic order
is accompanied by a change in the COO superstructure.'3

The initial total asymmetry A ~ 0.22 has a very weak
temperature dependence above Ty . A}, representing the signal
from muons polarized along the direction of the internal field,
decreases due to the antiferromagnetic spin order just below
Tyn. We define the transition temperature as Ty = 183 and
173 K for the warming and cooling process, respectively, from
the inflection point of A;. The ratio A;/A =~ 1/3 is expected
if all the implanted muons are exposed to static local fields
in a polycrystalline sample. A;/A is, however, slightly larger
than 1/3 below Ty and reaches 1/3 only below 50 K. This
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result suggests that a very small fraction of the sample, most
probably an minority phase BaMnOs_s or Yo sBaysMnOs3,
orders magnetically below ~50 K. Therefore, the muon spin
oscillation with vy = 101.1 MHz [see Figs. 3 and 4(c)], that
appears only below 50 K, is considered to be extrinsic.
The existence of a minority phase is also indicated by an
anomaly in x(7') at the same temperature.”> The broad peak
in the relaxation rate just below Ty may be due to a critical
slowing down of Mn magnetic moments accompanying the
antiferromagnetic order.

Below Ty one detects in the SR time-spectra oscillations
with frequencies v, = 20.2 MHz, v, = 24.8 MHz, and v; =
88.9 MHz. They reveal quasistatic internal magnetic fields of
B = (2n/y)v, where y =2 x 135.5 MHz/T is the muon
gyromagnetic ratio and B is a local static magnetic field at
muon site. The inferred local fields are 0.15, 0.18, and 0.66 T
at 2.5 K, respectively. The high values of the frequencies just
below Ty, v;(Txn)/vi(0) ~ 0.6 reveal first-order type features
of the magnetic transition.

The observation of three precession frequencies indicates
multiple magnetically inequivalent stopping sites for the muon.
Considering that dipolar fields dominate the local field at
the muon site in LaMnO3,2%?” we estimated the fields for
possible muon sites about 1 A away from oxygen ions and
in the large empty space in the MnO, plane, and adopting
the crystalline and the magnetic structure with the CE-type
ordering in the MnO, plane with the ¢a88-type stacking along
the ¢ axis.®'*> We propose a likely muon site at (0.8,0.96,0.5),
about 1.2 A away from the oxygen positions in the BaO
plane, where the estimated dipolar fields agree roughly with
the observed local fields. The position of the muon site is
indicated by blue stars in the inset of Fig. 4(c), where all the
plotted stars are crystallographically equivalent. It is close to
the muon site for LaMnO3,2%7 but not exactly the same. One
may not expect to have exactly the same muon sites, because
the O-ion displacements from their ideal positions are much
smaller in YBaMn,;Og than those in LaMnOs. In addition, the
spatial distribution of electrostatic potential are expected to be
different from each other, because Mn3* and Mn** have the
checkerboard-type ordering in the MnO, plane of YBaMn,Og,
while the valence of Mn ion is uniform for LaMnO;. We
stress that not only the magnitude of the estimated fields of
0.208, 0.232, 0.235, and 0.580 T at the muon sites agree with
the experimental results but also the relative intensities are
consistent with the observed intensity in the Fourier spectra
(see Fig. 3). In particular, the intensity at v; is twice as large
as those at v; and v3. A detailed discussion on the muon site
derivation is given in the Appendix.

In the case of LaMnOs, the transferred hyperfine field
vanishes by symmetry considerations of the A-type magnetic
structure (ferromagnetic planes are stacked antiferromagneti-
cally along the ¢ axis) with a tiny canting.”® For YBaMn,Og,
symmetry arguments do not imply a vanishing transferred
hyperfine field in the BaO plane. Nevertheless, the estimated
field at the muon site (0.8,0.96,0.5) is consistent with the
experimental results and the site is close to that in LaMnO3;. We
conclude, therefore, that the dipolar contribution to the local
field is dominant in YBaMn;Og. The transferred hyperfine
field may account for the small difference between the
estimated dipolar fields and experimentally observed values.
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FIG. 5. (Color online) Time spectra of LaBaMn,O¢ at 324,
300, 240, and 160 K in zero magnetic field. The solid curves
indicate the best fit by the stretched exponential model for respective
temperatures.

B. LaBaMn,Oq

Figure 5 shows the ©SR time spectra of LaBaMn,Og in
zero field at 324, 300, 240, and 160 K. In the FM phase, below
T¢, no clear muon spin oscillation is observed. The onset of
the magnetic order is indicated by a decrease in the initial
asymmetry and the deviation from a single exponential form
in the relaxation curve. The time-spectrum data have been
fitted using a stretched exponential model

G(t) = Aexp(—Ar)", @)

where A is an initial asymmetry, A is a longitudinal muon
spin relaxation rate, and # is a stretched exponent. A stretched
exponent n ~~ 1 reveals a small distribution of the relaxation
rates, while smaller values n < 1 suggest a distribution of the
rates. The best fits are represented by the red solid lines in
Fig. 5.

The temperature dependence of A, A, and n are summarized
in Figs. 6(a), 6(b), and 6(c), respectively. Here the dotted
line represents the Curie temperature T¢ ~ 300 K, defined
as the inflection point of A(T). Above T., A ~0.22 has a
weak temperature dependence. With decreasing temperature,
A starts to decrease at 330 K and reaches about one third
of the value in the paramagnetic metal phase below 250 K.
The unobserved initial asymmetry at low temperatures in
Figs. 5 and 6 (2/3 of the total) is interpreted as evidence
for a very fast relaxing component (probably transversal). We
only observe the relatively slow relaxing component (probably
longitudinal). Another striking feature of our data is the large
inhomogeneous broadening of the magnetic transition which
is discussed below. One third of the initial asymmetry in the
magnetically ordered state represents the signal from muons
polarized along the direction of the internal field in a powder
sample. Since in our case this value corresponds to one third of
the total asymmetry in the paramagnetic state, our data show
that the volume fraction of magnetic phase is almost 100%.

The temperature dependence of A reveals a peak at 280 K,
somewhat below T¢, and a broad maximum at 125 K. The
peak at 280 K may be associated to a critical slowing down
of Mn magnetic moments usually accompanying the onset of
ferromagnetic order, although the peak temperature is slightly
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FIG. 6. (Color online) Temperature dependence of (a) A, (b) A,
and (c) n for LaBaMn,O¢ data measured at zero magnetic field.

lower than 7. We note, however, that this scenario has a
difficulty. Namely, here the transition region is very broad and
in such a case it is not clear that one can detect critical slowing
down. Therefore, one should consider a different scenario.
Namely, between 250 and 300 K part of the fast relaxing
(at low temperatures) component may be in fact observed in
the ©SR time signal. The inferred relaxation rate then may
be the result of an interplay between the increase in the fast
(transversal) relaxation rate and the gradual decrease in its
weight. The very broad signal centered around 125 K, ranging
from 50 to 200 K, may be due to the change in a magnetic
structure associated with the appearance of AFI(CE) phase in
the FM phase below ~200 K.

At and below T¢, the relaxation curve changes from an
exponential (n = 1) form in the paramagnetic metal phase to a
stretched exponential (n = 1/2) in the FM phase, suggesting
a large distribution of the relaxation rates. With decreasing
temperature below 150 K, n decreases further and reaches
about 0.2 at 2.5 K.

The absence of muon spin oscillations, as well as the
significant deviation from the single exponential form in the
time spectra, suggests a distribution of the relaxation rates in
the FM phase of LaBaMn;QOg. This distribution may originate
from spatially inhomogeneous spin dynamics, as observed
by SR experiments in the A-site disordered ferromagnetic
manganites, such as La;_,Ca,MnOs (x =0.18, 0.33, and
0.375) and Lag g5Strg 1sMnO5.2732 These facts are consistent
with the two-phase interpretation of a percolation theory.’
This result suggests that the microscopic magnetic properties
of the FM phase in LaBaMn,Og¢ are similar to those in the
A-site disordered ferromagnetic manganites, irrespectively of
the existence of order/disorder at the A site. This finding
adds support to the conclusion obtained by >>Mn-NMR
measurements that the magnetic properties of the FM phase
in LaBaMn;Og¢ are similar to those of the disordered form
La0,5Ba0.5MnO3.23

Spatially inhomogeneous spin dynamics in the FM phase
occurs in a variety of very different systems and go under the

PHYSICAL REVIEW B 86, 125141 (2012)

0.1+

AG,(1)

0.05r

t (us)

FIG. 7. (Color online) Time spectrum for LaBaMn,Og at 2.5 K
in zero external field. The red solid curve is the best fit of
Eq. (1), indicating two components of muon oscillation frequency,
v; = 69.6 MHz and v, = 31.6 MHz.

denomination of “Griffiths phase.”?* It is not always possible to
identify the mechanism that triggers the inhomogeneous phase.
In most cases the only common characteristic of these diverse
systems is the presence of strong electronic correlations,
although in some particular cases chemical inhomogeneities
have been named as a possible cause. For our materials the
degree of A-site order is estimated to be about 92% for the
measured sample.”> The mismatch of lattice parameters a,
b between the A-site ordered and the disordered structures is
very small, as it is the case for the Ruddlesden-Popper series of
layered perovskites. The coexistence of the two, therefore, may
take the form of intergrowth, where the layers of the minority
structure are intercalated in the other, as has been identified
in the double-layer manganites (La;_.Pr,);»Sr; sMn,O7.3
This type of random arrangements of the layers may be the
origin of inhomogeneous spin dynamics in the FM phase of
LaBaMn,0¢ and possible Griffiths phase phenomenon.?> We
cannot make a definite statement in our case.

There is a modest but clear decrease in n below 150 K. In
fact this modest change implies a substantial redistribution of
the relaxation rates, and is probably due to the appearance of
the AFI(CE) phase inside the FM one. The spin dynamics in the
AFI(CE) phase may differ from that in the FM phase, resulting
in a large distribution of A. The appearance of the AFI(CE)
phase is indicated by the muon spin precession below around
125 K. Figure 7 shows the time spectrum at 2.5 K with the
best fit by using Eq. (1), indicating two components of muon
precession frequency of v; = 69.6 MHz and v, = 31.6 MHz.
The first term of Eq. (1) represents the signal from muons
polarized along the direction of the internal field in the FM
and AFI(CE) phases (longitudinal signal) and the oscillatory
terms represent the transversal signal in the AFI(CE) phase.

The temperature dependence of v; and v; is shown in Fig. 8.
v; and v, being approximately temperature independent and
still high at 125 K. This indicates that the antiferromagnetic
spin structure arises from the ferromagnetic phase through
a first-order type transition (spin re-orientation). This result
is consistent with the temperature independent >>Mn-NMR
frequency in the AFI(CE) phase.?

One may roughly estimate the volume fraction of the
AFI(CE) phase at 2.5 K as follows. The sum of oscillating
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FIG. 8. (Color online) Temperature dependence of the zero-field
muon frequencies for LaBaMn,Og.

amplitudes A, | + Az, = 0.041 may be considered to be 2/3
of the initial asymmetry from muons in the AFI(CE) phase.
Thus, the volume fraction of the AFI(CE) phase is estimated to
be (3/2)(Az.1 + Az2)/A ~ 30%, where A ~ 0.22 is the initial
asymmetry at high temperature above T¢. This estimated value
is in good agreement with the value of 30% obtained from the
magnetization curve.’!

From considerations of possible muon sites, we concluded
that most likely the muons stop at the position (0.755,1/2,1/2)
for LaBaMn,Og, see Appendix for details. As explained in
the Appendix, for this site we estimated the dipolar field
assuming a uniform ferromagnetic state, and obtained 0.38 T
corresponding to 51.5 MHz. This is clearly within our range
of detection. But the fact that no muon spin oscillations are
observed, adds support to the claim that the inhomogeneity of
the FM phase is in fact intrinsic (as opposed to the scenario
where well defined SR frequencies are simply too high to be
observed).

Finally, we present an alternative approach for the analysis
of the data between 150 K < T < T¢. The two-exponential
model takes into account a two-phase percolation proposed for
ferromagnetic manganites below 7.3 It leaves out some of
the subtleties, but it is simple to understand the meaning of the
fitting parameters. Here the time-spectrum data is expressed
by

G (1) = Apexp(—Ayt) + As exp(—Ast),

where A ; and A, are the relaxation rates for two exponentials,
respectively. Ay and A, are the corresponding uSR ampli-
tudes. Here A = Ay + A, and Ay < A,. The smaller value of
the relaxation rate A ; indicates the faster fluctuation rate of
local field at the muon site.

In Fig. 9 we show the temperature dependence of fractional
amplitude of A, that is, (a) Ag/A, (b) As, and (c) A, in
the two-exponential model for the FM phase of LaBaMn;Og.
The A; component appears around below T¢ 2~ 300 K and its
amplitude A, increases (A ; decreases) upon cooling. Above
Tc, n =~ 1 in the stretched exponential model indicates that
the relaxation curve has a single exponential form, that is,
A ~ 0 [see Fig. 6(c)]. A remains approximately independent
of temperature below around 250 K, where the observed
asymmetry is close to 1/3 of the total. Both values of the
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FIG. 9. (Color online) Temperature dependence of fractional
amplitude of Ay, that is, (a) As/A, (b) Ay, and (c) A, in the
two-exponential model for the FM phase of LaBaMn,Og.

relaxation rates A and A; become larger upon cooling down
to 150 K.

The relaxation rate A is one order of magnitude larger than
A . Similar results in the two-exponential model have been
reported for the ferromagnetic conductor Lag ¢7Cag33MnO3
and the insulating ferromagnet Laj g,Cag ;sMnO3 27.30 Heffner
et al. associated the relaxations of A; component with
overdamped spin waves, characteristic of a disordered fer-
romagnetic metal, and that of A; component with relatively
insulating regions of the sample. The damping of spin waves
may be caused by an inherent disorder due to the random
replacement of La atoms by Ca. In our case there is no such
a random replacement, but similar mechanism may be also
responsible for the observed relaxation of A ; component due
to possible random arrangements of the layers as discussed
above.

In the ferromagnetic conductor Lag7Ca33MnO3 A de-
creases (A increases) upon cooling below T¢, while A; is
almost independent of temperature below around 170 K for
the insulating ferromagnet Lajg,CapsMnO3 that shows a
transition to a CO state below around 60 K.>”3° The temper-
ature independent A; below around 250 K for LaBaMn;Og,
which is qualitatively similar to that for Lagg,Cag 1sMnQOs,
indicates that the relatively insulating region survives even in
the FM phase. The weak metallic nature of the FM phase
in LaBaMn,O¢ may be consistent with the appearance of
AFI(CE) phase inside the FM phase at low temperature.

IV. CONCLUSION

In conclusion, our zero-field uSR data reveal striking
differences in the magnetically ordered phases of YBaMn;Og
and LaBaMn,0Og. For the former, a homogeneous state is
observed, as expected for an A-site ordered manganite. For
the latter, unexpectedly one finds inhomogeneous magnetic
phases below room temperature.
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It is not clear what triggers these important differences
in our two materials. On the other hand, the A-site order
triggers important changes in the thermal and transport
properties of the Y compound, but not in the La compound.
The inhomogeneous magnetic phase of the La compound is
reminiscent of the findings in (La;_,Pr,); »Sr; sMn, 07, where
an inhomogeneous magnetic phase is thought to be triggered
by peculiar stacking faults leading to intergrowth of different
magnetic layers. But this mechanism does not seem to apply
for the Y compound.

APPENDIX

We consider a possible muon site in YBaMn;Og on the
basis of previous works in LaMnOj. The crystal structure of
LaMnOs; has an orthorhombic cell with space group Pnmb,
where the Mn ions are located at the (0, 0.5,0) positions.?¢
Guidi et al. have proposed two muon sites (0.389, 0.937, 0.25)
and (0.5, 0.5, 0) for LaMnO5.2° The first site, close to the
Holzschuh site found for orthoferrites,?’ is about 1.1 A distant
from an apical oxygen and farthest away from positive La ions
in the LaO plane. The second site is located in the large empty
space at the center of the MnO; plane. Independently, Heffner
et al. have reported similar muon sites.?’

The crystal structure of YBaMn;Og has a monoclinic cell
with space group P3. There are two Mn sites, trivalent Mn(1)
at (0.018, 0.005, 0.242) and tetravalent Mn(2) at (0.481, 0.518,
0.244), and eight oxygen sites, O(1)-O(8) in the unit cell at
350 K.® Muons bound to apical oxygens O(1) and O(2) in the
YO plane and O(7) and O(8) in the BaO plane of YBaMn,Og¢
may be closely related to the first muon site in LaMnQOj3, while
muons bound to planar oxygens O(3)-O(6) in the MnO, plane
may be closely related to the second muon site.

Considering that dipolar fields dominate the local field
at the muon site in LaMnOs,2%?” we have estimated the
fields at about 1 A apart from the eight oxygens and in
the large empty space around (0, 0.5, 0.25) in the MnO,
plane of YBaMn,Og. For this purpose we adopted (i) the
structural parameters at 350 K proposed by x-ray and neutron
powder diffractions,® (ii) the CE-type magnetic structure in
the MnO, plane with the cafB-type stacking along the c
axis,' and (iii) 2.65 ug for Mn** ion and 3.89 ug for Mn3*
ion as reported for CaMnO; and for LaMnO3 from neutron
diffraction, respectively.®® Although this assumption changes
slightly the estimated values of dipolar fields with respect to
a preliminary report,? it does not affect the conclusion with
respect to the muon site.

We found a possible muon site at (0.8,0.96,0.5), being in
rough agreement with the observed local fields of 0.15, 0.18,
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and 0.66 T. This position is about 1.2 A away from O(7) in the
BaO plane and indicated by blue stars in the inset of Fig. 4(c),
where all the plotted stars are crystallographically equivalent.
It is close to the first muon site proposed in LaMnOs, but
not exactly the same. One may not expect to have exactly the
same muon sites, because the O-ion displacements from their
ideal positions are much smaller in YBaMn,Og than those in
LaMnOs;. In addition, the spatial distribution of electrostatic
potential are expected to be different each other, because Mn>*
and Mn** have the checkerboard-type ordering in the MnO,
plane of YBaMn,Og, while the valence of Mn ion is uniform
for LaMnOj3. For this muon site we find four magnetically
inequivalent muon sites with the dipolar fields of 0.208, 0.232,
0.235, and 0.580 T along the b axis. The multiple magnetically
inequivalent sites arise from the CE-type magnetic structure
in the MnO, plane with the large magnetic unit cell. The
transferred hyperfine field may account for the small difference
between the estimated dipolar fields and the experiments as
mentioned in Sec. IIT A. Our estimates are also consistent with
the observed intensity in the Fourier transformed spectrum
where intensity at v, is twice as large as those at v
and vs.

Regarding our chosen muon site, it seems very likely
that positive muons stop in the BaO plane for two reasons:
(i) Ba®* has smaller positive charge than Y3t and (ii) the
average distance between BaO and MnO, planes is larger
by 25% than that between YO and MnO,; planes due to the
distortion of MnOg octahedra.® In addition, muons may favor a
position near O(7) rather than a position near O(8) in the BaO
plane, because the nearest Mn ion to O(7) is trivalent Mn(1),
while that to O(8) is tetravalent Mn(2).

Regarding LaBaMn,Og, it seems reasonable to assume its
muon site to be the position related to the Holzschuh site or
its symmetric replica for orthoferrites.?” In the tetragonal cell
of LaBaMn,Og, there are three oxygen sites: O(1) at (1/2,
1/2, 0) in the LaO plane, O(2) at (1/2, 0, 0.2373) in the
MnO; plane, and O(3) at (1/2, 1/2, 1/2) in the BaO plane at
400 K.?! There are no O-ion deviations from the ideal positions
in the BaO plane of LaBaMn,0Og. We propose that the muon
lies at (0.755, 1/2, 1/2) in the BaO plane, 1 A away from
O(3) towards the midpoint between two adjacent Ba ions.
We estimated the dipolar sums over a large spherical domain
centered at the proposed muon site in the FM phase, assuming
a uniform ferromagnetic state. In the estimation we used the
structural parameters at 400 K and the Mn magnetic moment
3.0 up from the magnetization in 5 T, where the AFI(CE)
phase is suppressed by the magnetic field.”! The estimated
dipolar field is 0.38 T, corresponding to the muon frequency of
51.5 MHz.

“yu@pm.tokushima-u.ac.jp

Present address: Seiryo Engineering Co., Ltd.

iPresent address: Nichia Corporation.

SPresent address: Quantum Design, Inc.
1J. A. Alonso, J. Sanchez-Benitez, A. De Andrés, M. J. Martinez-
Lope, M. T. Casais, and J. L. Martinez, Appl. Phys. Lett. 83, 2623
(2003).

%Y. Ueda and T. Nakajima, J. Phys.: Condens. Matter 16, S573
(2004).

3F. Millange, V. Caignaert, B. Domengés,
B. Raveau, and E. Suard, Chem. Mater. 10, 1974
(1998).

“I. 0. Troyanchuk, S. V. Trukhanov, and G. Szymczak, Crystallogr.
Rep. 47, 658 (2002).

125141-7


http://dx.doi.org/10.1063/1.1611647
http://dx.doi.org/10.1063/1.1611647
http://dx.doi.org/10.1088/0953-8984/16/11/002
http://dx.doi.org/10.1088/0953-8984/16/11/002
http://dx.doi.org/10.1021/cm980130v
http://dx.doi.org/10.1021/cm980130v
http://dx.doi.org/10.1134/1.1496067
http://dx.doi.org/10.1134/1.1496067

Y. KAWASAKI et al.

5T. Nakajima, H. Kageyama, H. Yoshizawa, and Y. Ueda, J. Phys.
Soc. Jpn. 71, 2843 (2002).

°T. Nakajima, H. Kageyama, M. Ichihara, K. Ohoyama,
H. Yoshizawa, and Y. Ueda, J. Solid State Chem. 177, 987
(2004).

T. Nakajima, H. Kageyama, and Y. Ueda, J. Phys. Chem. Solids 63,
913 (2002).

8S. V. Trukhanov, L. O. Troyanchuk, M. Hervieu, H. Szymczak, and
K. Barner, Phys. Rev. B 66, 184424 (2002).

°T. Arima, D. Akahoshi, K. Oikawa, T. Kamiyama, M. Uchida,
Y. Matsui, and Y. Tokura, Phys. Rev. B 66, 140408 (2002).

0T, Nakajima and Y. Ueda, J. Appl. Phys. 98, 046108
(2005).

11S. C. Bhargava, M. Isobe, and Y. Ueda, Jpn. J. Appl. Phys. 47, 7866
(2008).

12D, Akahoshi, M. Uchida, Y. Tomioka, T. Arima, Y. Matsui, and
Y. Tokura, Phys. Rev. Lett. 90, 177203 (2003).

3H. Kageyama, T. Nakajima, M. Ichihara, Y. Ueda, H. Yoshizawa,
and K. Ohoyama, J. Phys. Soc. Jpn. 72, 241 (2003).

4D. Zakharov, J. Deisenhofer, H.-A. Krug von Nidda, A. Loidl,
T. Nakajima, and Y. Ueda, Phys. Rev. B 78, 235105 (2008).

1Y, Miyauchi, S. Fukushima, J. Tozawa, M. Araki, H. Kuwahara,
and D. Akahoshi, J. Phys.: Conf. Ser. 200, 012123 (2010).

16Y. Tokura and N. Nagaosa, Science 288, 462 (2000).

7T, Arima, D. Akahoshi, K. Oikawa, T. Kamiyama, M. Uchida,
Y. Matsui, and Y. Tokura, Phys. Rev. B 66, 140408 (2002).

18D, Akahoshi, Y. Okimoto, M. Kubota, R. Kumai, T. Arima,
Y. Tomioka, and Y. Tokura, Phys. Rev. B 70, 064418 (2004).

19M. Garcia-Fernandez, U. Staub, Y. Bodenthin, S. M. Lawrence,
A. M. Mulders, C. E. Buckley, S. Weyeneth, E. Pomjakushina, and
K. Conder, Phys. Rev. B 77, 060402 (2008).

2D. Morikawa, K. Tsuda, Y. Maeda, S. Yamada, and T. Arima,
J. Phys. Soc. Jpn. 81, 093602 (2012).

2I'T. Nakajima, H. Kageyama, H. Yoshizawa, K. Ohoyama, and
Y. Ueda, J. Phys. Soc. Jpn. 72, 3237 (2003).

22Y. Kawasaki, T. Minami, Y. Kishimoto, T. Ohno, A. Koda, K. H.
Satoh, R. Kadono, J. L. Gavilano, H. Luetkens, T. Nakajima, and
Y. Ueda, Physica B 404, 781 (2009).

PHYSICAL REVIEW B 86, 125141 (2012)

Y. Kawasaki, T. Minami, Y. Kishimoto, T. Ohno, K. Zenmyo,
H. Kubo, T. Nakajima, and Y. Ueda, Phys. Rev. Lett. 96, 037202
(2006).

24A. V. Lazuta, V. A. Ryzhov, O. P. Smirnov, I. A. Kiselev, Yu. P.
Chernenkov, S. A. Borisov, 1. O. Troaynchuk, and D. D. Khalyavin,
J. Magn. Magn. Mater. 300, 44 (2006).

25T. Nakajima, H. Yoshizawa, and Y. Ueda, J. Phys. Soc. Jpn. 73,
2283 (2004).

26M. C. Guidi, G. Allodi, R. De Renzi, G. Guidi, M. Hennion,
L. Pinsard, and A. Amato, Phys. Rev. B 64, 064414 (2001).

?7R. H. Heffner, J. E. Sonier, D. E. MacLaughlin, G. J. Nieuwenhuys,
G. M. Luke, Y. J. Uemura, W. Ratcliff II, S.-W. Cheong, and
G. Balakrishnan, Phys. Rev. B 63, 094408 (2001).

28R. H. Heffner, L. P. Le, M. F. Hundley, J. J. Neumeier, G. M. Luke,
K. Kojima, B. Nachumi, Y. J. Uemura, D. E. MacLaughlin, and
S-W. Cheong, Phys. Rev. Lett. 77, 1869 (1996).

»S. G. Barsov, A. L. Getalov, V. P. Koptev, S. A. Kotov, S. M.
Mikirtychyants, G. V. Shcherbakov, A. A. Arsenov, and Ya. M.
Mukovskii, Physica B 289-290, 81 (2000).

30R. H. Heffner, J. E. Sonier, D. E. MacLaughlin, G. J. Nieuwenhuys,
G. Ehlers, F. Mezei, S-W. Cheong, J. S. Gardner, and H. Roder,
Phys. Rev. Lett. 85, 3285 (2000).

3IR. H. Heffner, J. Sonier, D. E. MacLaughlin, G. J. Nieuwenhuys,
Y. J. Uemura, G. M. Luke, and S-W. Cheong, Physica B 289-290,
61 (2000).

¥R. H. Heffner, J. E. Sonier, D. E. MacLaughlin, G. J. Nieuwenhuys,
F. Mezei, G. Ehlers, J. F. Mitchell, and S.-W. Cheong, Physica B
326, 494 (2003).

3 A. Moreo, S. Yunoaki, and E. Dagotto, Science 283, 2034 (1999).

#G. Allodi, M. Bimbi, R. De Renzi, C. Baumann, M. Apostu,
R. Suryanarayanan, and A. Revcolevschi, Phys. Rev. B 78, 064420
(2008).

3 A. K. Pramanik and A. Banerjee, Phys. Rev. B 81, 024431 (2010).

%Q. Huang, A. Santoro, J. W. Lynn, R. W. Erwin, J. A. Borchers,
J. L. Peng, and R. L. Greene, Phys. Rev. B 55, 14987 (1997).

37E. Holzschuh, A. B. Denison, W. Kiindig. P. F. Meier, and B. D.
Patterson, Phys. Rev. B 27, 5294 (1983).

E. O. Wollan and W. C. Koehler, Phys. Rev. 100, 545 (1955).

125141-8


http://dx.doi.org/10.1143/JPSJ.71.2843
http://dx.doi.org/10.1143/JPSJ.71.2843
http://dx.doi.org/10.1016/j.jssc.2003.10.003
http://dx.doi.org/10.1016/j.jssc.2003.10.003
http://dx.doi.org/10.1016/S0022-3697(02)00117-8
http://dx.doi.org/10.1016/S0022-3697(02)00117-8
http://dx.doi.org/10.1103/PhysRevB.66.184424
http://dx.doi.org/10.1103/PhysRevB.66.140408
http://dx.doi.org/10.1063/1.2034078
http://dx.doi.org/10.1063/1.2034078
http://dx.doi.org/10.1143/JJAP.47.7866
http://dx.doi.org/10.1143/JJAP.47.7866
http://dx.doi.org/10.1103/PhysRevLett.90.177203
http://dx.doi.org/10.1143/JPSJ.72.241
http://dx.doi.org/10.1103/PhysRevB.78.235105
http://dx.doi.org/10.1088/1742-6596/200/1/012123
http://dx.doi.org/10.1126/science.288.5465.462
http://dx.doi.org/10.1103/PhysRevB.66.140408
http://dx.doi.org/10.1103/PhysRevB.70.064418
http://dx.doi.org/10.1103/PhysRevB.77.060402
http://dx.doi.org/10.1143/JPSJ.81.093602
http://dx.doi.org/10.1143/JPSJ.72.3237
http://dx.doi.org/10.1016/j.physb.2008.11.174
http://dx.doi.org/10.1103/PhysRevLett.96.037202
http://dx.doi.org/10.1103/PhysRevLett.96.037202
http://dx.doi.org/10.1016/j.jmmm.2005.10.029
http://dx.doi.org/10.1143/JPSJ.73.2283
http://dx.doi.org/10.1143/JPSJ.73.2283
http://dx.doi.org/10.1103/PhysRevB.64.064414
http://dx.doi.org/10.1103/PhysRevB.63.094408
http://dx.doi.org/10.1103/PhysRevLett.77.1869
http://dx.doi.org/10.1016/S0921-4526(00)00267-2
http://dx.doi.org/10.1103/PhysRevLett.85.3285
http://dx.doi.org/10.1016/S0921-4526(00)00256-8
http://dx.doi.org/10.1016/S0921-4526(00)00256-8
http://dx.doi.org/10.1016/S0921-4526(02)01675-7
http://dx.doi.org/10.1016/S0921-4526(02)01675-7
http://dx.doi.org/10.1126/science.283.5410.2034
http://dx.doi.org/10.1103/PhysRevB.78.064420
http://dx.doi.org/10.1103/PhysRevB.78.064420
http://dx.doi.org/10.1103/PhysRevB.81.024431
http://dx.doi.org/10.1103/PhysRevB.55.14987
http://dx.doi.org/10.1103/PhysRevB.27.5294
http://dx.doi.org/10.1103/PhysRev.100.545



