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Abstract

The '*’Ba NMR and NQR spectra as well as the spin-lattice relaxation rate were measured for the first time in the
BaPb Bi, _,O; samples with x = 0.91(normal metal), x = 0.75 (superconductor) and. x = 0.64 (semiconductor). The strong
quadrupole broadening of the NMR lines with lowering temperature was found for all the samples. An evolution of static
distortions in the BiOg-octahedra sublattice along with asymmetry of the electric field gradient at the Ba-sites is discussed.
This asymmetry caused by the nearest non-cubic surrounding of barium is originated from the temperature dependent tilt of
BiOg-octahedra. Spin—lattice relaxation rate of '3"Ba is monitored by fluctuating part of electric field gradient at the Ba-site
and its exponential growth at low temperatures evidences the thermally activated collective rotations of BiOgz-octahedra
around their static tilt. An activation energy and a strength of these dynamic distortions are evaluated and found to increase
in going from metallic to semiconducting phase of BaPb Bi, _,Os.

Keywords: Nuclear magnetic resonance (NMR); Nuclear quadrupolar resonance (NQR); BaPb, Bi, _,05; BiOg-octahedra tilting

1. Introduction

A general feature of superconducting metalloox-
ide phase diagrams is the appearance of supercon-
ductivity just near metal—insulator transition (MIT)
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which depends on the carrier concentration in the
conduction band. For high-7, cuprates an insulating
phase is antiferromagnetic semiconductor and the
resulting new electronic state is a mixed state of
antiferromagnetically correlated spins and hole carri-
ers. This circumstance gives rise to various theoreti-
cal proposals for nontraditional spin-dependent mod-
els of Cooper pairing. A low density of states (DOS)
at the Fermi level in metallic phase of bismutate
BaPb,Bi,_,0; (BPBO) makes the usual electron—
phonon interaction questionable as to be responsible
for superconductivity in these oxides [1].
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Till now many efforts were undertaken to find the
structural features which favor the strengthening of
an attractive interaction between carriers in these
materials. At temperatures above 600-700 K BPBO
has a structure of cubic perovskite in all the range of
Pb doping 0 < x < 1[2,3]. In decreasing the tempera-
ture the rigid tilt of BiO4-octahedra combined with
the deformation of the octahedra themselves
(““breathing-mode distortion’” at x < 0.2) gives rise
to a number of structural transitions.

At room temperatures the parent BaBiO; is a
semiconductor with a gap about 2 eV which is
structurally unstable with respect to antiferroelectric
(breathing mode) instability of the oxygen octahedra.
The tilt of these octahedra finally leads to a mono-
clinic structure with 12 /m symmetry. Substitution of
Pb for Bi decreases these distortions and the struc-
ture with orthorhombic Ibmm symmetry is reported
for x> 0.2 [4]. The metallic phase arises at x = 0.7
with superconducting region ranging till x=0.9.
Two types of the crystal symmetry are discussed
now for this superconducting region: orthorhombic
and tetragonal I4 /mcm symmetry. They differ in the
direction around of which the BiO;-octahedra are
rotated. In the orthorhombic structure the BiO4x-oc-
tahedra are tilted around the pseudo-cubic (110) axis
while in the tetragonal one they are rotated around
the pseudo-cubic (010) axis. The authors of Ref. {4]
declared the presence of an interesting ‘‘double
phase’’ state for composition with x= 0.8 below
420 K with reversible increase of the volume frac-
tion with orthorhombic symmetry upon cooling. It
was proposed [4,5] that only tetragonal phase is
superconducting. On the other side, in Ref. [6] the
preparation of the superconducting BaPb, ;5Bij ,505
single crystals was reported with both tetragonal and
orthorhombic symmetry. In Ref. [7] the authors have
found that the decrease of oxygen content causes the
variation of the crystal symmetry for BPBO with
x=10.75 from orthorhombic to tetragonal.

Unfortunately neither structure of superconduct-
ing phase nor its dynamics have been adequately
investigated at temperatures near 7, to clarify the
influence of the orientational transitions in the
BiOg-octahedra sublattice on superconducting prop-
erties of BPBO. As believed the reversibility of
tetragonal—orthorhombic transformation in the
BiO4-octahedra sublattice should lead to a specific

short-range order in this two-phase system. Both
X-ray and elastic neutron scattering data reported in
Refs. [4,5,7] say nothing about structural features at
the scale < 100 A. Such a microscopic information
can be obtained from NMR and NQR studies of the
electric field gradient (EFG) tensor at the site of
interest for atoms with nuclear quadrupole moment
like "0, *®Bi and '*>""Ba [8]. Up to now only
*7ph [9] and 'O [10] NMR studies have been
reported which probed mainly the electronic states in
the conduction band.

Since the oxygen is in covalent bonding with the
nearest bismuth the EFG at this site is more compli-
cated in origin as compared with barium which is in
pure ionic state Ba** as supposed in all the models
of crystal structure for BPBO. In BPBO Ba is sur-
rounded by twelve oxygens which belong to the
eight nearest BiOgz-octahedra. The EFG value at the
Ba-site is zero in ideal cubic perovskite structure and
is very sensitive to small changes in symmetry due
to both the breathing distortions of octahedra and to
their tilt.

We report here the first observation of the B7Ba
NMR and NQR in the polycrystal BPBO samples
and the results on NMR line shape and spin-lattice
relaxation rate behavior in the temperature range
1.6-470 K where the orientational transformations in
the of BiO4-octahedra sublattice occur.

2. Experimental

The Ba NMR and NQR measurements were per-
formed on single-phase ceramic BPBO samples with
x=0.64 (semiconductor with Pb content just near
MIT), x=0.75 (superconductor with 72" = 12.3
K) and x=0.91 (metallic with T, < 1.6 K) enriched
with *"Ba isotope up to 82%. This very isotope was
chosen since it has larger value of quadrupole mo-
ment (¥7Q0=0.28 cm~?*) compared with *’Ba
which is useful for our task. The samples were
prepared by conventional solid-state reaction in air
similar to that described in Ref. [7]. Finally sintered
materials were annealed in oxygen atmosphere at
850°C for 20 hours followed by slow cooling in the
furnace. Ceramic pellets were crushed to powder for
the NMR /NQR experiments.

X-ray powder diffraction measurements (T = 290
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K) were performed at DRON4-A diffractometer with
CuKa radiation in the 26 range 20-100°. Follow-
ing Ref. [7] we measured with due care the line
shapes of diffraction peaks (404) and (044) in the 26
range 76°-78° to identify tetragonal (I4/mcm) or
orthorhombic (Jbmm) symmetry of the samples. For
crystals with tetragonal symmetry a single degener-
ated (404) peak is expected which is splitted into two
peaks in orthorhombic phase.

Fig. 1 demonstrates the X-ray pattern fragments
in this 26 range for the samples under study. A
clever evidence for presence of noticeable portion of
orthorhombic phasé at room temperatures was found
only for the sample with x = 0.64. The larger broad-
ening of the peaks compared with those reported in
Ref. [7] is attributed mainly to instrumental resolu-
tion and in part to a possible distribution of tetrago-
nal unit cell parameters within a sample. This distri-
bution is known to arise due to some short-range
order imperfections such as the Pb/Bi cation disor-
der, oxygen vacancies, etc. The unit cell parameters
listed in Table 1 were determined from the analyses
of the whole X-ray pattern (26 range 20°-100°)
assuming in general the orthorhombic structure. It is
clear that for samples with x=0.75 and x=0.91
the difference a — b lies within our experimental
errors. So we consider these samples as tetragonal
above room temperature neglecting the small or-
thorhombic distortions.

Main NMR experiments were carried out on mod-
ernized Bruker SXP4-100 pulse NMR spectrometer
over the temperature range 10-470 K in magnetic
field B,=9.1 T. The spectra of the *"Ba central
(1/2 « —1/2) transition were obtained by (7/2) —
t—(m/2) ,~t—(solid-echo) pulse sequence with subse-
quent Fourier transform of the second half of the
echo signal. Spin echo signals were measured after
quadrature phase-sensitive detection with step by
step changes of the spectrometer frequency. The
pulse sequence had an alternation of the first rf pulse
phase in order to avoid distortions of the spectra due
to transient processes in resonant rf circuit. As a
reference we used a water solution of *’BaCl,.

To avoid any ambiguity in the data interpretation
we also measured in all the samples field sweep
1¥"Ba NMR spectra with satellites in the frequency
range 21-42 MHz at 4.2 K as well as the zero field
NOQR spectra at T= 1.6 K.

.'.j"”

X- ray intensity, a.u.

N %

76 78
20, deg.CuK o

Fig. 1. X-ray diffraction pattern fragments in the range 26 = 76°-
78° (CuK @ radiation) at room temperature for BaPb,Bi, _ O,
(a) x=0.91, (b) 0.75 and (c) 0.64.
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Table 1
Cell parameters and activation energy

BaPb,Bi,_,0,
x 0.64 0.75 0.91
alAl 6.090(4)  6.0654)  6.045(4)
HIAI(T =290K)  6.070(4) 6.058(4) 6.040(4)
c[Al 8.570(4) 8.555(4)  8.540(4)
727 [K] - 12.3 <16
E, [K] 30(3) 16(2) 10(2)

The components of the magnetic shift tensor as
well as the quadrupolar coupling parameters v, and
m were determined from simulation of *’Ba NMR
line corresponding to m=1/2 « —1 /2 transition.
The simulation program takes into account the
quadrupolar coupling corrections up to the second
order of the perturbation theory.

The spin-lattice relaxation time T, o Ba was
measured by saturation-recovery technique at B, =
9.1 T. To get more reliable information about T, in
this case of rather broad lines we used a special
saturation technique with time sweep of rf frequency

137
f

during the comb of /2 pulses. The sweep range
was about 3 MHz which was quite enough for
saturation of the central transition in all the tempera-
ture range. At T > 300 K we have been able partially
to saturate the satellites as well and to get nearly
single-exponential magnetization recovery (see be-
low).

The recovery of the nuclear magnetization M (z)
to its equilibrium magnitude M, was fitted by the
following expression:

Mz(z)/Mo= 1 —Aexp<_at/Tl)
—Bexp(—t/T\), (1)

where A/B, « and T, are adjustable parameters.
3. Results

3.1. ”"Ba NMR and NQR spectra

The “’Ba NMR spectrum of the central transition
m=1/2« —1/2 measured at magnetic field
9.128T in BPBO samples with x=0.91, 0.75 and

x=0.64 x=0.91
=
Z 20K 20K
&
2
=
=
Z 325K
= H,x\ 290K 290K
470K
470K ] 470K
4] 42 43 44 45 41 42 43 44 45 41 42 43 44 45

v, MHz
Fig. 2. "*’Ba NMR spectra (1 /2 = — 1 /2 transition) measured at B, = 9.1 T in BaPb,Bi, _ 0.
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0.64 are presented in Fig. 2a-2c, respectively. The
most evident feature of these spectra is their strong
narrowing above 100 K. Additional measurements of
the *’Ba NMR spectrum in the control sample and
especially evolution of the "Ba NMR central line
with frequency v at 4 K gave an evidence of that a
width of the central transition scales with the square
of quadrupole moment and with »~'. In all samples
the peak of the line is positioned very close to NMR
line of BaCl, used as a reference (v, = 43.187 MHz
at B,=9.128 T). These findings lead to a conclu-
sion that the central transition line shape is deter-
mined mainly by the second order quadrupole effects
[11]. The influence of magnetic hyperfine interac-
tions on the line shape is very small and could be
neglected in further consideration.

At T> 200 K the NMR lines in all the samples
have specific asymmetric triangular shape, the slopes
at high frequency side and at low frequency are in
the ratio of 2:1. Such kind of asymmetry is usually
typical for the quadrupole broadened central transi-
tion powder pattern with large EFG asymmetry.

To avoid any ambiguity in the subsequent simula-
tions of the NMR lineshape we measured the *"Ba
NQR spectra at T= 1.6 K (see Fig. 3). The NQR
spectrum for sample with x=0.91 presents a sym-
metric Lorentzian line centered at vyqr = 13 MHz.
The quadrupole coupling (vq) and asymmetry (1)
parameters of the EFG tensor V;:

vy =3(eQ)/21(21 —1)  Vy,

n= (Vxx - VYY)/VZZ

determine the value of the NQR frequency [12]:

VNgr = VQ[l +(172)/3]1/2. (2)

Thus for metallic sample with x = 0.91 a satisfac-
tory simulation of the *"Ba NMR spectrum at 20 K
results in a single broadened line (see Fig. 4) with
v = 11.0(2) MHz, 7= 1.00(5), K, =K, =
200(200) ppm (K, and K, are isotropic and axial
components of the magnetic shift tensor). No changes
of the magnetic shift was found on heating up to 470
K. The spectra at high temperatures could be de-
scribed by the same symmetry of EFG tensor (0; —
eq;eq) related to = 1. The broadening parameter
Avy/vq is found to increase with T. The tempera-
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Fig. 3. ""Ba NQR spectra measured at T =16 K in
BaPb,Bi,_ 0,: (a) x=0.91 and (b) 0.64.

ture dependence of v for this sarnple is shown in
Fig. Sa.

For semiconducting sample with x=0.64 the
NQR spectrum of "*"Ba is rather broad (see Fig. 3)
and could be described as a two-hump line with
peaks at vyqr; = 12.5 MHz and vyqg, = 14.0 MHz
(r=1.6 K). Such a distribution of EFG in the
sample could be simulated with two gaussian lines
and we took it into account in subsequent analysis of
the NMR line shape. At 20 K the reasonable simula-
tion of the NMR spectrum shown in Fig. 2 could be
obtained by two lines, namely the first line with
about 40% intensity, vo, =10.9(2) MHz, 7, =
0.90(5), K., = K, = 50(200) ppm and the second
one with about 60% intensity, v, = 12.5(2) MHz,
1, = 0.65(5), K, = K, = 500(200) ppm. This is
in a good accord with NQR data. The relative inten-
sity of the first line increases with temperature as
shown in Fig. 5c along with the temperature depen-
dence of v for this sample.

Unfortunately we have not been able to find the

"Ba NQR signal for superconducting sample with
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x=10.75 in spite of the fact that compared with two
other samples here a well pronounced satellite line
(=3/2 = —1/2 transition) was observed at 4 X in
field-sweep spectrum. Its position and width give us
necessary constrains for v, *(1 — n) value. Taking
these data into account along with the dependence of
the central transition line shape on rf frequency we
got the best simulation of NMR spectrum at 20 K as
a superposition of two powder patterns with the
following quadrupole parameters: the first one with
about 30% intensity, vq =11.5(2) MHz, 7, =
0.80(5), K =K, =500(200) ppm and the sec-

1

B7 Ba NMR line Intensity, a.u.

d
x=0.91
3
Y T s
V, MHz

Fig. 4. ®"Ba NMR spectra of (1 /2 = — | /2 transition) measured
at 7=120 K and the results of their simulation (see text for
details).
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Fig. 5. Quadrupole coupling frequencies v, oV, at Ba-sites with
different m (closed circles: 1 = 1, open circles: 7 = 0.4-0.6) and a
part of Ba-sites with n = 1 (empty squares) in BaPb,Bi,_,0;: (a)
x=0.91, (b) 0.75 and (c) 0.64.

ond one with about 70% intensity, vq, = 14.3(2)
MHz, 1, = 0.40(5), K., = 1000(300) ppm, K,,, =
100(200) ppm (see Fig. 4). The relative intensity of
the first line increases with temperature as shown on
Fig. 5c along with the temperature dependence of vq
for this sample. From Fig. 5b one could conclude
that for superconducting sample the relative intensity
of the line with high 7 increases with temperature
and above 400 K the same symmetry of EFG tensor
(p=1) was found as for x=0.91 and x=0.64

samples at lower temperatures.

3.2. "’Ba spin-lattice relaxation rate

As mentioned above in our measurements of
spin-lattice relaxation rate for 7Ba we used a broad
band (= 3MHz) saturation technique. At high tem-
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peratures when the spectrum is rather narrow and
satellites can be also partially saturated by this tech-
nique the fit of recovery by Eq. (1) demonstrates
nearly single-exponential behavior with A/B ratio
in the fitting function Eq. (1) less than 0.1. With
decrease of temperature the quadrupole splitting of
the *"Ba spectra increases due to growth of v and
distribution of 1. Now only central line of transition
1/2« —1/2 can be saturated. This changes the
initial distribution of populations among four level of
the *’Ba spin system just after the saturating comb
of rf pulses has been applied. As a result the recov-
ery of nuclear magnetization is expected to be as the
two-exponential process.

Indeed with decrease of T the relative weight of
the shortest exponent in Eq. (1) increases and at the
lowest temperature the A/B ratio reaches 0.4 and
a=5(1).

The measurements of 77! for both Ba isotopes
with different values of quadrupole moment eQ
("7e0 =0.28 cm™%, PeQ =0.18 em™?*) and gy-
romagnetic ratio y (% = 4731 kHz/T, ¥ = 4229
kHz/T) [12] may clarify this situation. For pure
quadrupole relaxation the ratio of *’7;! to 77!
is expected to be (*7eQ/ '¥eQ)? = 2.4. When fluc-
tuations of magnetic hyperfine field are the main
origin of the spin-lattice relaxation for Ba one should
expect that (137Tl~ l/ 135T1— 1 ) = (137,),/ 135,y)2 — 12
and « =6 in Eq. (1)).

These measurements were performed on addition-
ally prepared BPBO sample with x = 0.76 (7, = 13
K) containing a mixture of the *’Ba and the '**Ba
isotopes in natural abundance. The measurements at
T=80 K and 300 K have given the magnitude of
(P77t /38T ) = 2.1(2) which show that fluctua-
tions of the EFG tensor are responsible for the
process of spin-lattice relaxation of Ba at 7> 80 K.

Thus at low temperatures (large v, and 7 <1)
the nonequidistant splitting of Zeeman levels m =
+1/2; +£3/2 results in multiexponential recovery
of nuclear magnetization to the equilibrium state. On
other hand at elevated temperature the barium sites
with =1 dominate in spectrum. Additionally in
case n = 1 the singularities in powder pattern due to
satellites are shifted to the central line and approxi-
mately equidistant splitting of the magnetic levels
exists for the crystallites with ¢ L B contributing to
the central peak in our BPBO samples.
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Fig. 6. Temperature dependence of 1377'1" measured at magnetic
field B,=9.! T in BaPb,Bi,_ ,O;: x=0.91 (squares), 0.75
(circles) and 0.64 (triangles).

Fig. 6 demonstrates the temperature dependence
of T ! measured in B, = 9.128 T. Above 100 K a
monotonous increase of this value with temperature
is found which may be described by a second order
polynomial. The behavior of mT,‘l at low tempera-
tures is more pronounced when the spin-lattice re-
laxation rate data are plotted in logarithmic scale vs
inverse temperature. Below 100 K the data points
show an exponential increase T} ' (T) ot exp(—E, /T)
typical for thermally activated process. The corre-
sponding activation energy increases in going from
metallic towards semiconducting sample. The esti-
mated values of E, are listed in the Table 1.

4. Discussion

4.1. Diagonal part of the EFG tensor and static
distortions in the BiOs sublattice

In all the models of BPBO electronic structure the
Ba ions are assumed to have a closed electron shell.
Our simulations of the >’Ba NMR spectra revealed
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very small NMR shift and its anisotropic part K, is
just zero within our accuracy. This gives an addi-
tional support for the assumption above and enables
us to analyze the EFG at the Ba-site in the frames of
the point charge model where the diagonal part of
the EFG tensor V,,, is determined by charges Z; and
interatomic distances R; of the surrounding atoms:

Z.
VaaNZi;';'inza_riz}' (3)

i

Moreover in our case the variations of V,, with
temperature are extremely strong so one may con-
sider in the first approximation that only the main
contribution to EFG arises from the nearest atoms,
namely twelve oxygens of the BiOg-octahedra. In
ideal cubic perovskite (space group Pm3m) these
oxygens are placed at the tops of cube-octahedron
shown in Fig. 7 and the total EFG from these
oxygens is equal to zero. Below 600 K the symmetry
is lowered to a tetragonal (a=b+#¢) or an or-
thorhombic (a# b # ¢) one. If at the moment to
exclude the tilt of BiO4z-octahedra from consideration
the diagonal part of EFG tensor in ‘‘untilted’’ tetrag-
onal phase is expected to be axially symmetric:

Vix=Vyy= —2Vz~ [(c—‘/2a)/c]2, n=0.

For “‘untilted’” orthorhombic structure the uniax-
ial EFG arises with 0<% <1 and Vyy=V,,. In
both cases the principal x, y, z axes of V,, coincide
with corresponding axes of the parent cubic struc-
ture. It is worth expecting that the contribution
(Voo drerm.exp. COUld create a strong temperature de-
pendence of EFG at the Ba-site if tetragonality is
rather large. Taking a(T) and ¢(T) data for BPBO
sample with x= 0.8 and tetragonal phase from Ref.
[4] we estimated (AVz7/Vzz) eim exp. = 3 in the tem-
peratures range 4.2-500 K. As reported in Refs.
[4,5] the real tetragonal phase BPBO is accompanied
by rotations of BiOg-octahedra around pseudo-cubic
(100) axis and the tilt angle @ reaches ~ §°. at
helium temperatures. At small @ this tilt forces
oxygens to move as shown by arrows in Fig. 7a.
This leads to additional EFG with X,Y, Z along the
pseudo-cubic axes and with n=1. The diagonal
components of this EFG tensor (V,, )y e Can be

Fig. 7. The nearest oxygen surrounding for Ba in BaPb,Bi,_,0,:
displacements of oxygens due to rotational distortions in BiOy
octahedra sublattice are shown by arrows for tetragonal (a) and
orthorhombic (b) phases.

easy calculated and the expression in power series of
O is followed:

0
(Vae)sittterr.~ | —ac | * O
ac
342~ 1.5¢%
+| —10a%* — 43.5¢? # 0.
7a* +5¢?

(4)
The tilt of BiO4-octahedra around the (110) direc-
tion of pseudocubic structure with alternation of
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@ — (— @) along the c-axis for neighboring octahe-
dra takes place in orthorhombic phase [4,5]. Fig. 7b
demonstrates the resulting oxygen displacements
around Ba-site. No additional contribution propor-
tional to the first power of @ appears due to such
kind of distortions in the BiO4-octahedra sublattice:

—2.5¢* +54%
—2.5c% 4542 | %62, (5)
5¢* —10¢?

(Vaa)tilt.onh.N

Thus in tetragonal phase a total EFG at the Ba-site
consists of two parts. The first contribution caused
by the BiOg4-octahedra tilt gives the EFG with n= 1.
In going towards low temperatures the second contri-
bution (Vo )iermexp. With 7=0 appears due to in-
crease of tetragonality (c—a) and may reach the
value to be comparable with the first one. As a result
one may expect some decrease of 7 at the Ba-sites
with high asymmetry parameter. For orthorhombic
phase both contributions lead to the EFG tensor with
n <1 and their interplay depends on the tempera-
ture. The consideration above gives a key for detect-
ing the tetragonal distortions in BiOg-octahedra sub-
lattice of BPBO.

Let us consider now the v, data shown in Fig. 5
for metallic sample with x=0.91. In the whole
temperature range the EFG with n=1 is obtained

- for this sample supporting our speculations on the
origin of EFG at the Ba-site. According to X-ray
diffraction data (Fig. 1) the x=0.91 and x=0.75
samples have tetragonal structure. We see that rota-
tional contribution to EFG at the Ba-site dominates
here. This is not so strange taking into account that
for x=0.91 the tetragonal lattice parameter c is
approximately equal to a/2. Such a small tetragonal-
ity seems to decrease the ‘‘thermal expansion’’ term
in this sample. Thus we may conclude that this
composition holds tetragonal phase in our whole
temperature range.

For semiconducting x=0.64 composition the
presence of orthorhombic phase follows from a spe-
cific line shape of partially splitted diffraction peak
((404) and (044)) shown on Fig. 1c. From the NMR
data one might conclude that at the highest tempera-
ture used in our study (470 K) the tetragonal phase
takes place. Below T=325 K the Ba-sites with
n=0.5-0.7 appears and their relative intensity in-

“creases with further decrease of T reaching 70% at
helium temperatures. An appearance of additional
line with <1 could be related to the Ba-sites
having an oxygen surrounding with rotational distor-
tions of orthorhombic structure.

Thus from our NMR data it follows that two types
of rotational distortions in BiO4-octahedra sublattice
coexist in this semiconducting composition. Since
the Ba NMR probes only the local charge symmetry
of the nearest surrounding one could not judge about
any kind of phase separation on macroscopic scale.
As found the relative amount of different oxygen
coordinations changes in reversible manner on sub-
sequent cooling and heating the sample. A similar
reversibility of tetragonal-orthorhombic structural
transformation was found in superconducting sample
with x= 0.8 and some arguments related to the
origin of superconductivity in BPBO were consid-
ered in favor of tetragonal phase as superconducting
[4]. According to our data the distortions like ‘‘te-
tragonal tilting’’ are held at low temperatures also in
semiconducting x = 0.64 sample.

The largest magnitude of EFG at the Ba-sites is
revealed in superconducting x = 0.75 sample. The
EFG tensor with 7 =1 takes place at every Ba-site
above 400 K and evidences the tetragonal structure
of the BiOg-octahedra sublattice with one tilt around
(100) or (010) pseudocubic axis at elevated tempera-
tures. This finding is in accord with neutron diffrac-
tion data reported for x= 0.8 composition in Ref.
[4].

The presence of the line with 7= 0.4-0.6 was
found in our simulations of the spectra measured at
lower temperatures. At T'= T, its contribution to the
total spectrum is nearly 80% of the total intensity. If
the same site assignment for lines with different
asymmetry parameter is valid then one may conclude
that a part of the Ba-sites with orthorhombic distor-
tions in the BiO,-octahedra sublattice increases with
freezing the crystal structure in superconducting x = .
0.75 sample.

The temperature dependence of tilting angle @ in
tetragonal phase of x= 0.8 sample was obtained in
the range 4-500 K [4]. Let us assume those @(T)
data could be applied to both our metallic composi-
tions x=0.91 and x=0.75. In Fig. 8 v, data vs
©®? with temperature as an implicit parameter are
drawn for these samples and the best fit v, a ()"
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Fig. 8. Angular dependence of quadrupole coupling frequency
(Ba-sites with = 1) with temperature as an implicit parameter
for BaPb,Bi, _ 05 x=0.91 (closed circles), 0.75 (open circles).
See text for details.

is in a good agreement with our speculations (4). For
more detailed quantitative discussion of this correla-
tion the structural and the Ba NMR studies should be
done on the same sample. The fitting lines being
extrapolated to @ = 0 intersect the vy-axis at vy(O
=0)= —2 MHz (x=0.91) and »o(@=0)= -3
MHz (x = 0.75).

It is worth noting that in the frames of point
charge model a sign of (V,u)m.exp. & (¢ = ya)/c?
in the ‘‘untilted’’ tetragonal structure is opposite to
that of rotational contribution (V) ., Which is
proportional to @ = (¢ — ya)/c for small @. Thus
partial compensation of these two contributions to
total EFG at the Ba-site could be expected in tetrago-
nal phase near the cubic—tetragonal transformation.
We leave the discussion of the Ba EFG behavior in
the range of this structural transition till the comple-
tion of our measurements at 7> 500 K which are
now in progress.

4.2. Thermally activated dynamics of rotational dis-
tortions

In the previous part we discussed a picture of
static rotational distortions in the BiOg-octahedra
sublattice of BPBO near MIT. Let us now discuss
the *"Ba spin-lattice relaxation data and consider
the low frequency dynamics of these distortions.

Spin-lattice relaxation rate of Ba in BPBO near
MIT is found to be proportional to (eQ)?. Thus the
fluctuating part of quadrupole interaction Hy of Ba
with its nearest surrounding should be considered as
a main source of the spin-lattice relaxation. The
'37T1 measurements were performed at high mag-
netic field yB,> > v, and nonsecular fluctuating
part of quadrupole interaction can be treated as a
perturbation in laboratory frame of reference with
zll B,:

HQ = (€Q/4[(2[— 1){((Vrz + iVyz)[IzI++[+[z]
+1/2(Vey =V, + 1V, [12) +cch. (6)

Here V; (1) is a random part of EFG with correlation
function [15]:

<Vij(f) * Vij(0)> ~ <(VQﬂuct)2>exp( —t/7.).
Spatial correlations of atomic motions in crystal
should be involved into detailed consideration of Ba
quadrupolar relaxation like reviewed in [8]. But:
probably the main features of fluctuating EFG at the
Ba-site can be obtained in more. simple model.

As in the previous section we consider only the
nearest oxygen contributions to V;(z) at the Ba-sites
thus taking into account only one type of atomic
motions — antiferroelectric (¢ = {0,7/a,7m/c} in te-
tragonal phase) rotations of the BiOg-octahedra. Ba
is considered fixed in this atomic cluster and only
random displacements of oxygens produce time de-
pendent fluctuations of EFG at Ba-site.

One might slightly modify the results of Ref. [14]
obtained for quadrupole relaxation due to thermally
activated reorientational motion of atomic groups in
molecular crystals and the following expression for
spin—lattice relaxation rate can be obtained:

— 2
(Tl 1)11’11 = 12772( VQZflucz>Tc/(1 + (onc) ) (7)
Here the temperature dependence of 7, appears due
to variations of 7, = 7., exp(E,/T) in accord with
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Arrhenius law for thermally activated atomic motion.
In the limit of slow atomic motion (w,7, > 1) which
takes place at low temperatures the exponential in-
crease of T, is expected. Our *'T, data shown in
the inset of Fig. 6 demonstrate that thermally acti-
vated tilting motion in BiO4-octahedra sublattice due
to its small E, is started at very low temperatures.
This energy barrier increases from metallic to semi-
conducting sample. Above 100 K an exponential
increase of T ' is changed to a power like tempera-
ture dependence close to the T2

It should be noted that from (7) it follows that in
the short correlation time limit (w,7,) < 1 a decrease
of (TT 1), at elevated temperatures is expected after
moving through the (77 ') mex. 8 @7 = 1. The
most probable explanation of the different *'7,(T)
behavior in our experiments is as follows.

It was found in many ionic and molecular crystals
that two-phonon scattering process dominates in the
spin-lattice relaxation of quadrupole nuclei at high
temnperatures. For isotropic 3D-crystal this Raman
process leads to the T, ' o T2 dependence at T3>
Tpepay- Lhe relaxation data for our metallic BPBO
samples (x=0.91 and x=0.75) are in a very rea-
sonable agreement with this 77 dependence. The
more slow temperature dependence for semiconduct-
ing sample x=0.64 means that the increase of
Vomue in this composition leads to the (77 ')y max-
value comparable with the (77 ')g,men 2bove 100 K.
The frequency dependence of 77 ' could probably
give additional support to this prediction of the
model.

Thus the absence of maximum for (77'),, in
metallic BPBO samples is due to the opening of
more powerful relaxation channel and one may eval-
uate ({v§ gye i)'/ * as an upper limit for fluctuating
part of EFG. Supposing that (77 '), max. 1S €qual to
value of T ! measured at 100 K we get from Eg. (7)
Vo fruerl < 0.037. In turn it means that the fluctua-
tions of the tilting angle @ at these temperatures are
less than 3% of its static value.

5. Conclusions
The results of this first investigation of the B7Ba

NMR, NQR and spin-lattice relaxation rate in BPBO
system can be summarized as follows:

(1) A strong broadening of the "Ba NMR spec-
tra with lowering temperature was found in all the .
samples under investigation. This behavior is due to
anomalous increase of EFG at the Ba-site with tem-
perature and a proper explanation was proposed in
the frames of point charge model. The temperature
dependent tilting distortions in the BiOg-octahedra
sublattice were considered as a main origin for such
a behavior of the Ba quadrupole coupling.

(2) The tetragonal structure with the BiOg-oc-
tahedra tilted around one of pseudo-cubic axis (100)
or (010), which up to now has been considered as
intrinsic property of superconducting phase, was
found to exist at both sides around MIT. A relative
portion of tetragonal phase decreases in reversible
manner at low temperatures in both superconducting
(x=10.75) and semiconducting (x = 0.64) samples.
A similar observation of reversible tetragonal—ortho-
rhombic transformation was reported in neutron
diffraction studies [4,5] only for superconducting
BanO‘gBiOA?Oy

(3) The *"Ba nuclear spin—lattice relaxation data
demonstrate a very low activation energy needed for
thermal excitation of collective rotations in the
BiOg4-octahedra sublattice; the value of E, is in-
creased in going from metallic towards semiconduct-
ing phase. The amplitude of these dynamic tilts is
evaluated as several percent of the static tilt angle at

" low temperatures.
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