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The results of our studies dealing with the NQR spectra of 1271
in mixed layered semiconducting crystals (Bil3)i—5(Pbl2),; mea-
sured at a temperature of 77 K and in a wide range of Pbla contents
z (0 < = < 0.5) are reported. In the range 0.05 < = < 0.2, the
observed behavior of 1271 NQR spectrum parameters testifies that
Pbly atomic groups are located within the structural layers of a
Bils crystal. In this z-range, clusters composed of Pbla groups
were demonstrated to form an island structure. A further growth
of the Pbly content results in the appearance of a new 1271 NQR
line which testifies that the mixed crystal (Bil3)1—4(Pblz), under-
goes a structural phase transition at = &~ 0.2. A conclusion is made
that, at x > 0.2, the synthesized crystal is a glassy substitutional
solid solution, in which Pbls atomic groups, being completely or
partially ordered, are intercalated between the Bil3 crystal layers.

Layered semiconducting materials—such as Bils, Cdls,
Pbly—are known [1-3] to have anisotropic properties,
which determines the use of those crystals as ionizing
radiation detectors with a high energy resolution. First
of all, it is a result of the existence of reversible structural
variations (variations of anisotropic properties) that take
place in the layered crystals under the action of ionizing
radiation with various energies. In other words, the ef-
ficiency of the given materials is determined not only
by their radiation stability, but also by a possibility to
control their anisotropic properties, which allows layered
semiconducting materials to be successfully applied in
ionizing radiation detectors, as well as in optical and
acoustic devices.

In this connection, the researches of the prop-
erties (the crystal parameters) of mixed crystals
(Bil3)1—.(Pbly), and their dependences on the content
and state of Pbl, atomic groups are challenging. The
nuclear quadrupole resonance (NQR) spectra of 1271 nu-
clei in chemically pure Bilg crystals (z = 0) and in mixed
layered crystals Pbl,—Cdls with isovalent iodine atoms
were studied in works [4-7]. In this work, the NQR
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spectra of 27T in mixed crystals (Bil3);_,(Pbly), were
studied for the first time. The spectra were measured at
the temperature T' = 77 K and in the frequency range
2 — 300 MHz, by using an ISSh-2-13 quasicoherent NQR
radio spectrometer. We also used a digital storage, which
was necessary for the registration of weak and wide lines
in the 121 NQR spectrum.

The (Bil3)1— (Pbls), crystals with the following Pbl,
contents were studied: = = 0, 0.05, 0.08, 0.20, 0.30,
0.40, and 0.50. The measurements of NQR frequen-
cies 11 and vy for 271 which correspond to the tran-
sitions £1/2 < £3/2 and +3/2 < £5/2, respectively,
allowed us, on the basis of tables presented in work [§],
to determine the dependences of the quadrupole inter-
action constant e?Qq.. and the asymmetry parameter
h = (gzz — Gyy)/qz= of the electric-field-gradient tensor
on the Pbly content x. The determination accuracies
for the asymmetry parameter h(x) and the quadrupole
interaction constant e2Qq..(z) depended on the NQR
line widths and were not worse than +1.5 and £0.1%,
respectively, of their absolute values.

For a chemically pure crystal Bily (z = 0) at T =
77 K, we obtained the frequencies v/) = 111.32 MHz and
v§ = 201.32 MHz for two 1271 NQR transitions. Those
frequencies correspond to the quadrupole interaction
constant €2Qq?, = 682.18 MHz and the asymmetry pa-
rameter of electric-field-gradient tensor n° = 0.29+0.01.
The results obtained agree with those of work [7], which
were obtained at studying a chemically pure Bilj crystal.

As the Pbly content x in the basic matrix of Bils
crystal grows from 0.05 to 0.10, the quadrupole inter-
action constant eQquz and the asymmetry parameter
n' of electric field gradient at '27I nuclei change slightly
(Table). The corresponding registered variations of the
frequencies ! and v} do not exceed 3% of their absolute
values (Table). At the same time, the linewidth Au!
of the line at v} in the 21 NQR spectrum changes by
about an order of magnitude: from about 0.24 MHz at
x = 0 to about 2.20 MHz at = = 0.1 (Figure). Note
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that the constant e2Qq,, is not changed, to within a
measurement error, in the same interval of contents x.
This can testify that, for the given Pbls content range
(0 <z < 0.10), the introduction of Pbls atomic groups
results in a minor modification of the layer symmetry
and does not change the layered structure of the crystal.
The symmetry C3; of layered crystals (Bilz);_,(Pblz),
in the range 0.01 < x < 0.10 of Pbl; contents can re-
main invariable. This assumption is based on the fact
that the axes x and y of the components ¢, and g, of
the electric-field-gradient tensor lie in the plane of crys-
tal layers, whereas their axes z are perpendicular to the
layers [4]. Therefore, when analyzing the 27T NQR spec-
tra, we can conclude that, in the range 0 < x < 0.10 of
Pbl; contents, the layered structure of (Bilz);_,(Pbls).
crystals remains stable, and Pbls groups occupy places
within the crystal layers to reduce their symmetry. In
addition, Pbly groups can form layered clusters of the
island type, the dimensions of which increase with the
content z [5, 6].

We found a “new” line v'! in the 2’I NQR spectrum
of Bil3 crystals with various Pbly contents (at 2 = 0.20,
0.30, 0.40, and 0.50) at T" = 77 K. For instance, at
x = 0.20, this line was characterized by the following
parameters: vl = 105.03 MHz, vl = 204.15 MHz,
e?Qqll = 684.01 MHz, and n'' = 0.15. It is worth
to note that the asymmetry parameter n'' for the new
line v in the ¥I NQR spectrum became approxi-
mately half as large: 7' = 0.29 and n' = 0.15. At
the same time, the constant e?Qq., of the electric field
gradient at '27I nuclei was not changed considerably:
€?Qql, = 682.18 MHz and €2Qq!! = 684.01 MHz. This
allowed us to draw conclusion that the growth of x was
accompanied by an increase of the symmetry of the elec-
tric field gradient at 27 nuclei.

In addition, when the Pbly content z in the Bils
crystal increased in the range 0.20 < x < 0.50, the
width Av™ in the 27T NQR spectrum practically was
not changed (Av!! ~ Al/1|x=10% ~ 2.30 MHz). It is

also significant that the line ! in the I NQR spec-

n v, vy, | Avi, n €2Qqz~, | NQR spectrum

MHz | MHz | MHz MHz interpretation
0 111.3 201.3 02 029 6822 v
0.05 1114 201.3 1.5 0.29 6828 vl
0.08 111.6 201.2 2.1  0.29 683 vl
0.20 104.3 2042 2.3 0.15 684.0 vl
0.30 104.3 2041 24 0.15 684.0 vl
0.40 104.3 204.1 2.3 0.15 684.0 vl
0.50 104.4 2042 2.3 0.15 684.0 ol
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Line widths Av of the 271 NQR spectrum at 77 K (transition
+1/2 < +3/2) as a function of the Pbly atomic group content x
in a mixed crystal (Bil3)1—.(Pbl2), in two phases: I and II

trum with the parameters e2Qql, = 682.18 MHz and
n' = 0.29 was not observed (or ceased to exist) in the
content range 0.20 < z < 0.50.

It should be noted that the new line has no relation
to the 127T NQR line (transition £1/2 < 43/2) of the
pure Pbly crystal, because this crystal is characterized
by lower values of 12T NQR frequencies of two transi-
tions at 77 K (4.36 and 8.95 MHz) [4, 9] in comparison
with the corresponding frequencies observed by us (Ta-
ble).

It is known [10] that, for chemically pure specimens
with a high enough degree of crystal lattice perfection,
the resonance line width in the NQR spectrum, Av, must
be, as a rule, very small in comparison with the fre-
quency v itself: Av/v ~ 1073, Really, lattice distortions
result in that the intermolecular distances r of the same
type in the crystal are not accurately identical, i.e., a
spread of distances r emerges. In turn, this can give rise
to a certain divergence of values for the components of
the electric-field-gradient tensor, Agyy, Agyy, and Ag..,
as well as to an increase of the NQR spectrum line width
Av.

In work [10], it was also shown that, when the ra-
tio Av/v (~ Ar/r) increases to about 107!, the lines
in the spectrum become unobservable. It is also known
[10] that the product of the width and the intensity of an
NQR line is proportional to the number of resonance nu-
clei that form this line. Therefore, the fact that the 1271
NQR line with the parameters e?Qq., = 682.18 MHz
and n' = 0.29 was not observed in the content range
0.10 < = < 1 can testify to a considerable reduction of
the number of 271 resonance nuclei which formed the

line »/!.
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In the range 0.20 < =z < 0.50 of Pbly contents in
the Bil3 crystal, the width Avi! of the 27T NQR. spec-
trum practically did not vary. The ratio Avi!/vil did
not depend on the content z and equaled about 1072.
This enabled us to conclude that the degree of lattice
deformation did not change substantially in the range
0.20 < x < 0.50 of Pbly contents in the Bilz crystal.

The analysis of the obtained experimental depen-
dences of the asymmetry parameter v}! and the width
AvIl of line v; on the Pbl, content (Table) testifies
that a structural phase transition may take place in the
(Bilg)1_4(Pbly), crystal at the content « ~ 0.20. In this
case, so that the total number of resonance 271 nuclei
in the (Bil3);_,(Pbls), crystal at > 0.20 has to be in-
variant, the new line v in the 271 NQR spectrum was
formed at the expense of the line v'. In addition, the fre-
quencies of v'- and v'-lines in the 21 NQR spectrum
demonstrated a stepwise change at « ~ 0.20 (Table).

Hence, the results obtained testify that, in the range
0.05 > x > 0.10 of Pbl, contents, island-like Pbly clus-
ters which are located within the layers of the Bilj
crystal can be formed in the structure of a mixed
(Bil3)1—.(Pbly), crystal. In this case, the symmetry
C2, of the Bilj crystal is not changed as a whole.

The analysis of NQR spectra testifies that, in the
interval x > 0.20 of Pbly contents, the examined
(Bil3)1—.(Pbly), crystal has properties of the solid
substitution solution Bil3—Pbly. The so-called “new”
(Bil3);_(Pbly), crystal can possess more isotropic
glass-like properties. Since the NQR line width almost
is not changed at x > 0.20, the “new” (Bil3)1_,(Pbls),
crystal should have completely or partially ordered Pbly
atomic groups which are located most probably in the
intervals between the structural layers of the Bils crys-
tal. In this case, the general symmetry C3; of the Bils
crystal can be invariable.

At the content x ~ 0.20 of Pbl; groups in the mixed
(Bil3)1—.(Pbly), crystal, a phase transition can take
place. This hypothesis is confirmed, e.g., by the dis-
appearance of the line v! at low Pbl, contents and the
appearance of the line v'! in the 2" NQR spectrum at
the Pbly group content z ~ 0.20. At z > 0.20, the vir-
tual crystal (Bilz);—,(Pbly), becomes mixed, for which
the translational symmetry C32; can survive, neverthe-
less, as a whole.

Thus, a general conclusion can be drawn that, for
mixed crystals (Bils);—,(Pbls),, the transition from the
anisotropic into the isotropic state can take place at re-
duced energies of ionizing radiation (i.e., the transition
can enhance the sensitivity of those crystals to the en-
ergy of ionizing radiation).
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KOHIIEHTPALIIMHA 3AJIEXKHICTD
ITAPAMETPIB CIIEKTPA SKP 1271
3MIIMIAHUX HAINIBIIPOBILIHUKOBUX
ITAPYBATUX KPUCTAJIB (Bils) ;) (Pblz)x

O.1. Bapabaw, I.I. Bepmezea, €./]. Yecroxros,
O.1. Osuapenko, FO.II. I'namenxo

Peszwowme

Y poboTi mpeicTaB/IeHO Pe3yabTaTH JI0CHiKeHb crekTpiB AKP
1277 npu 77 K HamiBIPOBIOHUKOBUX 3MIIIAHMX IIAPYBATHX KDPH-
cTaJIiB (BiIg)(I,x)(PbIg)x B mmpokomy inTepsasi 0 < z < 0,50
BMmicty Pbla. Ilokazano, mo B gianmasoni 0 < z < 0,20 Bwmicty
Pbls nosexinka mapamerpis crnexrpis AKP 1271 mpu 77 K csig-
9UTh NIPO 3HAXOMKeHHsI rpyn Pbla B Mexax CTPyKTYpHUX IIa-
piB kpucrana Bilz. Ilpu npomy Bmicti Pble y 3mimanomy Kpu-
crani (Bil3)(1_q)(Pbl2)s Binbysaerbcs yTBOpeHHs KiacTepib 3
rpyn aromie Pbls ocrpiBHoro Tumy. 3a moganabioro 36iJablIeHHs
Bmicty Pbly y crmexrpi AKP 1271 kpucrama (Bil3)(1—a) (Pbl2)x
3’ABIAETbCA HOBA Jimis Tax, mo y xpucraii (Bils)_z)(Pbl2)e
npu BMicTi (z ~ 0,20) Pbly BinOyBaerbcs crpyKTypHUil hba3oBHii
nepexiz. CTBepAKyeTbCsd, MO0 CHHTE30BAHUN HOBUN KPUCTAJ IIPU
x > 0,20 moxke 6yTH TBEPIUM CKJIONOAIOHUM PO3YHMHOM THUILY 3a-
MimenHst, B sikoMy rpynu aromis Pbly — inrepkassaTi moBHiCTIO
a60 YaCTKOBO BIIOPSIIKOBAHI y MPOMI?KKaX MK CTPYKTYPHUMHU II1a-
pamu kpuctasia Bils.
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