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The 27| NQR spectra at 77 K of (BiI3)(1_n)~(PbI2)n semiconducting layered crystals in the
wide concentration range 0<n<0.50 at 0.10 steps have been studied. It has been shown that
in the concentration range 0.05<n<0.10, the (Bi|3)(1_n)~(Pb|2),7 crystal exhibits the proper-
ties of a doped Bil; crystal containing intralayer Pbl, clusters. In the 0.01<n<0.20 range,
the crystal shows the properties of an replacement type isotropic mixed crystal. At the Pbl,
impurity concentration n = 0.20, the (Bi|3)(1_n)~(Pb|2)n crystal is subjected to so-called "concen-
tration” phase transition and at 0.20<n<0.50, a new (Bil3)(1_n)~(PbI2)n crystal exists including
completely or partially ordered Pbl, atomic groups.

IpescraBieHsl pesynbTaThl ucciaefoBanuii crextpoB AKP 27| mpu 77 K moaynpoBogHu-
KOBBIX CMENIAHHBIX CJIOUCTBIX KPUCTAJJIOB (Bi|3)(1_n)-(Pb|2)n B IIMPOKOM HHTepBaJie KOHIIeHT-
paumuii 0<n<0.50 c¢ muckpersocrrio 0.10. IloxasaHo, uTO B AUMANIA30HE KOHIIEHTPAIIUH
0.05<n<0.10 xkpucrar (BiI3)(1_n)~(PbI2)n uMeeT cBolicTBa mpumecHOro Kpmcraura Bily, comep-
sKalero BHyTpucioesble KiaacTepsr Pbl,. IIpu 0.01<n<0.20 xpucTamn (BiI:,’)(1_n)~(Pb|2),7 UMeerT
CBOIiCTBA M30TPOIIHOIO CMEIIAHHOI'O KPHCTAJLIA TUIla 3aMenieHud. [Ipu xoumenrpamuu n = 0.20
mpumecu Pbl, xpucramn (Bi|3)(1_n)-(Pb|2)n WCIIBITHIBAET KOHIIEHTPAIIMOHHLIN (DA3OBBIN II€PEeXOf U
npu 0.20<n<0.50 cymiecTByeT HOBBII KPHMCTAJLI (Bil3)(1_n)~(PbI2)n C IOJHOCTBIO WM YACTUYHO
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YIOPAZOYeHHBIME Ipymmamu aTomos Pbl,.

1. Introduction

It is known [1-3] that layered semicon-
ducting materials Bily, Cdl,, Pbl, have some
properties [3, 4], which make it possible to
use these crystals as X-ray detectors with
high energy resolution properties. Besides,
those crystals are used successfully in opti-
cal and acoustic devices because of their
anisotropic properties. The efficiency of the
materials being applied in X-ray detectors
is defined by the presence of structural de-
fects and impurities influencing the elec-
tron properties and defining the radiation
resistance of the materials.
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In this connection, of importance is to
study the properties of (Bils);_p)(Pbly),
mixed crystals and to determine the concen-
tration dependences of crystal parameters
which may change depending on the impu-
rity state. The nuclear quadrupole reso-
nance spectra of 127| nuclei (271 NQR) in
chemically pure Bil; crystals (n = 0) and in
the Pbl,-Cdl, mixed layered ecrystals con-
taining isovalent iodine atoms were studied
in [5, 6]. The 27| NQR spectra of the
(Bi|3)(1_n)-(Pb|2)n mixed crystals are studied
in this work for the first time.
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Fig. 1. Concentration dependence of the ten- Fig. 2. Concentration dependence of the

sor asymmetry parameter n of electrical field
gradient.

2. Experimental

The 127] NQR spectra of the (Bi|3)(1_n)~(Pb|2)n
crystals under study at temperature 7= 77 K
in the frequency range 2-300 MHz were
measured using a quasi-coherent NQR spec-
trometer ISSh-2-13. A digital accumulator
for registration of weak and wide lines in
the NQR spectra was used, too. The Bilg
crystals with different concentrations n of
Pbl, impurity were investigated (n =0,
0.05, 0.10, 0.20, 0.30, 0.40 and 0.50). The
measured frequency values v; and v, of the
127 NQR corresponding to transitions
+1/2%3/2 and +3/2<>t5/2, provided, pro-
ceeding from the tabular data [7], determi-
nation of the concentration dependences of
the quadrupole coupling constant e2quz(n)
and asymmetry parameter n(n) of the elec-
tric field gradient tensor (n = (g, —
ny)/‘Izz) on 27| nuclear resonance. The NQR
data are presented in Table. The determina-
tion accuracy of the asymmetry parameter

width of 27| NQR spectrum line correspond-
ing to transition +1/2<>+3/2.

3. Results and discussion

It was found that for chemically pure
Bil; crystal (n =0) at 77 K, the 127 NQR
frequencies v;Y and v, corresponding to
two transitions make 111.320 and
(201.380+0.010) MHz, respectively. The
presented frequencies v;? and v,? corre-
spond to the quadrupole coupling constant
e2Qq220 = (682.18£0.01) MHz and the tensor
asymmetry parameter n° = 0.29+0.1. The
results obtained agree with experimental
data [5].

It is to note that the constant e2Qq,,!
and asymmetry parameter n! change insigni-
ficantly, when concentration value n of Pbl,
impurity in the basic Bil; matrix increases
from 0.05 to 0.10 (Fig. 1). The observed
changes for the frequencies vyl and v,! do
not exceed 10 % of their absolute values
(Table). While the width Av! of the vy line
in the 127 NQR spectrum changes by one
decimal order in the same concentration n

and quadrupole coupling constant were de- interval: A01|n:0 ~0.24, A01|n:0.10 ~
fined by the line width and did not exceed 2.20 MHz (Fig. 2). These experimental data
1.5 % and *0.1 % of absolute values evidence that in concentration range
thereof. 0<n<0.10, the reduction of intralayer sym-
Table.
n vy, MHz vy, MHz Av,, MHz n equzz, MHz | Interpretation
NQR Spectra
0 111.32 201.38 0.21 0.29 682.18 Vo
0.05 1114 201.3 1.46 0.287 682.75 vl
0.08 111.601 201.2 2.1 0.285 682.97 vl
0.20 1114 201.2 2.3 0.29 682.2 vl
0.20 104.35 204.2 2.3 0.15 684.01 vl
0.30 104.325 204.1 2.36 0.15 684.005 vl
0.40 104.3 204.15 2.3 0.15 684.02 vl
0.50 104.35 204.17 2.3 0.15 684.025 vl
Functional materials, 17, 1, 2010 25



Yu.P.Gnatenko et al. /| Investigation of ...

metry is insignificant while the interlayer
symmetry does not change. The Cg;2 symme-
try for crystal (Bils)s_,(Pbly), in the con-
centration range 0<n<0.10 does not change
as a whole. This assumption is based on the
fact that x and y axes of ¢,, and qyy com-
ponents of the electrical field gradient ten-
sor lie in the plane of crystal layers and
axes z are perpendicular to the layers [5].
Therefore, the layered structure of
(Bil3)(1_ny(Pbly), crystals can be supposed to
be maintained for the concentration range
0 <n<0.10 with impurity groups Pbl,
being situated within the crystal layers.
Moreover, Pbl, groups may form interlayer
clusters of "island” type with dimensions in-
creasing with the increase of concentration n.

For the Bily crystals with the concentra-
tion n of Pbl2 impurity 0.20, 0.30, 0.40 and
0.50, we have revealed a new line vll in the
127] NQR spectrum at 77 K. So, for n = 0.20,
the line vl at 77 K is characterized by the
following parameters: vl =105.027,
vl = 204.150 MHz, €2Qq,,l' = 684.01 MHz,
nd = 0.15. It is important to note that for
this new line of NQR spectrum of 127|, the
asymmetry parameter nl! becomes approxi-
mately halved: n!=0.29 and nil=0.15.
Thus, the constant e2Qq, of the electric
field gradient on 1271 nuclei does not
change considerably: e2Qq22I = 682.18 and
eZQqZZH = 684.01 MHz. This allows to con-
clude that with growing n, the crystal in-
terlayer symmetry increases.

In addition, at increasing concentration n of
Pbl, impurity in the interval 0.20 < n < 0.50,
the width Avll of the new vll line in the
127 NQR spectrum remains essentially un-
changed (Avll ~ AUI|n:10% ~ 2.30 MHz). It is
also of interest that the line u! in the
127] NQR spectrum with the parameters
e?Qq,,! = 682.18 MHz and nl = 0.29 in the
n 0.10 <n < 0.50 range is not observed. It
is known [7] that for the chemically pure
samples with a rather high perfection of
crystal lattice, the width of resonance line
Av of the NQR spectrum must as a rule be
very small as compared to frequency v of
the NQR line: Av/v ~ 1073, Indeed, the pres-
ence of distortions in the lattice results in
that the intermolecular distances r of the
same type in the crystal are not strictly
identical. There appears some variation Ar
of r distances. This may, in turn, cause
some variation of the field tensor compo-
nents Ag,,, Ag,, and Ag,, of the electric
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field gradient ¢,, and increasing width Av,!!
of NQR spectrum line. It was also shown in
[7] that for Av/v ~ Ar/r ~ 1071, the nuclear
quadrupole resonance signals become unob-
servable.

It is known [7] also that the product of
width and intensity of NQR line is propor-
tional to the number of resonant nuclei
which form this line. Therefore, the fact
that in the concentration range 0.10 < n <
0.50, the line vl of 27| NQR spectrum with
the parameters eZQqZZI = 682.18 MHz and
nl = 0.29 becomes unobserved, can testify
about considerable reduction of number of
127] resonant nuclei which form the line vl.
We have found that in the interval of Pbl,
impurity concentrations 0.20 < n < 0.50 in
the Bil; crystal, the width AUIH of the line
L)IH in 127] NQR spectrum does not change
essentially. The ratio Avy /vyl is inde-
pendent of the concentration n and makes
~1072, This enables to record the rather
wide lines UIH of 127] NQR spectrum in the
concentration range 0.20 < n < 0.50.

Analysis of the obtained experimental
concentration dependences both of the
asymmetry parameter and of the v; line
width (Figs. 1 and 2) indicates that at the
concentration n ~ 0.20, the so-called "con-
centration” phase transition occurs in the
(Bi|3)(1_n)-(Pb|2)n crystal. Taking into account
that the total number of resonant 27| nuclei
in the (Bi|3)(1_n)~(Pb|2)n crystal should be
constant, the new line vl in the 271 NQR
spectrum at n>0.20 is formed at the ex-
pense of resonant nuclei forming the line
vl. In addition, at n ~ 0.20, the concentra-
tion dependences of frequencies v; and v,
show a jump (Table).

4. Conclusions

Thus the results obtained show that in
the concentration range 0.05>n >0.10,
Pbl, impurity islands or clusters can be
formed in the (Bil3)_p)(Pbly), structure
which are disposed within Bil; crystal lay-
ers. The symmetry of impurity Bil; crystal
as a whole does not change. It is shown that
in the concentration range 0.10 > n > 0.20,
the (Bi|3)(1_n)-(Pb|2)n crystal under study ex-
hibits the properties of Bil3-Pbl, solid solu-
tion of substitution type. The appearing vir-
tual crystal Bil-Pbl, is characterized by iso-
tropic glassy properties. As a result, due to
distortion of transmission symmetry of the
isotropic mixed crystal Bily-Pbl,, the 127]
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NQR spectrum is not observed. At the con-
centration wvalue n ~ 0.20, the mixed
(Bil3)(1_p)(Pbly), crystal undergoes a concen-
tration phase transition. An evidence
thereof is, for example, the disappearance
of low-concentration vl line and appearance
of a new high-concentration vl! one in the
127 NQR spectrum. In this case, the impu-
rity crystal (Bi|3)(1_n)-(Pb|2)n (at n=>0.20)
changes into the mixed crystal
(Bi|3)(1_n)-(Pb|2)n, where the translational
symmetry of crystal as a whole can be
retained.

References

. V.M.Koshkin, V.V.Kukol, A.P.Milner, Fiz.

Tverd. Tela, 91, 1608 (1977).

. M.Watanabe, A.Ishibashi, T.Hayashi, JJ. Lumi-

nescence., 48&49, 87 (1991).

. T.Hayashi, P.Gu, M.Watanabe, <J.Phys.Soc

Japan, 63, 2089 (1994).

. Yu.P.Gnatenko, I.A.Beynyk, P.A.Skubenko,

in: Materials of the Intern. Confer. on High
Mat. Tech., Kyiv (2007), p.402.

. Yu.P.Gnatenko, A.I.Barabash, I.G.Vertegel,

Functional Materials, 15, 175 (2008).

. R.Barnes, P.Bray, J.Chem.Phys., 23, 1177

(1955).

. E.I.Fedin, A.I.Kitaygorodskiy, Krystallo-

grafia, 6, 406 (1961).

Nocaimxenna cnexrpis IKP 27| amimanux mapysaTux
HaniBnposiguukoBux kpucrauis (Bil3),_,)(Pbly),

I0.I1.Tnamenko, O.1.Bapa6baw, 1.I''Bepmezen, €./].Yecnoxos,
0.1.06uapenko, C.B.Ilozpebusk.

Hocaipxeno cuexktpu SIKP 127] ppu 77 K HANiBOPOBIZHWKOBMX SMIIIAHWX IMIAPYBATHX
KpucTaIis (Bil3)(1_n)~(PbI2)n y mupoxkomy inTepsBaii KoHmeHTpamiii 0<n<0.50 3 guckperHicTO
0.10. Ilokasano, mo y miamadoni kKoumenTpamniii Big 0.05<n<0.10 xpucran (Bil3)(1_n)~(PbI2)n
Ma€ BJIACTUBOCTi Jomimkosoro kpucrana Bil; 3 BEyTpimEpOmapysarumu Kiaacrepamm Pbl,.
IIpu 0.01<n<0.20 rpucran (BiI3)(1_n)~(PbI2)n Mae BJIACTUBOCTI i30TPOITHOrO 3MimIaHoro Kpmcra-
na tumy samimensa. Ilpu n = 0.20 gomimxku Pbl, y xpucrari (BiI:,’)(1_n)~(Pb|2),7 BinbyBaeThCca
KOHIleHTpaIlilinuit ¢asoBuii mepexin i mpum 0.20<n<0.50 yTBOpPIOETHCA HOBUII KPUCTAJI
(BiI3)(1_n)~(PbI2)n 3 IIOBHICTIO 860 JACTKOBO BIIOPAAKOBAHMMHN rpynamu aromis Pbl,.
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