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The concentration dependences of the parameters of the 127 NQR spectrum for
Pb,_ Mn, |, mixed layered semiconductors have been investigated. It was shown that in the
range of 0.00 < x < 0.1, Mn2* ions mainly replace Pb%* ions in the crystalline layers. It is
possible to form nanocluster domains in Pb,_ Mn,|, crystals. It is shown that the nanoclus-
ter domain Pb,_,Mn I, structure leads to the change of the NQR spin echo signals integral
intensity. The decrease of the spin lattice relaxation time which has been revealed indi-
cates the existence of the additional mechanism of the I'27 NQR relaxation. This mecha-
nism is connected with the dipole interaction of the Mn?* ions with the nearest |27 nuclei.
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IIpuBeseHbl PE3yJbTATHL HCCIENOBAHUN KOHLEHTPALMOHHBEIX 3aBUCHUMOCTEN IIapamMeTpoB
cexrpa AKP 1'% cMmemaHHBIX CIOMCTHIX TOJYIPOBOLHUKOB Pb,_ Mn,l|,. Ilokasano, uTo B
unTepBaye cogep:xkanua Mnl, 0.00 < x < 0.1 uonm Mn2* B ocnoBHOM samemiaioT moHbI Pb2*
B KPHUCTAJIMYECKUX CJIOAX, a HAHOKJACTePHAA NOMeHHad cTpykTypa Pb,  Mn |, mpusogut x
U3MEHEHUI0 WHTerPAILHON WHTEHCUBHOCTU CHUHOBHIX 9xocurHnasoB AKP. OGuapy:kenmoe
3aKOpOYEHIEe BPeMeHU CIHMH-PEelIeTOYHON KBajApyHoabHoi penakcanuu sgep |27 yrasniaer
Ha CYIeCTBOBAHWE [OTOJHUTEJHLHOI0 MEXaHW3Ma peJjiaKCalliu. ITOT MeXaHW3M CBI3aH C
IUOOJBbHBIM B3aMMOIEHCTBUEM Mn2* ¢ Gammatimumu AgpaMu 127,

Briane iomie Mn?* ma mapamerpn cmexrpa ' NQR szmimanoro mapyeaTtoro Ha-
nismposigauka Pb, Mn.|,. I.I"Bepmezen, E.J].Yecnoros, O.1.0suapenro, A.Il.Bykiscvruil,
FO.II.T'namenko.

ITpuBegeno pesynabTaTy AOCHifKeHb KOHIEHTPAIIMHUX 3aJleKHOCTEH ImapaMeTpiB CIIEKT-
pa AKP 1?7 gyimanux mapysaTux HamiBIpoBinHUKIB Pb,_Mn,l,. IToxasaro, mo B inTepsami
Bmicty Mnl, 0.00 < x < 0.1 ionnm MnZ* B ocmoBHOMY samimaroTs iomum Pb?* y kpucramiurmx
mapax, a HaHOKJACTepHa JoMeHHa cTpykrypa Pb, Mn |, mpusogure mo smimm imrerpamsroi
inrerncueHocTi cainoBux exocurHaiie AKP. Bussiiene 3MeHIlIeHHA Yacy CIIH-IPATKOBOI KBAApPY-
nosbHOI penaxcanii smep 127 Brasye Ha icHyBaHHS NOZATKOBOTO MexaHisMy peraxcaiii. Ieit
MeXaHi8M 0B’ S3aHUI 3 AUTIOJHLHOIO B3aEMOJIICIO MnZ* 3 HaftGImKUMMu AgpamMmn 127,
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1. Introduction

Nuclear quadrupole interactions are very
sensitive to various crystalline deformations
that induce a change of NQR (Nuclear Quad-
rupole Resonance) frequency. The crystalline
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structure of the layered Pbl, semiconductors
allows the impurities to be located in differ-
ent crystallographic positions. Previously, it
has been shown on the example of PbCdl,
crystals that crystalline clusters can form
in layered solid solutions [1, 2]. These crys-
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talline formations strongly affect on the
physical properties of such crystals.

It should be noted that Pbl, layered semi-
conductors relate to the semiinsulating ma-
terials. Their physical properties allow one
to use these materials for the development
of X- and gamma-rays detectors. Earlier the
studies of the PL and X-ray diffraction
spectra of Pb,;_,Mn,l, solid solutions were
carried out in [3-6]. Radiospectroscopic in-
vestigations of Pb,_,Mn,l, crystals were
mainly related with the EPR measurements
[7-9] and magneto-optical properties. It was
found that the ferromagnetic interaction be-
tween the Mn ions takes place both in the
interlayer space and in the crystalline lay-
ers [9]. At the same time, the antiferromag-
netic character of the exchange interaction
between Mn ions and holes of the valence
band was observed in [10]. The NQR spectra
of chemically pure Pbl, crystals of 2H- and
4H-polytypes as well as ones intercalated
with organic materials have also been inves-
tigated in [11-14]. The NQR spectra of 127
for mixed Pbl,-based layered crystals have
been investigated in [15—-17]. However, the
study of the dependence of NQR spectra pa-
rameters on Mn concentrations for these
crystals was not carried out.

Proceeding from above-stated: the aim of
the work was to investigate the mechanism
of Mn2* ions influence on the structural and
physical properties of Pb;_Mn,l,. For this
purpose, the 127 NQR spectra parameters of
the concentration dependence were measured.
To determine the mechanism of the 127 spin
interaction with the Pb,_,Mn,l, crystal lat-
tice, the concentration dependence of the
quadrupole spin-lattice relaxation time T,
was also investigated. For the first time,
the concentration dependences of the 1127
NQR spectrum (+3/2<>15/2) parameters of
Pb,_Mn,l, layered semiconductor crystals for
different Mn concentrations (x = 0.0, 0.03,
0.05, and 0.1) were investigated.

2. Experimental

The NQR spectra of 127 for the investi-
gated crystals were measured at 77 K in the
frequency range of 5-300 MHz using a
pulsed quasi-coherent NQR spin-echo spec-
trometer. The accuracy of the NQR fre-
quency measurements was determined by
the half-widths of the NQR lines and for
the investigated crystals this value was not
worse than £3—5 kHz. The measurements of
the frequencies v/ and v” of 127 NQR corre-
sponding to transitions +1/2<%3/2 and
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13/2>15/2 allowed determining the con-
stant e2Qq,,(x) of the quadrupole interac-
tion and the parameter n(x) associated with
the asymmetry of the gradient electric ten-
sor fields (n(x) = (q,, — qyy)/qzz). The accu-
racy of determining the asymmetry parameter
and the constant quadrupole interaction de-
pends on the width of the line and was not
worse than £1.5 % and 0.1 %, respectively.

In this work we studied the pure Pbl,
crystals and Pb,_ Mn,l, solid solutions with
the following Mn contents: x = 0.03, 0.05,
and 0.10. The investigated crystals were ob-
tained by growing from the melt. It is
known [18] that the Pbl, crystals obtained
by this method are mainly of 2H or 4H
polytypes. Pbl, crystals of 2H-modification
are the most common polytype. This
polytype has the spatial group D33a and con-
tains one layer packet (3 atoms) per an ele-
mentary cell [20]. The NQR spectrum of 1127
(£3/2>t5/2) includes only one line with the
frequency of v=8.930 MHz at T =77 K.
The 4H polytype of Pbl, consists of two
layer packets (6 atoms) per an elementary
cell and belongs to the spatial C%g, group.
For such crystals, the NQR spectrum of 1127
in the 4H polytype (£3/2<>%5/2) consists of
two lines with NQR frequencies of 9.8 MHz
and 10.3 MHz [11]. The presence of two
lines in the NQR spectrum indicates two
non-equivalent positions of the 1'27 nucleus
in the elementary cell and fully corresponds
to the structure of this polytype. The meas-
urements of 1'27 NQR spectra lines integral
intensity was fulfilled in the same operating
mode of the spectrometer. Obtained integral
intensity values were re-counted to type
mass unit of Pb,_,Mn,l, materials under in-
vestigation.

3. Results and discussion

We have found that for Pbl, crystals at T
=77 K, the frequencies of 127 NQR are Vi
(1/265£3/2) = 4.465 and vy (£2/3%2/2) =
8.935 MHz. These values of the |27 NQR fre-
quencies correspond to the quadrupole inter-
action constant equZZ = 29.830 MHz and
the asymmetry parameter of the electric field
gradient tensor m = 0. The obtained data are
consistent with the results represented in [11]
and indicate that the investigated crystals in
the range of 0.00<x<0.05 have a structure of
2H polytype, which is most stable at room
temperature.

As can be seen from Fig. 1, the NQR spec-
trum of 1127 (+3/2¢>+5/2) at x =0, x = 0.03
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Fig. 1. The NQR spectrum of 27| for Pbl,
crystal of 2H polytype (line 1), Pbyg,Mnggsl,
(line 2), and Pbj gsMng o5l, (line 3).

and x = 0.05 for the Pb,_Mn,l, crystals
consists of one line with frequency v =
8.930+0.005 MHz. With an increase in the
content of Mn atoms in the Pb,_Mn,l, crystal,
the width of the 127 NQR line (+3/2¢15/2)
increases significantly. At the same time,
with increasing content of Mn to x = 0.05,
the frequency of the 127 NQR line does not
change (see Table), but its width is almost
doubled. Since the frequency of the 127 NQR
line (£3/2<>t5/2) for the values 0<x<0.05
does not change, this means that the crystal-
lographic positions of Mn atoms remain un-
changed. The obtained results show that for
Pb,_,Mn,l, crystals with 0<x<0.05, Mn2* ions
preferably replace Pb2* ions in the crystalline
layers; this causes a change in the width of
the 127 NQR line, but does not change the
NQR frequency of 1'27 line (+3/2¢15/2).

As the Mn content increased in the
Pb;_Mn,l, crystal up to x = 0.1, the 1127
NQR spectra considerably differed from the
previous spectra at x = 0.0, 0.03, and 0.05.
This difference is connected with the fact,
that the crystals with x = 0.1 have the het-
erogenic composition consisting of 2H and
4H polytypes, while the crystals with
0.00<x<0.05 contain only a 2H modification.

Table

Pb,_ Mn,l, The width of Frequency v
NQR line Av, | (+3/255/2),

MHz MHz

x=0.0 0.190 8.935

x =0.03 0.218 8.930

x =0.05 0.468 8.932

x=0.1 0.9 9.025
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Fig. 2. NQR spectrum of 27| for Pb,_Mn,l,
crystal with x = 0.1, 7 — 27| spectrum line of 2H
polytype; 2, 3 — spectrum lines of 4H polytype.

The NQR spectrum (£3/2<15/2) shown
in Fig. 2 has three lines at the following
frequencies: v(1) = 9.08 MHz, vy(2) =
10.00 MHz, and vg(3) =10.50 MHz. Ac-
cording to [11], the NQR spectrum of Pbl,
for the 4H modification consists of two lines
of approximately same intensity with fre-
quencies v; =9.8 MHz and vy 4H=
10.3 MHz. It should be noted that the 4H
polytype formation in most cases is caused
by the presence of impurity atoms. The ob-
tained NQR spectrum of 127 tor Pb,_,Mn,l,
crystals (x = 0.1) shows that the investigated
crystals have a heterogeneous composition in-
cluding 4H polytype crystals (lines 2 and 3,
Fig. 2) and 2H polytype ones (line 1, Fig. 1).
In this case, the frequency of the NQR spec-
trum of all three lines increases with respect
to the frequencies of the NQR spectrum of
pure Pbl, crystals by the wvalue of about
200 kHz (2 % of absolute values). The shifting
of the NQR frequency may be due to the Zee-
man effect associated with the ferromagnetic
properties of the part of the manganese ions.

It is known [19] that the product of the
width and intensity of the NQR line is pro-
portional to the quantity of the resonance
nuclei, which forms this line. As it is seen
in Fig. 1, the integral intensity J increases
with increasing Mn2* concentration. If for
x=0,J =1, then for x = 0.03, J = 4.2, for
x=0.05, J =10, and for x = 0.1, J = 30 in
the arbitrary units. The intensity increase be-
ginning from x = 0.03 shows the possibility
of the formation of nano-clasters — domains,
which amplify the NQR echo-signals due to
ferromagnetic exchange interaction of Mn2*.
It is known [21] that if in the crystals there
are domains and boundaries of domains,
then the local magnetic field acting on the
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nuclear spins is 10-100 times greater at the
boundaries than within the domains. For the
nuclei at the domain boundary, the theoreti-
cal estimation based on the experimental re-
sults gives the value 103 — 104 for the ampli-
fication factor of NMR-NQR spin echoes. The
study of the change in the amplification fac-
tor of spin echo signals due to the existence
of a domain structure in some ferromagnetic
semiconductors was performed in [22]. Pre-
viously, we have shown [2, 16, 17, 23] that a
characteristic peculiarity of the layered Pb,_Cd,l,
and (Bil3)(1_x (Pbl2), semiconductors is the
formation of the nano-cluster structures
during their growth; this effects on the
spectral parameters of 127 NQR spectra and
thus changes the physical properties of
these solid solutions. Thus, we can assume
that for the Pb,_Mn,l, crystal with x = 0.03,
0.05, and 0.10, the Mnl, nano-cluster domains
are formed; this fact, due to the ferromag-
netic exchange interaction between the Mn
ions, leads to a change in the integral inten-
sity of the observed spin echo signals (Fig. 1).
In order to determine the mechanism of
the interaction of nuclear spins 127 with
the Pb,_Mn,l;, crystal lattice, we studied
the concentration dependence of the spin-
lattice nuclear quadrupole relaxation time
T;. The following T; values were deter-
mined: for x =0, Ty = 7.2+1.4 ms; for x = 0.05;
T,=6.6x1.2 ms, and for x=0.1; T, =
6.05+1.2 ms. It was also established that
the decrease in the magnetization of the
system of nuclear spins has a single-expo-
nential type. It is known [1] that in PbJ,
crystals at T = 77 K, the main mechanism of
spin-lattice relaxation is the modulation of the
intracrystalline field by flexural vibrations.
Our results indicate that in the crystals under
study, for x = 0.05 and x = 0.1, the thermal
modulation of the magnetic dipole interaction
of Mn2* ions with the nearest |'27 nuclei also
acts as a spin-lattice relaxation mechanism.

4. Conclusions

The obtained results of studying the pa-
rameters of 127 NQR spectra for the
Pb;_,Mn,l, crystals with Mn concentrations
up to 5.0 % show that the crystallographic
positions of the Mn2* ions are unchanged,
and they partially replace the Pb ions. In
this work, the possibility of using NQR
measurements to identify both 2H and 4H
modifications of mixed Pb,;_Mn,l, crystals
has been demonstrated. On the base of the
investigation of the concentration depend-
ence of spin echo-signals integral intensity,
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the possibility of formation of a domain
nano-cluster structure in the Mnl, content
range of 0.03<x<0.1 has been shown. The
spin-lattice relaxation time decrease evi-
dences the appearance of a new relaxation
mechanism, which is connected with the
change of the Mn2* ions magnetic dipole in-
teraction with nearest 127 nuclei.
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