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The spectrum of the pulsed luminescence occurring during plastic deformation of microtwinned ZnS
crystals was investigated. It was shown that charged partial dislocations which move during deformation
bring a charge out to the surface of the sample, and this charge induces surface electroluminescence. The
dependence of the dislocation charge on the deformation rate and the sample temperature was investigated.
The detection of a stationary component in the luminescence occurring during deformation of ZnS crystals

is reported.

PACS numbers: 78.60.Fi, 62.20.Fe

1. INTRODUCTION

The occurrence of luminescence during plastic defor-
mation of ZnS crystals has been reported earlier. 2’
In contrast to the well understood stationary deformation
luminescence of colored alkali halide crystals, 3'4! the
deformation of ZnS single crystals results in the emis-
sion of short pulses of light, i.e. the luminescence has
a nonstationary character. In addition, plastic defor-
mation of ZnS crystals causes an electric charge to ap-
pear on the surface of the sample. **'®? Simultaneous in-
vestigations of these two processes in the present work
have shown that the pulsed luminescence of ZnS crystals
observed during plastic deformation is electrolumines-
cence of the sample caused by moving charged partial
dislocations. The motion of these same dislocations
leads to the appearance of an electric charge on the sur-
face of the sample.

The paper reports the discovery of a stationary com-
ponent of the deformation luminescence in A%B® crys-
tals. Spectral investigations are presented, and a mech-
anism is proposed for this process.

2. SAMPLES. EXPERIMENTAL TECHNIQUE

Single crystals of ZnS were grown from the melt by
the Bridgman method in an atmosphere of argon at a
pressure of 150 atm, Both ZnS crystals specially left
undoped and having a dark resistivity of p~10'° © * cm,
and crystals doped with manganese and nickel (~0.1 wt.
% impurity in the melt) having resistivities p of 10' and
102 Q- cm, respectively were investigated. Studies
were made of samples doped with Al,S; to stabilize the
6H and 4H polytype structures. The dark resistivity of
the polytypes was p=108Q « cm, b According to x-ray
investigations the structure of the initial crystals may
be represented in the form of thin layers of sphalerite
rotated through 60° with respect to one another around
a selected [111] axis, " The (111) plane perpendicular
to this selected axis is a twinning plane. X-ray rocking
patterns indicate that the thicknesses of the regions of
cubic structure are statistically distributed. Compar-
ison of the birefringence and x-ray data shows that the

average thickness of the sphalerite layers in the samples
investigated is ~ 30 A. The initial sample is thus a sphal-
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erite microtwin. The presence of a twinning plane makes
the motion of dislocations difficult in all the (111) planes
except the one selected by the twinning which we shall
denote by (0001) in hexagonal indices.

The samples were cut with dimensions of 2X2X4 mm
and 3X3X6 mm so that the slip plane active during de-
formation was at an angle of 45° to the deforming stress.
Various methods of loading the crystals were used:

1) loading with rectangular mechanical-stress pulses
(pulse amplitude 0-5 kgf, duration 0.5-20 sec)

2) deformation at a constant rate of & = (1-5)x10™
-1
sec™,

To study the spectral characteristics of the lumines-
cence photoelectric recording was done using low-noise,
high-sensitivity photoelectron multipliers of types FEU-
79 and FEU-106, and Monospec-600, SPM-2, and Hitachi
monochromators. The time characteristic of the lumi-
nescence and birefringence were recorded with a time
electron multiplier type FEU-77, and S1-37 and S1-11
oscilloscopes.

To determine the charge on the dislocations and to in-
vestigate the influence of the electric field on the move-
ment of charged dislocations, indium contacts were at-
tached to the (1011) faces of the crystal with an ultra-
sonic welder (Fig. 1). The signal from the contacts was
fed to the input resistance R;, of an oscilloscope or an

(0001)
(1077)  FIG., 1. Diagram illustrating the

orientation of a ZnS sample during
uniaxial deformation. The indices:
of the faces are given in the hexag-

onal system...

© 1978 American Institute of Physics 768



electrometric amplifier. In all the investigations the
sample resistance R,,, was > R,,.

3. EXPERIMENTAL RESULTS

Plastic deformation of microtwinned ZnS crystals re-
sults in short pulses of light with a duration of v~ 40
nsec, The amplitude and duration of the luminescence
flashes does not depend on the deformation rate or the
temperature. On the other hand, the number of lumi-
nescence flashes in unit time N is determined by the
plastic deformation rate £ (Fig. 2), N always being pro-
portional to £ (€ =£,N); consequently, the residual de-
formation is € =€¢Nt;, where €, is the deformation for
one flash, and f; is the time for which the sample is
stressed. The proportionality between the number of
luminescence flashes n=Nt and € is preserved up to a
crystal deformation of 17 %.

The residual deformation ¢, for one luminescence
flash may vary in the range 0.16-0.3 um for different
ZnS ingots.

Investigation of the birefringence of a sample when it
is loaded with rectangular pulses of mechanical stress
showed that in the elastic deformation region (¢ <0y,
where g, is the elastic limit) the change in birefringence
is only observed at the instant the crystal is stressed.
For ¢ >0,, the birefringence varies monotonically during
plastic deformation of the sample (Fig. 3). The cyclic
nature of the process is noteworthy. At the beginning a
relatively rapid change in the birefringence is observed
which then reaches saturation. The cycle ends with a
stepwise change in the birefringence and is repeated
again, (We do not examine the change in birefringence
at the instant the mechanical stress pulse is applied,
which is due to elastic deformation of the crystal.)

In synchronism with the jump in the birefringence a
luminescence flash is observed. The duration of the
stepwise change in birefringence proved to be ~ 80 nsec,
i, e. of the order of the duration of the luminescence

FIG. 2. The shape of an
individual luminescence
pulse (a) and the depen-
dence of the number of
flashes in unit time N on
the rate of plastic deforma-
tion. The latter is equal
to 2 (b), 10 (c), and 80 (d)
pm/min respectively.

_ Total scale=5 sec.
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FIG. 3. The variation in birefringence during plastic deforma-
tion of a sample. a, b, ¢, and d are jumps in the birefringence
accompanying pulsed luminescence. ¢ is a jump in the bire-
fringence initiated by a nitrogen laser pulse (A =337 nm) at a
voltage below breakdown (U< Uy).

.

flash, The coincidence of the durations and the synchro-
nism of the appearance of luminescence flashes and the
jumps in birefringence indicate that they are due to the
same process., The variation in birefringence during
the time preceding the jump in it, and consequently, pre-
ceding the luminescence flash as well, is evidence of the
dynamic process (dislocation movement) which builds up
the luminescence flash,

The linear relationship between the number of flashes
and the residual deformation of the crystal, and the re-
sults of the investigations of the birefringence of crys-
tals undergoing deformation make it possible to con-
clude that the flashes of luminescence occurring during
deformation are the consequence of the plastic deforma-
tion, i.e. they have a dislocation nature. Evidence in
favor of this is also provided by the absence of lumines-
cence in the region of elastic deformation of a sample
and on loading a crystal cut so as to make the move-
ment of dislocations difficult (basal plane parallel to the
direction of deformation).

As was shown in™}, other, nondislocation mechanisms
for the occurrence of luminescence flashes (tribolumi-
nescence and the piezo~effect) do not explain a number
of the experimental results.

4. THE CHARACTERISTICS OF THE DISLOCATIONS
GIVING RISE TO PLASTIC DEFORMATION OF ZnS
CRYSTALS

The dislocation structure of A’B® crystals, particular-
ly of ZnS, is very diverse.'®! Plastic deformation may
be the result of the movement both of complete (30°,
60°, edge, and screw) dislocations, and of partial ones,
X-ray and optical investigations of crystals undergoing
deformation permits one to pick out that type of dislo-
cation whose motion gives rise to the plastic deforma-
tion of the sample. As investigations of x-ray rocking
patterns and Debye patterns showed, a plastically de-
formed ZnS sample contains all the features character-
istic of the cubic modification of ZnS, i.e. it is a single
crystal of sphalerite.

Observation of deformed samples in crossed polar-
izing prisms indicates that the transition of the initial
microtwinned modification to the 3C structure starts at
the very first stages of plastic deformation and is com-
plete for £ ~20%. As shown in'"®), the microtwinned—
sphalerite transition is brought about in ZnS crystals
through the movement of partial dislocations, and the
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deformation needed for the full transition is determined
by the number of partial dislocations needed for a com-
plete reorientation of the crystal.

Thus, plastic deformation of microtwinned crystals is
the result of the movement of partial dislocations.

An analysis of the possible structures of the partial
dislocations moving in the basal plane carried out in%11
showed that the core of a dislocation may contain up to
three excess broken bonds on Zn* or S* atoms. The
crystals we investigated had a dark resistivity of ~ 103
Q ° cm and a Debye screening radius of ~1 mm, and con-
sequently it may be assumed that the free carriers will
not screen the “geometrical” charge of a dislocation.
Consequently, the partial dislocations which bring about
the plastic deformation of microtwinned crystals may be
charged and have a charge greater than +le per inter-
atomic distance.

5. EXPERIMENTAL STUDY OF THE CHARGE ON
PARTIAL DISLOCATIONS IN ZnS CRYSTALS

The appearance of a charge on the surface of samples
that are being deformed was first observed by Stepanov
in alkali-halide crystals (the Stepanov effect). 12131 The
occurrence of an electric potential on the faces of ZnS
and ZnSe crystals undergoing deformation was first re-
ported in'®), It was also shown in the latter that plastic
deformation in these samples is brought about through
the movement of charged dislocations. In A%B® crystals
dislocations of different mechanical sign have opposite
electric charges, '*®11! During deformation disloca-
tions with dissimilar charges (e and f) move in op-
posite directions and produce the charge on the (IQTI)
crystal faces observed experimentally. If the (1011)
surface to which the contacts are attached is connected
with a recording instrument for which R, < R,,,, then
the crystal will be a current source during plastic de-
formation, Since this current is due to moving disloca-
tions, it is natural to term it the dislocation current i;.

As was noted in®'*]the charge brought to the surface
of the sample by the moving dislocations is equal to

Q0= fiddt. (1)

If the residual deformation which builds up this charge
is determined, it is easy to find the average charge of
a mobile dislocation, 514!

The change in the height of the sample A%z may be de-
termined from the motion of dislocations in the follow-
ing way:

Ah=Z (b.m) ASS ‘ (2)

where S, is the area of the slip plane, AS; is the area
swept out by a dislocation, n is the direction of deforma-
tion, (b, ° n) is a factor taking account of the geometry

of deformation, and b; is the Burgers vector of the i-th
dislocation. When such deformation occurs, the charge
arising on the surface of the sample is
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Q=ZQiAT‘S;‘. (3)

where g; is the linear charge density of the i-th disloca-
tion, and L, is the distance between the (1011) crystal
faces in the (0001) plane.

To estimate the average charge of the dislocations we
shall assume that during deformation of ZnS crystals
movement of partial dislocations of one type takes place
and then we obtain from (1)=(3)

9= (‘g‘:) % . @)

0

At 350 K the average charge of the partial dislocations
in crystals specially left undoped determined from this
relationship turned out to be equal to 0.9+0, le per in-
teratomic distance along the line of the dislocation,

In‘*? too large a value was obtained for the linear den-

sity of dislocation charge in ZnS crystals (1.3+0, 15¢/
lattice point) since the authors considered that deforma-
tion was brought about by the movement of complete dis-
locations and not partial ones as is actually the case.!”®?
Recalculation of the data in™*? gives a value of g~0.9
£0, 15¢/lattice point, which is in good agreement with
our results.

The linear density of charge on a dislocation of ¢
= 0.9¢/lattice point found in the present work agrees
with the estimate of the linear density of dislocation
charge of g~ le/lattice point obtained in‘®? by another
method based on studying the “odd” electroplastic effect
(the electrostatic interaction of charged dislocations with
an external field).

Determination of the charge on the dislocations at
various stages in plastic deformation showed that the
value of ¢ in ZnS single crystals is practically indepen-
dent of the degree of deformation of the sample for ¢
>3% (Fig. 4). The investigation of the dislocation charge
was therefore carried out at deformations greater than
3%. It turned out that the charge on the dislocations de-
pends on the rate of deformation and on the temperature
at which the sample is deformed. Increasing the tem-
perature in ZnS crystals specially left undoped leads to
a reversible increase in the charge on the dislocations
(Fig. 5). Figure 6 shows the dependence of g on the de-
formation rate at various temperatures. Increase in
the deformation rate at constant temperature results in
a decrease in the magnitude of the dislocation charge.
The introduction of manganese or nickel impurity into a

g, €/ lattice point

FIG. 4. Dependence of the dislocation charge on the degree of
sample deformation ([g]=1 electron per lattice point along the
dislocation line); T'=360 K.
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g, €/ lattice point

FIG. 5. Dependence of the disloca-
tion charge on the deformation tem-
perature of the sample: 1—ZnS
crystal specially left undoped, 2—
ZnS doped with nickel (0. 05 wt.% in
the melt).

ZnS crystal produces some decrease in the dislocation
charge but the character of the temperature dependence
g=¢(T) remains unchanged (Fig. 5). A significant change
in the charge on the dislocations is observed on doping
ZnS with Al,S; (polytypes 6H and 4H), For 6H polytype
crystals g=~0, 3e/lattice point. In addition, a decrease

in the dislocation charge occurs in these samples with
increase in the temperature at which the crystal is de-
formed.

Investigation of the electrical characteristics of plas-
tically deformed crystals permits the following conclu-
sions to be drawn.

1. Plastic deformation of microtwinned ZnS crystals
is brought about by charged partial dislocations whose
charge at 7=350 K is equal to ¢~0,9+0, le/per inter-

- atomic spacing along the dislocation line,

2. The charge on the partial dislocations is weakly
dependent on the impurity content of microtwinned
(ZnS: Mn and ZnS: Ni) crystals. An increase in tempera-
ture results in an increase in the value of g, while an
increase in the deformation rate causes a decrease in
the dislocation charge in a microtwinned crystal. The
variation in the dislocation charge on varying the tem-
perature and rate of deformation of the crystal is prob-
ably associated with the movement of different types of
partial dislocations (having different values of g) on
varying the experimental conditions.

3. In polytype crystals the value of q is ~0, 3¢/lattice
point at T =300 K; with increase in temperature a de-
crease occurs in the dislocation charge, apparently as-
sociated with screening of the “geometric” charge by free
carriers,

6. SPECTRAL CHARACTERISTICS AND THE
MECHANISM OF PULSE LUMINESCENCE

The spectrum of the luminescence occurring during
plastic deformation of microtwinned ZnS crystals con-

¢; €/lattice point
10t o

a5 e i 2 1 4
o 10 20 30 40 50
¥, pm/min

FIG. 6. Dependence of the dislocation charge on the deforma-
tion rate of the ZnS sample at T=380 K (@) and T =320 K (0).

771 Sov. Phys. JETP 46(4), Oct. 1977

. | :
300 400 500 600 700
4, nm

FIG, 7. Pulsed luminescence spectrum of a microtwinned
ZnS: Mn crystal.

sists of a series of narrow bands in the 290-430 nm re-
gion (2976, 3158, 3365, 3535, and 3576 f&, see Fig, 7).
In the luminescence of samples doped with manganese
activator luminescence from Mn® ions (\,., = 585 nm) is
observed along with the bands indicated. Narrow spec-
tral lines of the pulsed luminescence lie in the edge lu-
minescence region of ZnS, while some of the bands are
in the intrinsic absorption region of the crystal, Lumi-
nescence spectrally coincident with the pulsed deforma-
tion luminescence was observed on exciting surfaceelec-
troluminescence in ZnS crystals. The short-wave bands
(290-430 nm) were ascribed to the luminescence of
atomic oxygen absorbed by the surface. The coincidence
of the spectra of these two processes is evidence in fav-
or of the view that the mechanisms of these phenomena
are related. In fact, the dislocations bring to the (1011)
surfaces of the crystal charges of opposite signt® é14
which accumulate on the faces due to the low concentra-
tion of free carriers in the sample (p~10'® Q@+ cm), In
this process a difference in potential arises between the
(1011) faces of the sample which, when the breakdown
voltage U, is reached, results inanelectroluminescence
pulse, Naturally, there is some apprehension as to

“whether breakdown through the air and luminescence of

the atmospheric oxygen occur when U,, is reached. In-
vestigation of the spectrum of the luminescence pulses
in the uv region showed that luminescence of wavelength
A <290 nm is absent, whereas the intensity of the lumi-
nescence during a discharge in air increases with de-
crease in wavelength down to the limit of sensitivity of
the FEU-106 (x =200 nm).

If the mechanism proposed for the pulsed luminescence
of microtwinned ZnS crystals is correct, the pulsed lu-
minescence should be expected to disappear in condi-
tions under which a charge cannot accumulate on the sur-
faces of the samples. In fact, the deformation of ZnS
crystals immersed in a liquid which conducts electrical-
ly, but which does not absorb light (an aqueous solution
of KC1) does not result in pulsed luminescence.

The mechanism proposed for the occurrence of pulsed
luminescence as surface electroluminescence explains
all the experimental facts described above. Let usdwell
on the interpretation of the variation in birefringence
(Fig. 3). Dislocations moving during plastic deforma-
tion bring charges of opposite sign to opposite (1011)
faces of the sample. These charges produce an electric
field U in the sample, which in turn causes a change in
the birefringence (the electrooptic effect). The change
in birefringence copies the behavior of the electric field
which has arisen. This electric field makes the motion

S. |. Bredikhin and S. Z. Shmurak 771



of subsequent dislocations difficult as a result of the
electrostatic interaction of the charged dislocations with
it (electroplastic effect “odd” with respect to the field).t®’
The hardening of the crystal results in a reduction of the
plastic deformation rate and a slowing down of the rate
of change of the birefringence signal. When the electric
field reaches the critical value U,,, electroluminescence
occurs in the ZnS crystal—a light pulse is emitted, U
undergoes a step change down to zero, and this results
in a sharp jump in the birefringence signal as well.
Since the electric field which produces the hardening of
the sample disappears, the plastic deformation rate in-
creases, .The accumulation of charges on the surface

of the sample starts again, and the cycle, which finishes
with a luminescence pulse, is repeated.

We attempted to simulate the process described: the
birefringence was studied while an electric voltage was
applied to a ZnS crystal from an external source. The
simulation completely confirmed the concepts developed.
Consequently, the luminescence pulses stimulated by
deformation are surface electroluminescence of the ZnS
crystal which occurs as a result of charges beingbrought
out to the crystal faces by dislocations.

Taking the proposed mechanism for the occurrence of
luminescence pulses as a basis, one can easily explain
the softening of the crystal on illuminating it with light
of wavelength Ay, = 340 nm discovered in'?’, Study of
the absorption spectrum of thin ZnS crystals (0. 3 mm)
showed that the absorption coefficient for light of wave-
length 340 nm is ~ 3X 10’; consequently, the penetration
depth is ~3 um. Along with the principal volume con-
ductivity maximum (A=390 pm) a maximum is observed
at A=340 um in the photoconductivity spectrum J;,(x)
of ZnS samples; in accordance with what has been said
above, one may attribute this maximum to the surface
photoconductivity of ZnS.

If a voltage U near U, has arisen between the faces of
a crystal as a result of the movement of dislocations,
then the generation of free carriers on illuminating the
sample with light (A,,, =340 nm) induces electrolumi-
nescence at U<U,,. Since this electric field slows down
the movement of subsequent dislocations, the reduction
in U results in softening of the sample. In a certain
sense this phenomenon is analogous to a short-circuit
effect. 14!

Confirmation of what has been said above is provided
by experiments on the stimulation of luminescence
flashes in a crystal being deformed by single pulses
from a nitrogen laser (A=337 nm). The electrolumi-
nescence pulse and the jump in the birefringence ac-
companying it were initiated by a laser pulse producing
carriers in the surface layer (Fig. 3).

As already noted, for a luminescence pulse to occur
it is necessary to generate a potential U between the
faces of the sample equal to the breakdown value U,.
This is possible provided the dislocation current #; pro-
ducing this potential exceeds the leakage current through
the crystal, i.e.,

i>Ups/Rsam (5)
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FIG. 8. Continuous defor-

mation luminescence spec-
. trum of a 6H-polytype

ZnS: Cu crystal,
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From the relationships (1)-(3) we obtain

t,aﬁ—zqu) (%) ) (6)

Consequently, a necessary condition for the occurrence
of luminescence pulses is that the inequality

Upr (bn) (Lo)' )

h>— =
Rsam q So

is fulfilled. For the crystals we investigated whichwere
specially left undoped, this condition is fulfilled at de-
formation rates of #>3 pm/min. Consequently, at rates
below 3 pm/min luminescence pulses should not be ob-
served. Experiment completely confirms this deduc-
tion. Thus the mechanism proposed for pulse lumines-
cence in ZnS crystals stimulated by deformation explains
all the available experimental facts and we consider it
completely proven. It amounts to the following, Charged
partial dislocations which move during plastic deforma-
tion bring out to the crystal surface a charge which, on
accumulating, creates the conditions for a surface elec-
troluminescence pulse to occur. It is therefore natural
to give the flashing luminescence occurring during de-
formation the name “deformation electroluminescence”
(DE).

As was earlier the case in CdS, ZnSe, and colored
alkali halide crystals, it was possible to detect station-
ary luminescence produced by deformation in addition
to the pulsed luminescence in ZnS crystals. Against the
background of intensive bursts of deformation electro-
luminescence the relatively weak continuous lumines-
cence cannot be recorded. It is exhibited only in condi-
tions where DE is absent: on immersing crystals spe-
cially left undoped in an electrically conducting, but op-
tically transparent medium; on examining heavily doped
samples, e.g.,6H and 4H polytypes, for which condition
(7) is not fulfilled,

The spectral characteristics of the deformation-stimu-
lated luminescence of 6H polytype crystals doped with
manganese or copper coincide with the intracenter lu-
minescence of Mn*? jons™? and the green luminescence
of copper complexes'®! respectively (Fig. 8).

Bands of luminescence which coincide with the con-
tinuous deformation luminescence are observed on ex-
citing ZnS : Mn and ZnS : Cu crystals with light corre-
sponding to band-to-band absorption. This indicates
that all the optically active impurities present in these
samples are excited during deformation. The stationary
luminescence probably arises as a result of excitation
of luminescence centers by charged dislocations moving
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during plastic deformation, At the present time the de-
tailed mechanism of this process:is being investigated.

DThe ZnS crystals were kindly provided by M. P. Kulakov, to
whom the authors express their sincere gratitude.
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Helicoidal and sinusoidal spin ordering in quasi-one-

dimensional magnets
S. P. Obukhov
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Using as an example a chain of spins interacting via the conduction electrons, the possibilities of helicoidal
and sinusoidal ordering are considered. Expressions are obtained for the correlation functions and for the
structure factor. Substances in which observation of this order is possible are indicated.

PACS numbers: 75.25.+z

1. INTRODUCTION

By now there are a large number of known substances
that are quasi-one-dimensional in their magnetic prop-
erties (see the reviews!"?!), The properties of most
of them are satisfactorily described by a model with ex~
change interaction between the nearest spins that are
arranged in a chain, The interaction between spins of
different chains is assumed to be small, Depending on
the type and magnitude of the single-ion anisotropy, the
system is described by the Heisenberg model, by the
XY model, or by the Ising model. If the interaction
along a chain of spins that are not nearest neighbors be-
comes substantial, then more complicated states with
helicoidal and sinusoidal magnetic structures are pos-
sible. We consider the properties of such systems us-
ing as a model spins interacting via conduction electron,
The simplest example of the realization of such a model
is a chain of atoms of transition elements. The s-shell
electrons become collectivized, and they can be re-
garded as free, while the f or d electrons are localized
on the sites. The localized spins interact with one an-
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other via direct exchange, and also indirectly via the
conduction electrons. The last interaction is long-range
and therefore, even it is small, can substantially alter
the properties of a quasi-one-dimensional system.

Assume first that there are no fluctuations. We re-
gard the functional of the free energy of the system as a
function of the wave vector of the spin structure. The
functional of the energy of the direct interaction of the
spin is of the form

FE[Q] =27(q)S¢S-4

where

S,=N-" ZS( exp(igz:), J(q)= Z Juexplig (zi—z) 1.

If only the nearest spins interact, then the characteris-
tic scale of the variation of the quantity J(g) is of the
order of the period @, of the reciprocal lattice. The
electrons are acted upon by a spin field with wave vec-
tor ¢ and with an amplitude proportional to (S). ¥ g is
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