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heavily doped n-type CdCr,Se, single crystals
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The spectral dependences of the photoresistance R and photomagnetoresistance were investigated
experimentally in a wide range of temperatures and magnetic fields applied to lightly doped (with Ga)
CdCr,Se, single crystals. It was found that two transitions were responsible for the photoresistance maximum
in the region of the Curie point T: these corresponded to 1.1 and 1.7 eV. The temperature and field
dependences of the photomagnetoresistance were complex. Thus, when temperature increased in the region of
T, a deep minimum of the negative photomagnetoresistance was followed by a range of positive values and a
ma<imum. These features were explained on the basis of the ferron hypothesis. A giant photoconductivity of
CdCr,Se, single crystals heavily doped with In was observed at low temperatures.

PACS numbers: 72.40. + w, 72.80.Ey

We investigated earlier' the photoconductivity of
CdCr,Se, single crystals doped lightly with Ga. We
found that the photoresistance R of a sample illuminat-
ed with white light was maximal in the region of the
Curie point T¢, whereas the dark resistance R, had no
such maximum and there was only a kink of the
logR, (T™) plot in the region of To. A giant negative
photomagnetoresistance was observed in the vicinity of
the Curie point.

In the present study we were concerned with the spec-
tral dependences of the photoresistance R(E) and photo-
magnetoresistance in a wide range of temperatures and
magnetic fields applied to CdCr;Se, single crystals
doped lightly with Ga; moreover we detected a giant
photoconductivity at low temperatures in the case of
CdCr,Se, single crystals heavily doped with In. The
samples and contacts were prepared as described in
detail earlier.'”

The earlier study1 of CdCr,Se, single crystals doped
lightly with Ga revealed a high photoconductivity in the
ferromagnetic region. For example, when the illumin-
ation intensity was ~103 1z, the resistivity fell by two
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FIG. 1. Low-temperature dependences of the photoresistance
of Cdy 93GAg 2CrySey on the photon energy.
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or three orders of magnitude.

The photoconductivity was measured under dc condi-
tions. A sample was illuminated with unmodulated
light and its resistance was measured by the voltmeter —
ammeter method. The use of this method was neces-
sary because of the long rise and relaxation times of
the photocurrent, so that modulated illumination could
not be employed. Heating of a sample by illumination
was avoided by limiting the illumination intensity to
~10% 1x, which was kept constant at all the wavelengths
in the investigated range.

The spectral dependences of the photoresistance ex-
hibited a number of special features. By way of exam-
ple, Fig. 1 shows the dependences of the photoresis-
tance R on the photon energy E for a Cdy ¢gGag, 2CrsSey
sample, typical of the crystals doped lightly with Ga.
The R(E) curves are given for temperatures through-
out the investigated range, both below and above T,.
We can clearly see two wide maxima A and C above the
Curie point and a minimum B disappearing at 7> 136 °K.
At high temperatures the minimum B degenerates into
a shoulder which then splits into two components. The
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FIG. 2. Temperature dependence of the photomagnetoresis-
tance of Cd,, g3Gay, 4,Cr,Se; and the minima A (e) and C (o) in
a field of 5 kOe.
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FIG. 3. Dependences of the photoresistance of Cdy, g3Gay, (;C1,Se,
on the magnetic field at temperatures corresponding to the
positive photomagnetoresistance.

position of the peak C is practically independent of tem-
perature. The shoulder B splits into two components
at temperatures 7 > 140 °K and their positions depend
weakly on temperature. The minima A and B exhibit

a red shift at low temperatures, and the depth of the
minimum A decreases as a result of cooling.

Figure 2 shows the photomagnetoresistance of the
same sample recorded in the region of the minima A
and C. 1t is clear from Fig. 1 that the photomagneto-
resistance is negative in the ferromagnetic temperature
range and that it passes through a minimum in the re-
gion of T¢; a further increase in temperature alters its
sign to positive. This positive photomagnetoresistance
passes through a maximum in the region of ~150 °K.
The maximum positive magnetoresistance is anoma-
lously large, amounting to ~17% in a field of 5 kOe.
Figure 3 shows the dependences of R on the magnetic
field in the range of temperatures corresponding to the
positive photomagnetoresistance (E~1.1 eV). It is
clear that in weaker fields the resistance increases
with the field (positive photomagnetoresistance), but in
stronger fields at temperatures T <149 °K it begins to
fall (negative photomagnetoresistance). At higher tem-
peratures in fields up to 14 kOe the photomagnetoresis-
tance is positive.

In the earlier study of CdCr,;Se, crystals lightly doped
with Ga we found a photoresistance maximum in the
region of the Curie point, but the dark resistance showed
no such maximum. The present investigation of the
spectral sensitivity of R showed that this maximum
was largely due to the transitions A and C. This is
clear from Fig. 4, which shows the temperature de-
pendence of the dark resistance and photoresistance at
the minima A and C.

Investigations of the photoconductivity*'® and lumin-
escence,® and of the absorption and reflection of light*®
by pure and indium-doped CdCr,Se; crystals have es-
tablished the presence of several absorption and lumin-
escence peaks. A peak at ~1.8 eV is usually attributed
to interband transitions. Our results confirm this
attribution; for example, the width of the minimum C
in the spectral sensitivity experiments is quite con-
siderable (Fig. 1), whereas the transition B is clearly
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FIG. 4. Temperature dependences of the dark resistance R,
and photoresitance of Cdy_ g3Gay g2CrySe, at the minima A and C.

associated with local levels or with a narrow band be-
cause its width is considerably less than that of C.

The steep photoresistance maximum near T may be
explained by the ferron hypothesis assuming that ferro-
magnetic microregions (ferrons), formed around non-
ionized donors because of a gain in the s—-d exchange
energy,? represent potential wells for photoelectrons.
The depth of these wells is maximal near T¢ and then
nonionized donors become photoelectron traps. The
trapping of a photoelectron converts a donor from an
analog of the hydrogen atom to an analog of the hydro-
gen ion. The possibility of trapping, by a nonionized
donor, of a second electron near T, was demonstrated
by Grigin and Nagaev.!’ Kovalenko and Nagaev'' showed
that the application of a magnetic field reduces the en-
ergy of impurity ferrons because of orientation of their
moments along the field and also because of an increase
in these moments. Lowering of the energy of these
ferrons (clusters) makes them more difficult to ionize.
On the other hand, the application of a magnetic field
splits the bottom of the conduction band, so that the
minimal energy of the conduction electrons also de-
creases but its field dependence is different than that of
the electrons localized in a cluster. As a result of
competition between these two factors, a positive photo-
magnetoresistance predominates in weak fields and the
negative effect in stronger fields, as observed experi-
mentally in our study. In weak fields the mobility in-
creases slightly and, therefore, the value of R rises on
increase in the field when the field is weak because
there is a reduction in the carrier density. Conse-
quently, in weak fields we should observe a positive
photomagnetoresistance, whereas in strong fields the
effect should be negative, exactly as found experimen-
tally.

In the case of crystals with small amounts of In the
low-temperature behavior of the dark resistance R,(T)
is unusual. Its value is affected very strongly by illu-
mination and magnetic fields. The data plotted for a
sample of Cdy, 4g7Ing 515Cr2S€4 in Fig. 5 include the mag-
netization curves o(7T), dark resistance dependences
R,(T), and (dashed curve) the photoresistance R(T) ob-
served on illumination with white light whose intensity
on the sample surface was ~5.5X10° Ix. It is clear
from this figure that the dark resistance has a maxi-
mum in the region of T¢ and cooling produces a mini-
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FIG. 5. Temperature dependences of the spontaneous magne-
tization 0(1), lgR; in H=0 (2) and in H= 67 kOe (3) for Cdy_
Cdy_4g7Iny 513Cr,Se4. The dashed curve shows the photoresis-
tance R.

mum in the vieinity of 40-60 °K followed by a rapid

rise. Illumination with white light destroys practically
completely this rapid rise of the resistance below 40°K
but has hardly any effect on the rest of the R,(T) curve.

The application of an external magnetic field H =67
kOe has hardly any effect on the photoresistance
throughout the investigated temperature range. On the
other hand, the dark resistance is affected considerably
by this magnetic field although there is no suppression
of the rise of R,(T) below 40°K. Thus, at 2°K the ap-
plication of the field # = 67TkOe reduces R, by more than
two orders of magnitude which is considerably greater
than the reduction in the vicinity of the Curie point.
Similar effects of illumination and magnetic fields
were observed by us also for the compositions
Cdy,sIny,1CrzSe4 and Cdy,42Ing, 55Cr2Sey.

Figure 5 shows also the temperature dependence of
the spontaneous magnetization g; we can see that the
transition at T¢ is broad and the Curie point (~85 °K) is
less than T of the pure material (130°K). The giant
low-temperature negative magnetoresistance can clear-
ly be explained as follows. Since the indium impurities
are distributed at random, the case of n-type conduc-
tion between impurities approaches the process of con-
duction in a disordered medium because in both cases
an electron moves in a nonperiodic force field. In this
case the energy gap between the conduction and valence
bands may change into a continuous density of states
where the electron mobility is 1 =0 at T=0°K (Ref.
12). The range of energies where the density of states
is finite but the mobility is zero is known as the mobility
gap. The width of this gap increases on increase in the
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degree of disorder inacrystal. The absence of saturation
of the o (H) curves in fields up to 5—8 kOe observed in
our study and the reduction in the exchange interaction
compared with the undoped material suggest nonferro-
magnetic ordering near the in ions.

We can thus see that the disorder in our crystals has
the electrostatic (fluctuations of the potential) and mag-
netic (fluctuations of the magnetic order) components.
The application of an external magnetic field which in-
creases the degree of ferromagnetic ordering near the
In ions suppresses the magnetic disorder and, there-
fore, it reduces the mobility gap transferring current-
free electron states to the conduction band. This is the
reason for the giant magnetoresistance. Illumination
of a sample with white light clearly allows us to excite
electrons from the valence band and from the current-
free states located in the band gap.

The authors are grateful to E. L. Nagaev for discus-
sing the results, and to V. T. Kalinnikov and T. G.
Aminov for preparing the samples and their analysis.

K. P. Belov, L. I. Koroleva, S. D. Batorova, M. A. Shali-
mova, V. T. Kalinnikov, T. G. Aminov, G. G. Shabunina,

N. P. Shapsheva, Pis’ma Zh. Eksp. Teor. Fiz. 20, 191
(1974) [JETP Lett. 20, 82 (1974)] .

%y. T. Kalinnikov, T. G. Aminov, E. S. Vigileva, and N. P.
Shapsheva, Prib. Tekh. Eksp. No. 1, 227 (1975).

P. P. Pavlov, Metody opredeleniya osnovnykh parametrov
poluprovodnikovykh meterialov (Methods for Determination
of the Principal Parameters of Semiconductor Materials),
Vysshaya Shkola, M., 1975.

K. Sato and T. Teranishi, J. Phys. Soc. Jpn. 29, 523 (1970).

5A. Amith and S. B. Berger, J. Appl. Phys. 42, 1472 (1971).

8V. G. Veselago, I.A.Damaskin, S. L. Pyshkin, S.I. Radaut-
san, and B. E. Tézlévan, Pis’ma Zh. Eksp. Teor. Fiz. 20,
335 (1974) [JETP Lett. 20, 149 (1974)].

'G. Harbeke and H. Pinch. Phys. Rev. Lett. 17, 1090 (1966).

8K. Miyatani, F.Okamoto, P. K. Baltzer, S. Osaka, and
T. Oka, Proc. Seventeenth Annual Conf. on Magnetism and
Magnetic Materials, Chicago, 1971, AIP Conf. Proc. 5, 285
(1971).

E. L. Nagaev, Fizika magnitnykh poluprovodnikov (Physics of
Magnetic Semiconductors), Nauka, M., 1979.

197, P. Grigin and E. L. Nagaev, Pis’ma Zh. Eksp. Teor. Fiz.
16, 438 (1972) [JETP Lett. 16, 312 (1972)].

1A, A. Kovalenko and E. L. Nagaev, Fiz. Tverd. Tela (Lenin-
grad) 21, 1075 (1979) [Sov. Phys. Solid State 21, 625 1979)] .

12N, F. Mott and E. A. Davis, Electronic Processes in Non-
Crystalline Materials, Clarendon Press, Oxford, 1971 (Russ.
Transl. Mir, M., 1974).

Translated by A. Tybulewicz

Pavlov et al. 93



