
I. INTRODUCTION

Optically detected magnetic resonance (ODMR) has
become a useful technique for identification of centers
taking part in recombination processes.l This stems from
the fact that under magnetic-resonance conditions the
effectivity of the various recombination paths of a center
are changed and, thus, the magnetic-resonance spectrum
of a center is connected to its optical emission. In this
study the ODMR technique is applied to the semim ag-
netic semiconductor Cdr-rMnrTe. Recent reviews on
some properties of semimagnetic semiconductors can be
found in Refs. 2-4.

For a semimagnetic semiconductor one can expect that
the following mechanisms might be responsible for
ODMR signals: spin-dependent energy transfeÍ,5-7
spin-dependent scattering,s- l0 cross relaxation,s'l I effects
due to the presence of a strong nonresonant back-
ground,, tz'rj. and magneto-optical or semimagnetic
effects.14-17 The first four meóhanisms will mainly lead to
changes of photoluminescence (PL) intensity and their
contributions are therefore difficult to separate. Conse-
quently, the dominant mechanism enabling optical detec-
tion of the magnetic resonance remains often unknown.l I

In contrast, the magneto-optical mechanisrn can lead to a
different response: in this case the various spin states of
the carriers involved in an optical transition are split in a
magnetic field and thus their respective luminescence
lines shift upon a change of the sample magnetization.
Under magnetic-resonance conditions this splitting will
become smaller. This will result in a derivativelike line
shape of the wavelength dependence of the ODMR sig-
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nal. Furthermore, the line shape may be asymmetric as
also the relative intensities of the various components
may change.ls Such a response is then very characteristic
and can allow the identification of the magneto-optical
effects as the dominating ODMR mechanism; this is
shown to be the case in the current study.

In this paper the results of the optically detect-
ed magnetic-resonance experiments performed on
Cdr-rMnrTe samples with x-0.095 are presented. For
such a value of x, optimal magneto-optical effects can be
observed in an ODMR experiment. For higher Mn con-
centrations the magnetic phase transition occurs for
T > 2 K, prohibiting the ODMR detection, as verified for
a Cdr -, MnrTe crystal with x - 0.28. On the other
hand, preliminary ODMR studies as performed on a sam-
ple with x =0.01 show that a lower Mn concentration re-
sults in a much smaller magnitude of the magneto-optical
effect.

rT. EXPERIMENT AND SAIVÍPLE

The PL was excited with the 514.5-nm line of a cw
Ar+ laser operating with an output power of typically
50-100 mW. To avoid spurious plasma lines, a 514.5-nrn
interference filter waÍi used. The luminescence was col-
lected from the laser-irradiated side and was dispersed
with a high-resolution 1.5-m F/12 monochromator
(Jobin-Yvon THR-1500) with a 600-grooves/mm grating
blazed at 1.5 1tm. ft sras detected by a liquid-nitrogen-
cooled gennanium detector (North Coast EO-817) and
amplified using the conventional lock-in technique for,
which the luminescence was on-off modulated at 830 ltz.
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Studies of the optically detected magnetic resonance of the semimagnetic semiconductor
Cd1-,Mn,Te (x:0.095) are presented. It is shown that for an external magn€tic field of about 1.2 T
the magnetic resonance of Mn2+ is detected optically via changes of the Cde.eq5Mn6.sr5Te "edge emis-
sion" which are induced by a decrease of the magnetization of the Mn2+ spin systcm. The sample mag-
netization influences the splitting of exciton and impurity states. As a result of thc Mn2+ spin transi-
tions, the emission spectra shift toward higher energies enabling optical detection of thc magnetic reso-
nance,
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Various emission bands could be selected by inserting op-
tical filters in front of the entrance slit of the monochro-
mator. The ODMR experiments were carried out at a

microwave frequency v=35 GHz (O band) in the Fara-
day configuration, using a split-coil superconducting
magnet with the direction of the magnetic field parallel to
the light. The sample was mounted in a cylindrical TEmr
cavity with slits for optical access. The helium in the cry-
ostat was pumped to prevent noise due to liquid-helium
evaporation, leading to a sample temperature of T =2 K.
The Cdr-rMnrTe sample used in this study was grown
by the Bridgman method. It contained nominally lUVo of
Mn. The exact Mn concentration was determined from
an optical reflection study giving r - 0.095 with some
fluctuation within the sample.

UL RESULTS AND DISCUSSION

The photoluminescence spectrum of the Cdr-rMrrTe
(x:0.095) crystal is given in Fig. l. In Fig. l(a) the full
spectrum in the wavelength range 700- l4m nm is given
and in Fig. I b) a higher-resolution spectrum of the high-
energy ("edge emission") part is presented. The spectrum
consists of several components. The sharp line at 713.3
nm (1738 meV) is identified as a free-exciton (FE) recom-
bination. The line at 72t.8 nm (1718 meV) can be attri-
buted to an acceptor-bound exciton (ABE) with an asso-
ciated phonon replica at 729.5 nm (1700 meV). This as-
sumption is supported by the fact that in CdTe a line ob-
served at an energy 8 meV below the FE line has been
identified by several authorsls -20 as an ABE. It has been
observed that this line shifts to 20 meV below the FE ab-
sorption peak for Cds.gMno. rTe as a result of the forma-
tion of a bound magnetic polaron.zr'zz A PL band at
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FIG. l. Photoluminescence spectrum as recorded for the
Cdg.eojMno.oqsTe crystals. (a) The spectrum between 700- and
l40Gnm wavelength as studied at 4.2 K under 100-mtil argon
laser excitation. (b) The high-energy part of the spectrum in a
higher resolution as recorded at 2.0 K under 50-mW laser exci-
tation. (c) Magnetic-field dependence of the "edge" photo-
luminescence measured at 2.0 K with magnetic field set at 1.2T.
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743.7 nm 1o667 meV) is attributed to the superposition of
a free-to-bound (free-electron-to-acceptor, FA) transition
and shallow-donor-related donor-accepted-pair (DAP)

recombination, involving the same acceptor as the FA
process. In addition, a DAP band is observed at 840 nm
(1476 meV) which shows a weak phonon replica; such re-
plicas are not observed for three deeper, superimposed,
DAP bands at 960 nm Í292 meV), I100 nm (o127 meV),
and 1190 nm OMZ meV). These DAP bands lie outside
the range 1500-1600 meV in which Misiewicz et al .23

observed DAP bands in Cdo.gMno. rTe doped with As, P,

Au, and Cu, which are the only characterized bands in
this material.

In the present study none of the observed PL lines

could be assigned to an internal Mn2+ emission. This is

due to the fact that the lowest excited state of Mn2+, its
oT 

, state, lies approximatel y 2.0 eV above its u A , ground
state. This implies that only for Cdr-rMnrTe samples

with x > 0.4 this excited level is below the conduction-
band edge. Consequently, 8n internal Mn2+ emission can

be observed only for such crystals, and not in the one

studied here.24'26

The influence of the magnetic field on the edge emis-

sion is shown in Fig. I (c), where the PL spectrum be-

tween 700 and 800 nm at 2 K is given for the magnetic
field set at 1.2 T. This field is in the range of the
magnetic-resonance peak of a system with g =2 in a O-
band spectrometer. As can be seen, when the magnetic
field is applied, all emission lines in the edge region shift
toward lower energies. As only a shift is observed and no
splitting, this indicates that the thermalization is faster
than the optical decay rates, and that only one spin state

gives rise to the optical emission. This shift can be calcu-
Èted as 17 .g meV at 2 K for a magnetic field of I .2 T.27

This in good agreement with the observed shift of the FE
line which is 18.4 meV. In addition to the energy shift,
also narro\iling of the FE is observed upon the applica-
tion of the magnetic field.

The magnetic field also has an effect on the line intensi-
ties; the intensity of the ABE line is reduced as compared
to the intensities of two other lines in the edge region.
This may be caused by the valence-band splitting exceed-

ing the binding energy of the exciton on the neutral ac-

ceptor; as such an effect has been observed by Planel,
Gaj, and Benoit à la Guillaume2s in a sample with
x - 0.08 for magnetic fields above 1.25 T. Ï.lnder such

conditions the ABE becomes unstable and may decay
into a free exciton and a neutral acceptor in its ground
state. This will lead to a decrease in the intensity of the
ABE line and an increase in the intensity of the FE and
FA/DAP lines, as is observed here. This mechanism
cannot, however, fully account for the increase of the
FA/DAP band by a factor 3 at 1.2 T as compared to its
value at zero magnetic field. All the above features are in
good agreement with previously reported properties of
FE, ABE, DAP, and FA PL transitions in Cdr-rMtrTe
with similar x fractions. 3'22'27'2e'3o

Figure 2 presents the Q-band magnetic-resonance sig-
nal detected as a change of PL intensity for two different
wavelengths corresponding to FE and DAP bands. Also,
for other wavelengths a similar ODMR signal is record-
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FIG. 2. Optically detected magnetic-resonance spectrum of
the Cds.qorMno.oqsTe sample measured as the change of PL in-
tensity for (a) the 719-nm line and b) the 753-nm line. Measure-
ments were carried out in the Q-band spectrometer (v:34.8
GHà with a microrvave po\yer of 230 ffiW, on-off modulated at
830 Hz.

ed; it is broad and featureless with a g value of 2.00 and a
full width at half-maximum of 125 mT. This signal is su-
perimposed on a rnuch weaker nonresonant background.
The low intensity of the background signal implies that
nonresonant background effects cannot, in our experi-
ment, constitute the dominating ODMR mechanism. We
identify the signal as being due to the Mn2 + magnetic-
resonance transition. A characteristic feature of a man-
ganese resonance, i.e., a sixfold hyperfine splitting, is not

FE,IT- ^ FA/DAP
(c)

FA/DAP O)

(a) 750 800

700 800 900 1000 I 100 1200 1300

Wavelength (nm)

FIG. 3. Spectral dependence of the Mn2+ ODMR signal in
Cdo qgsMno.orsTe. Data were taken at 2.0 K and with the mag-
netic field set at 1.27 T, i.e., at the maximum of the ODMR sig-
nal. Microwave power Q3O mW) was on-off modulated at 830
Hz. (a) The full spectrum (700-1300 nm). (b) The high-energy
part (700-800 nrn). (c) Differential PL spectrum as constructed
from the I .2-T and 1.3-T PL spectra.
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observed in this case. This results from the fact that the
lines of the Mn spectrum in Cdr-rMnrTe broaden with
increasing values of x, due to interaction between the
various Mn atoms. For values of x > 0.02 the lines are

completely smeared out and only a broad band is ob-
served.3l - 33

The spectral dependence of the ODMR signal (ODMR
PL) is shown in Fig. 3, where the response of different PL
bands to the Mn2+ magnetic resonance is depicted. Fig-
ure 3(a) shows the full spectrum between 700 and 1300

nm; in Fig. 3b) the response of the edge emission is
given. The data were taken at 1.27 T, i.e., at the max-
imum of the ODMR signal. The figure shows that the
F A/DAP line has an asymmetric derivativelike spectral
dependence and is shifted toward higher energies. The
response of the FE and ABE lines overlap, but also for
these two lines it can be deduced that they shift toward
higher energies under magnetic-resonance conditions.
The ODMR PL spectrum of the DAP bands is very weak
and is only observed for the strongest one at I100 tlm. Its
ODMR PL response is derivativelike and is positioned at

= 1065 nm. This band also shows a shift toward higher
energies. The shifts of the PL lines indicate that the
magneto-optical effect is the dominating ODMR mecha-
nism.

It can also be noticed that the intensity ratio of the
various emissions changes upon inducing the magRetic
resonance; the intensity of all bands is reduced when
compared to the ABE. This agrees with the observation
of the magnetic-field dependence of the PL spectrum,
where the intensity of the ABE decreased in stronger
magnetic fields.

In Fig. 3(c) the difference of the PL spectrum as

recorded at 1.2 and 1.3 T [i.e., PL(1.2 T)-PL(1.3 T)] is
depicted. This difference resembles the ODMR PL spec-
trum from Fig. 3(b) thus further supporting the assump-
tion that the reduction of the magnetization in the sam-
ple under magnetic-resonance conditions is responsible
for the ODMR. It should be noted, however, that the in-
tensity of the response of the ABE line as compared to
the other lines is rnuch stronger in the ODMR experi-
ment.

The dependence on microwave power of the ODMR
signal was also measured and is shown in Fig. 4(a)-4(c).
From this figure it follows that the ratio between the
response of the ABE line and the FE line is much smaller
for lower microwave powers than for the higher ones. A
possible explanation for this is that, as discussed before,
the intensity of the ABE line depends very differently on
the magnetic-field value (and on the applied microwave
power) than the intensity of the FE line. This may lead
to a different microwave power dependence of the
ODMR PL intensity of the two lines.

Figure 4(d) shows the edge part of the ODMR PL
spectrum for the magnetic field set at 1.7 T, i.e., away
from the Mn2+ resonance peak. The observed spectral
dependence is very similar in intensity to the ODMR PL
spectrum recorded at 15 mW at the Mn2+ resonance field
[Fig. 4(c)J, with the FE peak shifted toward a lower ener-
gy, due to the stronger magnetic field. By comparing the
FE shift between 0, 1.3, and 1.7 T one can conclude that
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FIG. 4. ODMR PL spectrum of Cds.sgsMno.ogsTe as obtained
for the magnetic field of I .27 T at (a) 23GmW, (b) 6O-mW, (c)

l5-mlV microwave excitation, and (d) Spectral dependence of
the edge emission measured at 1.7 T synchronously with the Q-
band microwaye power of 23GmIV on-off modulated at 830 H^z.

at T -Z K no saturation of the magnetization occurs for
these values of the magnetic field. The fact that only the
response of the FE line is observed is probably caused by
the disappearance of the ABE line at l.'l T. From the ob-
served derivativelike response it follows that also under
of-resonance conditions, microwaves lead to a change in
the magRetization of the sample. This is most likely due
to carrier and lattice heating by the applied microwave
power; the spin temperature of the Mn2+ spin system in-
creases, thus lowering the magnetization. The change in
magnetization under microwave illumination is nearly
equal in both cases as the line intensities of the FE peaks
in the two ODMR PL spectra are almost identical. The

microwave power is 230 mW for the magnetic field at 1.7

T and 15 mW at 1.27 T. This implies that the efficiency
of the decrease of magnetization by the microwaves is 15

times higher at 1.27 T (at the maximum of the ODMR
signal) than at 1.7 T. One can therefore conclude that
the observed effects on the various emission lines at 1.27

T have a strongly resonant character and that lattice and
carrier heating have only a small effect.

IV. CONCLUSIONS

Detailed ODMR studies of the Cdr-rMrrTe semi-
magnetic semiconductor are presented. The experimen-
tal results allow us to establish the magneto-optical effect
as the dominating mechanism for the optical detection of
the magnetic resonance at 1.2 T. Under magnetic-
resonance conditions the spin temperature of the Mn2 +

system rises, thus reducing the magnetization. The lower
magnetization influences, via direct coupling, the energy
levels splitting of the initial as well as the final states in-
volved in the optical transitions. This effect is observed
in the ODMR experiment as a derivativelike PL response
to the magnetic-resonance transition indicating a shift of
the emissions toward higher energies. In addition to the
shift, characteristic changes in intensity of the excitonic
emissions could be detected.
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