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We report optical and magnetotransport properties in semimagnetic,HgCd,Mn, Te, a narrow-gap semi-
conductor with an energy gap of about 120 meV. Equivalent phenomena in both optical and magnetotransport
measurements of the same set of samples independently indicate selection rules due to the magnetic ions; the
photoluminescencéPL) contains optical transitions forbidden by symmetry, and in the longitudinal magne-
toresistance a “Iast’Hg peak forbidden by the conventional selection rules is observed.=& K, the PL
feature related to band-to-band-like transitions shows a well-pronounced splitting in both the Faraday and
Voigt geometries, with a subsequent decrease of the higher-energy componBat Zof, a behavior which
substantially differs from that known for “nonmagnetic” Kg,Cd,Te with a corresponding energy gap. This
fundamental difference can be explained in terms of spin relaxation, found to be strongly different for the
above-mentioned materials. The results of PL and Shubnikov—de (Sd&b measurements are consistently
interpreted in terms of a modified Pidgeon-Brown model which includes-thexchange interaction between
the spin of free carriers and the localized magnetic moments of tie itms. The exchange parameters are
determined both from the PL and SdH data. Spin-flip transitions caused by exchange coupling is assumed to be
responsible for the violation of the particular selection rul&2163-18208)02232-7

[. INTRODUCTION become enhanced by the free charge-carrier exchange. The
exchange interaction results in a number of spin-dependent
A number of recent experimental studies of narrow-gapphenomena, e.g., the spin splitting of the Landau levels be-
Hg,; —x—,CdMn,Te have demonstrated that the crystallinecomes strongly dependent on temperature, and the amplitude
structure and band structure, as well as the kinetic paramete@$ the Shubnikov—de Haa$dH) oscillations also becomes
of the carriers, are strongly influenced by the presence ofonmonotonically dependent on temperature. Exchange in-

magnetic ions, even for small concentrations of typically teraction can also be invoked to explain a number of othe_r
<0.01. Such influences are observed in far-infrared reflecPhenomena observed in the magneto-PL and magnetoresis-

tion and transmissioh? magnetoluminescendeand trans-  tANCe:

port effects! Despite the quaternary composition, the vibra- In this study we describe and explain peculiarities in mag-

tional states in Hg ,_,CdMn,Te become less broadened netic spin-doped Hg.,_,CdMn,Te samples through two

. ) . independent experiments carried out on the same samples.
compared with thos$ ml:"tﬁrrtlally li_lg(Cdee W'g]l_the fsame Both SdH and magneto-PL data are successfully interpreted,
energy  gap k). ) otoluminescence (PL) rom taking into account the possibility of spin-flip transitions
Hg; - _yCdMn, Te typically reveals features of an excitonic 5,sed by the influence sfd exchange interaction as well

nature; an unexpected finding for narrow-gap semiconduc-,5 b_tyne ‘wave-function admixing into the conduction-band
tors, and particularly surprising in a quaternary narrow-gagsiates.

systen? Also, the low-temperature electron mobility in this
case was found to be as good as that of Hg¢d, Te with the
same band gap. These strong indications of a significant im-
provement in several semiconductor characteristics assumed Hgg 764C0 22MnNg o077 € Single crystals were grown by the

to be related to spin dopingnagnetic ionsprovides a strong traveling heater technique. The as-growrtype crystals
motivation for further study of the exchange interaction be-have been prepared by subsequent cooling at a well-defined
tween spins of the free carriers and the localized spin molow cooling rate. The carrier concentratiorand the electron
ments embedded in a crystalline matrix. For small concenmobility w are typically (1-3x 10 cm 2 and (3-5)
trations of magnetic ions, the intermediate exchangex10® cn? V™ 1s ! at 4.2 K, respectively. The crystal diam-
interaction between the localized spin moments is negligibleter was about 8 mm, and the thickness of the sliced wafers
due to the small overlap of the electronic wave functions ofwas about 0.3—0.5 mm. The homogeneity of the element
neighboring MA™ ions. Nevertheless, this interaction can distributions was checked by means of x-ray microanalysis,

II. EXPERIMENTAL DETAILS
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FIG. 1. Low-temperature PL spectra from single-crystalline

Ho 764"t 22MNg oo Te€ at different magnetic fields in the Voigt ge- FIG. 2. Temperature dependence of the SdH oscillations in
ometry. Hgo.76S0 20Mng go7T€ (transverse magnetoresistanpg,). The

low-field part is magnified by a factor 20.

and indicated that, over the entire wafer, the element distri-
butions were constant within the accuracy limits of thenetoresistance both tre (spin up andb (spin down set
method, aboutx=Ay=0.002. Before the optical measure- (.., Hy and Hy) should appear for each Landau number
ments, the surfaces were etched in standard Br-methanol sb=1. The last peak observed fpr, at high magnetic field
lution. should, however, be related k) only. Figure 2 shows the

The PL investigations were carried out with a Bruker transformation of the SdH pattern with increasing tempera-
IFS-88 Fourier transform spectrometer. The signal was exture. So, afT=2.8 K, one can distinctly see more than six
cited with a laser emitting at 1.58 eV, and the excitationpeaks, among them the most pronounced are the spin-split
densities were below 1 W cid. Phase-locked excitation and HY andH2 peaks and that dfi§ . At higher temperatures, the
PL detection were realized using a double-modulation techtow-field peaks become smeared and at10 K only theHg
nique. An Oxford Spectromag 4000 cryosystem allowedpeak is observed. It shifts with increasing temperature to-
measurement in the 1.4-70-K range at magnetic fieB)s ( ward weaker magnetic fields. For analyzing these features, a
up toB=7 T. Both Voigt and Faraday measuring geometriesPidgeon-Brown treatment including exchange interaction

were investigated. will be employed.
The transverseg,) and longitudinal p,,) magnetoresis-
tances were measured in the temperature range 1.5-30 K. B. Theory

Magnetic fields of up to 7 T were applied. The samples used . ) . .
for SdH measurements were the same as used for the optical Here we present a synopsis of the theoretical basis for this
experiments. They were sliced into rectangular Hall bargVork. The Pidgeon-Brown modeassumes that the electrons
with dimensions of X 1.5X 1.2 mmns. Ohmic contacts were N @ magnetic field can be described in the effective-mass

obtained by soldering with 10% tin-indium. approximation, which includes only th&s (conduction
band, I'g (valence bangd andI'; (split-off bang interac-

tions, while the contribution of remote bands is taken into
account as perturbation up to termsidt Additionally the

A. Experimental results band electrons interact with the Mhions. In the mean-field
I_approximation, where the electrons are allowed to “feel” all
me localized magnetic moments in an average way, the in-
éeraction is expressed by

Ill. RESULTS AND DISCUSSION

Figure 1 depicts typical low-temperature magneto-P
spectra. The main change in the PL spectrum takes place
the magnetic-field region of 0.5—-2.0 T. It can be seen that th
high-energy PL feature splits into two components followed
by. a s_ubsequ_ent decreas_e o_f the high-energy IinBEJQ T. Hey= ygz<sz>z Jr—R), (1)

With increasing magnetic field, the lower-energy line be- R

comes narrower and moves toward higher energies. The very o . A

broad low-energy PL feature in the 105-120-meV range igvhereo, ands, are thez projections of ther and theS spin
assumed to be impurity related. operators of the band electrons and the magnetic ions, re-

The SdH data are presented in Fig. 2. The features of thepectively.J is the exchange-interaction constant, the vectors
pxx(B) dependence can be assigned according to the selec-andR define the coordinates of the band electrons and of
tion rules for the SdH oscillatiorsFor the transverse mag- the Mr?* ions, respectively, an#ll||z. For the zinc-blende
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symmetry, the set of basis functions is typically constructed If it is applied to quaternary semiconductors in the
from theS, X, Y, andZ Luttinger-Kohn states. In this basis, Pidgeon-Brown treatmeng originally is considered as a
the 3d orbital singlet of the magnetic ions produces two parameter. Here we use the depend@nce

exchange parametera=(S|J|S) and B8=(X|J|X). For S,

the thermal average is taken. For the very low manganesgg(X.Y,T)=—0.302+6.3X 107%(1-20)T+1.933—0.819°

content,y~0.014, it has been shofthat the intersite mag- 3
netic interaction of MA™ ions is negligible, and the thermal T08337  (eV), ©
average ofS, follows the Brillouin law’ with g=x+ 2y, which takes into account both the composi-
tional bowing and the linear growth & with temperature.
(S))=—SyB(7), (2)  Since, without magnetic field, the band gap of

5 ] ] ) Hg; - x—yCdMn,Te is the same as that of Hg,Cd,Te with
where So=3 is the saturation spin value for the localized y 1 2y the Luttinger parameters and the interband matrix

magnetic moments of the Mn ion, and element for Hg_,_,CdMn,Te are chosen to be close to
those for Hg_,Cd,Te, with the effective compositioRgs
B(s)= 23T 1cotl-< 25+1 7) _ icotr( l) =x+2y: A=1 eV, y,=3, y,=75=0.05, k= —1.65, and
2S 2S 2S 2s)’ P=8.4x10"8 eV cm!! With this parameter set we calculate
3) the Landau levels, and the transition probabilities among
them. The exchange parameters as well as the parameters
OvnieSH defining the magnetizatiod , M = — Ngy gunue(S,), are as-
= kB—T' sumed to be adjustabl®l, is here the number of unit cells
per volume unit, and two parameters are introducAd:
Here ug is the Bohr magnetonS=2, and gy, is the —Noa stands for thes-d exchange interaction an@
gyromagnetic factor of the Mt ions. With increasing man- = No/ denotes thep-d exchange interaction.

ganese content, the probability of Mn ion cluster formation ~For describing the PL data, one has to take into account
and of antiferromagnetic interactions between the localizedhat the PL signal is observed in the steady-state regime
magnetic moments become important. In order to take thes@hen all carriers are relaxed after deep band-to-band excita-
effects into account empiricallg, in Eqg. (2) is treated as a tion. Due to thermo_dynamlc considerations, only the _Iovyest
fitting parameter, and in Eq. (3) is replaced byTqe=T Landau levels are filled. In the presence of a magnetlc field,
+T,, with T, also being an empirical fitting parameter. the a(0) andb(0) electron states of the conductivity band
These parameters directly govern the magnetization of th@"d thea(—1) andb(—1) heavy-hole states of the valence
crystal. b:imde determine the energy gap. In the Faraday geometry
The nonzero matrix elements and 8 are incorporated (ELH), the following I'g-to-I'g transitions are allowed by
into the 8< 8 Pidgeon-Brown matrix, and define the Landau-SymmEtry:11
level positions. In order to determine the energy dispersion, o circular polarization:

which is necessary for the further treatment, ﬁ}&ﬁ ap-

proximation matrix is useficf., e.g., Eq.(11) of Ref. 10, arg(N)—apg(N=1),  brg(N)—brs(N=1); (73

o~ circular polarization:

Da D
"o b @ arg(N)—arg(N+1), brg(N)—brg(N+1). (7b)
with the 4x 4 matricesD, andD,, determining thea (spin- !N the Voigt geometry E||B) we have the following:
up) and b (spin-down sets of Landau levels, respectively. ~linear polarization:

The D, matrix elements explicitly include the dependence,
and will be used for the calculation of the transition prob-
ability between the Landau levels,

arg(N—1)—brg(N), bpg(N+1)—arg(N). (70

C. Discussion

0 0 D13 Dus The theoretical development described above has been
0 0 Doz Dy used for a calculation of the resulting matrix elements for the
* x 0 D | (5) interband transitions. The strongest allowed optical transi-
13 =23 34 tions among the eigenstates of F4) are those proportional
Dy, D3, D3, O to the interband matrix elemem. The calculation shows
that the transition probabilities critically depend on the ex-
where D;3=2/3Pk,, D1,=i\1/3Pk,, Dy=iy2sk,k™,  change interaction. Furthermore, they are much smaller for

D.=

Das= —skk", D= 3sk™, and transitions with participation of heavy-hole Landau levels in
o" than ino~ polarization. From Eq(7), it follows that in
_ hys (3 the Faraday geometry one should observe exclusively the

ST KT =ketiky, k™=k—iky. a(—1)«a(0) andb(—1)«~b(0) transitions. In an earlier
paper: we showed that for a Mn content up to 2%, the ex-
Here P=—(iA/mg)(S|py X) is the interband momentum change constants andB are practically invariant, and their

matrix element, and/; is the Luttinger parameter. ratio B/A= — 2. This result is consistent with that of Bastard

my V2
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140 netic field, spin-flip transitions between spin-split subbands
$® |Faraday geom. T=5K take place, and this relaxation governs the population of the
A g a(0) subband.
A }Voigt geom. . The investigation of the heating of the electron and spin
135 | systems in Cgl,3Hg, 76T €, which has nearly the sarkg as

our samples, has shown another relaxation picttite has
been assumed that three relaxation time constants are rel-
evant: 7, the energy relaxation time, the radiative life-
time; andrg, the spin relaxation time. These time constants
were found to be in relation:

130

Energy (meV)

®

75 was estimated to be not less than §0s atB=3 T. The
population of the spin subbands in &dHg, 7esTe did not
become an equilibrium one, because the spin relaxation of
electrons excited high into the conduction band is switched
out at the moment of their recombination. This results in a
population of the upper spin subbands which is higher than
that expected for equilibrium conditions.
Our PL data for Hg 764"ty 2.MMNg go7T€ convince us that

Ts= TR TE -

125

Magnetic field B (T)

FIG. 3. Spin-splitting Landau levels. Circles correspond to the
PL line positions depicted in Fig. 1. The best fit is given as follows: ! ) :
Solid lines—Faraday geometry2) b(0)—b(—1) transition; (3) effective spin relaxatiofiprobably caused by the presence of
a(0)—a(—1) transiton. Dashed lines—Voigt geometryl)  Manganeseis quite effective, and produces a stationary
b(0)—a(—1) transition;(4) transition forbidden by selection rules Population of thea(0) Landau subband. Thus for the semi-
a(0)—b(—1). The inset schematically shows the Landau sublev-magnetic material inequality, E8) must be rewritten
els involved in the radiative transitions.

©

et al.® that this ratio is independent of composition andand allows a complete quantitative description of our data

equals—2 for y=<0.015 in dilute Hg_,Mn,Te compounds. ~obtained in the Faraday and Voigt geometries.

Therefore, the fitting procedure for the Faraday geometry The interpretation given above is also supported by our

takes A=—0.45 eV as the starting point and the ratio SdH data. Based on the exchange parameters derived from
|B/A|=2 as constant. Figure 3 depicts the PL data for bottf’L: the Landau-level fan has been calculated for the conduc-

Faraday and Voigt geometries. The best fit was achievelon band. In order to determine the SdH maximum positions
with the parameter seA=—(0.45+0.02) eV, S,=(2.3 ©°N€ needs to calculate the Fermi energy, which also becomes

TR=Ts™> TE,

Jf
JE

)kZ(E,N,a)dE, (10

o(N,0)

kZ(EF,N,O',B):O,

: ; . . the functionk,(E,N, o) is sufficient for a determination of
is relatively unimportant. Thus we are able to give a level
energy component of the PL signature in the presence of Fherically from Egs.(4) and (5) for each set olN and o
tent with the PL data for the Faraday geometry, where
. - 2m2heNe (

The most unexpected behavior was found, however, for
pected, whereas two components are clearly resolved in thgas of constant density. Figure 4 depicts the Landau-level
up to 1.0 T, this is also the dominant feature, since it has thenergy tends to the ener@y(N=0), and all of the electrons
component practically coincides with tha(—1)—a(0)  duces to

(11

ometry. In both cases, however, one needs to assume that thich gives the positions of the magnetoresistance maxima.

*+0.1), andT,=(2=0.2) K. The values obtained f&, and a(;rlfzgrﬁggnfoorfEﬁq-azlrllIf_apr?ozgﬁu:laurr:gsglng((a)ng?\olls])Oflr?rfil ?:tt m-
T, indicate that the interaction between intersiteMrons b : '

" . o . all thermodynamic and kinetic properties of semiconductors
scheme for the transitior(sf. the inset in Fig. 8 The high- in quantized magnetic fields. This function is calculated nu-
magnetic field is quickly quenched due to the depopulationaking into account the relation between the chemical poten-
of the higher Landau leved(0). Such a behavior is consis- g or Fermi energyE and the electron concentration™
two components can be assigned a6—1)«a(0) and eH %
b(—1)«<b(0) transitions. 2 fE
PL in the Voigt geometry. According to the selection ruleswhere fo(E)=[1+exd(E—Eg)/kgT]]"* is the Fermi distri-
[Eqg. (70)], only a single transitiora(—1)«b(0) is ex-  bution, we determined thg-(B) dependence for an electron
PL spectra. Based on our calculations, the high-energy confan plot for the conduction band and the oscillating Fermi
ponent is thea(— 1)« b(0) transition. For magnetic fields energy calculated for the given situation. At- the Fermi
largest transition probability. For increasing magnetic fieldsare condensed on the lowest Landau sublée€D)]. In
its intensity rapidly decreasesf. Fig. 1). The second PL Strong magnetic fields the condition for SdH oscillations re-
transition allowed in the Faraday geometry, but it is also a
nearly forbiddenb(—1)«a(0) transition in the Voigt ge-
electrons excited in the Voigt geometry in th¢0) (spin-
down) state relax into th&(0) (spin-up Landau level. This

We solved Eq(11) considering the left side as a function of
the field B. This allowed us to avoid the treatment of the

means that, during cooling of the free carriers in the maggyromagnetic factog* of the carriers in the conduction
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FIG. 4. Landau fan plot for the conduction band calculated us- 0 0.4 0.8 1.2
ing Eq. (4); the other solid curve is the Fermi energy determined Magnetic field B (T)
using Eq.(10). The theoretically expected SdH maxima are the
intersections of the Fermi energy curve with the Landau |éfae) FIG. 5. Oscillating part of the longitudinal,, and transverse
curves. The experimental data of the SdH maxima are given as fulixx Magnetoresistances in single-crystalling, AgCd, ,,Mng go7T€
circles. atT=4.2 K.

band. Now the positions of the SdH maxima for the trans-even this particular peak for longitudinal configuration. Ac-
verse magnetoresistangg, determined in this way were cording to Ref. 4, this could be caused by a violation of the
compared with the datéull points in Fig. 4. This fitting  selection rules. Note that the selection rules have been de-
procedure evaluates the exchange parameters té\be rived for the assumption that only amlike electron wave
—(0.47+0.03) eV andB=(0.92+0.03) eV. We believe that function is included in the analysis of the spin-orbit cou-
the exchange parameters are more accurately determingtng. In this approximation the spin-flip transitions between
from the magneto-PL data; they wehe= —(0.45-0.02) eV  the a(0) to b(0) levels are forbidden. However, if @like
andB=(0.90+0.02) eV, remarkably close to the values de-wave-function contribution to the conduction band is al-
termined from the magnetotransport data. lowed, spin-flip transitions from thie(0) to a(0) states also
Finally, the longitudinal and transverse magnetoresistancbecome probable. The admixture pflike wave functions
data were compared to study the effect on the spin relaxatioimcreases if the energy gap decreases. Thus this admixture
due to exchange interaction. This comparison can usually bleading to the breaking of the normal selection rules can be
accomplished in terms of* factor which is immediately considered to be a feature specific to narrow-gap semicon-
calculated from our experiments. The positions of the SdHluctors. Note that the SdH data, as well as their theoretical

maxima forp,, can be derived®1° description, support the thesis of the relevance of spin-flip
transition.
he N After having discussed the purely experimental evidence
H&P=—( \/szn)m[ > (Vk+kx2y) for the influence of the exchange interaction on the spin re-
€ k=0.+2y laxation in Hg __,CdMn,Te, we present a conceptual ar-
o) 28 gument for its reasonableness. Due to the enormous excess
+0.535v /-2 ] , (12)  energy after excitation in our PL experiment, a large number
hog of scattering steps occurs during the carrier “cooling.” A

) . . spin flip is very likely to occur at each step. Especially pho-
wherem* is the electron effective mass.=eH/m*cisthe  non scatteringonly partially spin conserving but also free-
cyclotron frequency and the parameteiis y=g*m*/4my.  carrier spin-spin scattering along with spin-Mn scattering
The(+) and (—) signs correspond to treeandb spin states, and spin-orbit interaction, may contribute. The main mecha-
respectively. From Eq(12) it follows that, for constang®,  nisms of nonequilibrium electron spin relaxation in semicon-
increasing temperatures lead to decreasiig values. This  ductors were well reviewed in Refs. 16 and 17. Our experi-
change is most pronounced for the first maximiighest  mental results cannot unambiguously distinguish between
magnetic field maximum We find a negative value @*. In the possible contributions of the various spin-scattering
this case theH] peak is the first peak in the,,(H) depen- mechanisms, but the complementary studies of PL and SdH
dence. Even this peak exhibits a nonmonotonic temperaturié Hg, _,_,Cd,Mn,Te indicate that during the relaxation the
dependence: approaching lower temperatures it moves t@pin is mostly preserved when a carrier reaches the Fermi
wards weaker magnetic fieldsee Fig. 2 and opposite for energy. The same conclusion can be deduced from the ex-
higher temperatures. According to E3d2) such a behavior perimental results in nonmagnetic HgCd,Te (Refs. 12
can be understood with the temperature dependengé .of and 18. Following Ref. 19, we assume that for our case of

Bearing in mind the selection rules for SdH oscillatidits  narrow-gap dilute semimagnetics two mechanisms of spin
can be stated thatig is forbidden to appear in the longitudi- relaxation for the near Fermi-energy electrons are important:
nal magnetoresistangg,. Nevertheless Fig. 5 clearly shows Elliott-Yafet spin relaxatiorf>*! and exchange interactidn.
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Elliott-Yafet relaxation ¢gy) occurs due to the strong wheren=A/(E4+A); 7, is the momentum-relaxation time,
influence of the spin-orbit interaction on the band structureexcluding optical phonon scattering; addis the spin-orbit
As a result, thep-type wave function mixes with the usual splitting (A~1 eV). The applicability of this equation for
conduction-band state, and spin ceases to be a good quantii® case of narrow-gap semiconductors was discussed in
number. All scattering mechanisms partly relax the initialRefs. 19 and 18. If one assumes thgtdoes not depend on
spin polarization. The corresponding spin-relaxation ratdhe electron energyE (k) and takes it to ber,=1

may be writteA® X 10713 s1° the inverse relaxation timeg. is estimated to
berz¢=2.1x10° s~ for electrons in thd(0)-related Lan-
1 8 1(E(k)\* ,2—7 dau subband @=2 T.
Tey 91 = 3=y (13 The s-d-like exchange interaction typical for dilute semi-

magnetic semiconductors results in a spin-relaxation rafe of

1 xkeTkm(k) , 1 , 5, 2bZci 2y2 .\ |
T—exzm aca+Z Cc+€bc+ 3 +T cCc B s (14)

wherea, describes tha-type component antd; andc, de-  semiconductor material and the intermediate free-carrier
notep-type components in the Bloch function. Their explicit spin-localized magnetic moment of manganese ion exchange
form is given in Refs. 22 and 23. Taking the electron tem-interaction. Thus both the relaxation of photoexcited carriers
peratureT to be close to that of the latticglue to the low and their scattering become strongly influenced by such
excitation densityP~1 W cm 2), and the exchange pa- magnetic coupling.

rameters determined here from the PL and SdH ¢tksavell The spin-flip transitions open channels of spin relaxation
as the susceptibilify one can calculate the valuerlto be  in comparison with nonmagnetic material with the safie
1/7e,=4.1x10° s 1. The numbers obtained show the im- (cf. Ref. 12. This process is accompanied by spin-orbit in-
portance of both the Elliott-Yafet mechanism and the mechateraction, resulting in g-type wave-function admixture to
nism of exchange interaction, and are to some extent consithe conduction band. In this particular case the spin is no
tent with those derived in Ref. 18. It is not our intention to longer a good quantum number, and the usual selection rules
analyze all the spin-flip mechanisms here, but we can conare violated. All scattering mechanisms can cause at least a
clude that in dilute semimagnetictype Hg _,_,Cd,Mn,Te  partial relaxation of the initial spin polarization.

there exist strong matrix elements for spin relaxation. There- The present SdH data display a WeII—pronounbl%cbeak
fore, the physical picture for the steady-state PL can bevhich is forbidden in the longitudinal magnetoresistance.
drawn: The carrier excited high up into the conduction bandrhus we find an indication of the substantial role of spin-
quickly loses its excess energy due to inelastic opticaldependent scattering mechanisms. Temperature variation
phonon scattering. When it reaches the bottom of the Landashows that, with decreasing temperature, an enhancement of
level of theb(0) state, it relaxes into tha(0) state before the particulang peak takes place. Thus evidence of the
radiative recombination due to the spin-flip processes proefficiency of spin-flip transitions under participation of
ceeds. In the SdH experiments the effect of the exchangecoustic phonons is given.

and/or Elliot-Yafet mechanism is also relevant, and is made We provide a consistent theoretical description of both the
evident by the appearance of IHQ peak, which is forbidden PL data and SdH oscillations based on the Pidgeon-Brown
for the longitudinal magnetoresistance. It is interesting tomodel. The parameters, determining the exchange interaction
note that in Hg_,_,CdMn,Te with a wider energy gap and clustering, are derived by fitting both sets of experimen-
than 300 meV, the forbidden peak in SdH measurement ital data. We find the exchange parametéys —(0.45

also observedRef. 4; however, the PL spectrurtRef. 3 +0.02) eV andB=(0.90£0.02) eV, as well asTy=(2
does not reveal so pronounced a spin-flip dependence as that0.2) K and the “clustering parameter3;=(2.3+0.1).

observed in the samples under consideration. Our experiments do not allow us to distinguish between
the various spin-flip processes possible in narrow-gap semi-
IV. CONCLUSIONS magnetics. An investigation based on time-resolved spectros-

) copy will be useful to make this distinction.
We report the results of an experimental study of the

magneto-optical and magnetotransport properties of narrow-

gap Hg »—yCd,Mn,Te. For both sets of experiments, which ACKNOWLEDGMENTS

were carried out with the same samples, we find direct evi-

dence of the influence of spin-flip transitions. These “forbid- The authors are indebted to Dr. S. R. Lavoric for helpful
den transitions” become possible due to peculiarities of bothdiscussions and assistance during manuscript preparation.
the energy band structure of the narrow-gap semimagneti€his work was supported by the Volkswagen Stiftung.
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