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Effective mass of conduction electrons in Cg_,Mn,Te
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Electron cyclotron resonance in €gMn,Te (x=0, 0.064, 0.097, 0.11has been studied in high magnetic
fields up to 150 T at photon energies in the range 44—117 meV. We found that the band-edge effective mass of
the conduction electrons increases significantly with the Mn concentration. For comparison with the experi-
mental results, the conduction-band Landau levels were calculated by means of the eight-band Pidgeon-Brown
model taking into account thg(p)-d exchange interaction. The increase of the band gap due to the Mn ions
alone is not sufficient to explain the observed enhancement of the mass. A possible reason for the mass
enhancement is an effect of tis@-d hybridization. We also found that the electron mass decreases signifi-
cantly with decreasing temperature. A large spin splitting of the Landau levels due to the exchange field
qualitatively explains the relative temperature dependence of the mass.
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[. INTRODUCTION effect of magnetic ions on the effective mass in the hetero-
structure samples.

Recently, use of the spin-dynamics degree of freedom has DMS’s have the interesting feature that they can be re-
opened up possibilities for a new breed of devices. The newarded as a prototype material of strongly correlated metals
area is calledspintronicsand has attracted much attention in the diluted limit. The band electrons are coupled strongly
from the point of view of both physics and practical appli- With the Mn ions through thep-d hybridization;* and hole-
cations. Diluted magnetic semiconduct¢BMS’s) are most ~ Mediated ferromagnetism can be induced by the stypag
promising materials for developing such new devices wherdyPridization.” Since the effective mass of the band elec-
the optical and electronic properties are controlled by appliedfons in the strongly correlated metals such as the heavy
magnetic fields through the exchange interaction, or the ma ermion systems can o_IeV|ate _substantlally from_ the free elec-
netic properties are changed by an applied bias voltage on mass due to the mteractlo(]q these materials the hy-
irradiation with light'= Recent progress in the low- ridization betweers(p) and. chahzedf(d) band'plays an
temperature epitaxial crystal growth technique enables thlmportant rolg, one can envision that the effective mass of

introduction of a large number of holes into semiconductor and electrons in DMS should be modified significantly by
. g 7 Jocal magnetic ions in analogy with the strongly correlated
in order to make them ferromagnefic’ For the develop-

f based h devi he Kk etals. Although the many-body effect is generally not very
ment of new DMS-based heterostructure devices, the kKnowlio hificant in bulk semiconductors because of the small num-

edge of basic band parameters such as the effective mass of carriers, the strong coupling between conduction elec-

the g factor in DMS's is required. trons (holes and localized magnetic ions can give rise to a
However, accurate values for the band-edge mass of th@qique situation such as a magnepin) polaron due to the
free electrons and holes in DMS’s have not been determineg(p)_d exchange interactioh:**
so far, even for the most thoroughly studied DMS, e.g., We have studied high-field cyclotron resonance up to 150
Cd, ,Mn,Te. This is partly because DMS’s are generally T in bulk Cd,_,Mn,Te samples in order to determine the
low-mobility materials and it is very difficult to observe the dependence of the electron effective mass on the Mn concen-
cyclotron resonancéCR), i.e., to satisfy the conditiom.r  tration. As a reference material, CdMg,Te was measured
>1 (w. is the cyclotron frequency and is the relaxation in order to compare the electron masses between magnetic
time). Although the mobility becomes higher by lowering the and nonmagnetic compounds. C¢Mg,Te is important as a
temperature it is generally difficult to observe free carrier CRbarrier material for the CdTe-based II-VI heterostructures
in bulk DMS samples, since most of the carriers are bound tsuch as CdTe/CdMgTe or CdMnTe/CdMgTe quantum
impurities at low temperatures. The combination of low di- wells 810
mensionality and the(p)-d exchange interaction results in a
variety of interesting phen_o_mena in the CR of DMS-based Il. EXPERIMENTAL PROCEDURE
heterostructure$.The mobility of these samples is much
larger than in bulk samples owing to the modulation doping Pulsed magnetic fields up to 150 T are generated by the
techniqué~° However, the confinement potential intro- single-turn coil technique. The pulse duration is around
duced by the quantum structure significantly influences th& wus. Although the single-turn coil made of soft copper is
effective mass through the band nonparabolicity and twodestroyed by the Maxwell force in each experiment, the
dimensional effects. This interferes with the evaluation of thesample and the cryostat are not damaged because the de-
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TABLE I. Characteristics of the samples used in this study. T T T

denotes the Mn or Mg concentratioh,is the thickness of the Cdy MnTe 10.6 um e-active T~250K [o-118m
samples, andhg and o are the electron density and the mobility, %=0.11 ?67‘1:;:7/\::{3
respectively; these were obtained by Hall measurements at room : / '
temperature. c WM\/ 0116 m,
g | x=0.097 / sagcmZNs_3
Cd,_,Mn,Te Cd_,Mg,Te z % 28610 om
42} 0.113
X 0 0.064 0.097 0.11 0.041 0.071 0.098 £ | x0064 ) ey
t (um) 1 1 1 1 0.34 0.34 0.34 = 8 oo
ng (10%cm™3) 6.2 2.0 088 7.2 20 18 20 = pTEREERSG. T
u (cm?/Vs) 320 188 234 326 103 73 150 x=0 \\0'104 mo
848 .cm Vs
t 01 9.8x10"° om™
1 1 1
struction takes place only in the outwards direction. 0 50 100 150 200
The He gas flow cryostat used in this work is made from B (T)

thin bakelite tubes and caps. LORD 31(I@rd Corporation

or STYCAST 1266(ABLESTIK JAPAN) is used as a glue. FIG. 1. Solid curves show the magnetotransmission spectra in
(If we use STYCAST 1266 not only for a glue but also for Cdi—xMn,Te from the experiment. The dashed curves are the re-
the thin tubes and caps, we can make the cryostat made frodylts of the line-shape analysis using a dielectric function. Cyclo-
the same material; it can avoid a strain induced by differentron mass, cyclotron mobility, and carrier density, which are ob-
contraction rates of the materials during the temperaturéinéd by the analyses are also shown for each sample.

decrease¥) The temperature can be changed from room . ) .
temperature down to around 4 K. in Fig. 1. A single absorption peak due to the free electron

Far-infrared radiation from Cor H,O lasers is used as cyclotron resonance is observed at about 100 T for each

the light source. The wavelengths used in this work areample. This peak is found to shift towards higher fields as
10.6 um (CO,), 16.9 um (H,0), and 28 um (H,0). The the Mn concentration increases; the effective mass increases

radiation is applied as a pulse by using a mechanical choppdfith increasingx. The spectra are analyzed by a fitting pro-
or by pulsed operation of the power supply of the laser. Th&edure using a calculated transmission cur¢B). We used

10.6.um radiation was circularly polarize¢electron-active e equation
direction). The pulse duration of the radiation is a few mil- )
liseconds for 10.6um and several tens of microseconds for — (1~ R)exp(— «t)
16.9 and 28um. 1— R%exp( —2«t) '

For 10.6 um, we used a HgCdTe PIN-photodiode detec- . . . . -
tor at 77 K (Kolmar Technologies, model KMPV11-1-B50 where R is the reflectivity, « is the absorption coefficient,

and for 16.9 and 28:m a Ge:Cu photoelectric detector andt the thickness of the sample. The multi-interference ef-
y ' fect was neglectetsince the substrate was mechanically pol-

cooled by liquid He to near 4 K. The detectors and the am- hed by hand. th ¢ t th e ol
plifiers are operated by batteries and are located in a shieldéd'€d PY hand, the surfaces of the sample plate were not

box that is installed at a distance of2 m from the single- parallel within the precision of 1Qum that would be needed

turn coil. The detector signal is converted to an optical signaF0 make this effect relevant for the wavelengths used in this

by an optical transmittet SONY Tektronics AS6900con- work). R. and « are determined by the dielectric functien
nected to the transient recorder by a 20-m-long optical fibefNat IS given by

@

All recorders are installed in a screened room adjacent to the . 2
. . . . | w
experimental room where the high field is generated. e=e + — S — 2
The samples we measured in this work arg Gin,Te w o, ~i(0*o)

(x=0, 0.064, 0.097, 0.21and Cd_,Mg,Te (x=0.041,
0.071, 0.098 All the samples were grown on GaA801) by
MBE (molecular beam epitayyat the University of Tsukuba.
lodine is used as the dopant; all samplesratgpe. The Mn
and Mg concentratior is determined by exciton photolumi-
nescencdor reflectanceat 4.2 K and by x-ray diffraction.
Properties of the samples are given in Table I.

whereg, is the lattice dielectric constan,, is the relaxation
rate, andw,, is the plasma frequency. For the fitting proce-
dure, we normalized the magnetotransmission with respect to
the transmission at zero magnetic fielt{B)/T(0). Since
w, and o, are determined by the cyclotron masg g, the
carrier concentrationg, and the relaxation rate ., we can
calculate the change in transmission using Efs.and (2)
where we take all three parameters as fitting parameters. As a
IIl. RESULTS AND DISCUSSION result of the least-square-fitting calculatioir,ns, and the
cyclotron mobility (= e/ w,m¢g) are obtained. In Fig. 1 the
fitted curves of the transmission spectra are shown by dashed
curves, together with values obtained from the fitting. The
The magnetotransmission spectra of,CdMn,Te (x=0,  obtained mass is generally smaller than the value deduced
0.064, 0.097, 0.)1at 10.6 uwm and about 250 K are shown directly from the absorption peak; this is caused by the rather

A. Dependence of CR on the Mn concentration
at around 250 K
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0.1257 T T T T T T thors took 28 basis functions including the ten unoccupied
upper and ten occupied lowerlevels separated from each
0.120F Cd; MnTe L other by the on-site Coulomb energy, plus te/¢evels and
-~ O"".O six p levels. They proposed that the effect of thievels can
£ 0115 - be introduced in an (8 8) k-p matrix for thesp band by a
TC O perturbation of ordek?. If the influence of the spin-orbit
EO 0110 ' . split-off band on the mass change due to slped hybridiza-
tion is small, the modification oP is the main part of the
0.105 " N - change in thesp Hamiltonian matrix. It is demonstrated in
© 106 um T~250K Ref. 20 that the effective masses of electrons and light holes

0100 H——trnde—— in Cd;_,Mn,Te increase withx due to this reduction i®. A
0.00 0.04 0.08 0.12 : : PRI .
strong reduction inP with increasingx has also been ob-
X served in Hg_,Mn,Se?! In light of these considerations, the

FIG. 2. Cyclotron masses obtained at 3006 (117 meVj at  large difference betweenf(In Eg)/dx|X=o andd(In mg&g)/dx,—o
around 250 K are shown by open circles. The dotted line denoteim the present study strongly suggests that the reductiéh in
the result of the least-square fit giving a relatimfg=[0.104  due to the sp-d hybridization really takes place in
+0.13X] my. Cd,_,Mn,Te.

One may wonder if the band-gap is affected by many-
body effects, e.g., band-gap renormalization, due to the
rather high density of electrons in the samples, and whether
the cyclotron mass may depend on the carrier density. In
order to see the dependence of the CR on the electron den-
Igity, we measured other ¢d,Mn,Te (x=0.064) samples

broad CR absorption pedkor a sharp CR peak, the differ-
ence is usually negligibje The electron concentration ob-
tained for all samples is 3—6 times smaller than the value
obtained from the Hall measurement, while the mobility ob-
tained from the CR is about three times larger than that give

by the Hall measurement except for0.11 (see Table)l It with different carrier density, and found that the cyclotron

is not yet certa_in why the electron concentration given by.thefnass obtained around 100 T is almost insensitive to the car-
CR spectrum is smaller; probably the freeze-out of carrierg;, density in the range af=2.0x 10— 6.7x 10'8 cm™3

due to the high field decreases the electron density. Moreover, as we show later on, the band-edge effective mass

The cyclotron mass obtained at around 250 K is found Bor CdTe obtained in the present work is in very good agree-

increase withx as shown in Fig. 2. The increase of the mass ; :
: . _ ment with the literature value. Therefore, the band-gap renor-
is roughly given bymg&g=[0.104+0.131x] mq. (Here, it gap

should be noted that the obtained mass increase is slightlyjectron density is as large as the critical density of the Mot
smaller than the values reported in our previous repdrs, criterion (n~1.1x 107 cm~2 for CdTe.22 However, at high

vyhere the cyclotron mass was d_educed frqm the peak posllﬁagnetic fields the effect of the impurity band on the con-
tions of the CR spectra directly without any line-shape analyy,ction band is expected to be small in the range df 10
sig). As an approximate expression for the band-edge effec- 10'® cm~2 because the spatial extension of the wave func-

tive massm”, we can use the equation tion is reduced by the high magnetic field. If the density
p2 exceeds 1¥ cm™ 3, the impurity band effect may show up.
142 ) 3) In fact, we observed the CR spectrum in CdTe with such a
moE, high density of electrons and found that the peak field as well
] . as the shape of the entire transmission spectra are very dif-
whereP is the momentum matrix element between the conterent from those of other low-density samples. This effect
duction and valence bands. According to this equatioh, il be discussed elsewhere.
increases withE, linearly as 2?/mo>Egy. However, the Figure 3 shows the relation between the photon energy of
observed increase aficg is much larger than expected from the radiation and the CR transition fields. Since the cyclotron
the increase ok, given in the literature. The reported de- resonance in the present study is the quantum cyclotron reso-
pendence of the band gap onis [1.516+1.26<] eV at  nance, we can deduce the cyclotron energy from the transi-
room temperature anjd.606+ 1.5%] eV at 4.2 K'*'*The  tion energy between the lowest two Landau levels; these can
observed rate of mass increasedidn mgg)/dx,—o=(1/AX) be calculated in terms of the eight-band Pidgeon-BroRs)
X{AME/MER(x=0)}~1.25, while the band gap increase model taking into account thes(p)-d exchange
rate is d(In Eg)/dX,—o=1. This suggests that the depen- interaction’*>~** The solid curves in Fig. 3 show the calcu-
dence of the band gap alone cannot explain the observddted inter-Landau-level transition energies as a function of
increase of the mass with We need a better model taking magnetic field, where we used the standard set of Luttinger
into account the effect of magnetic ions. parameters for CdTe{=5.3,5=1.7,y5=2.04"=0.61).

A theoretical study by Huet al. suggests that the effec- The magnetizatiokS,) was calculated by the modified Bril-
tive mass of electrons is affected considerably bydped  louin function taking the effective temperatufgss~Tmeas
hybridization in DMS's? this has been calculated by tke +2 K2 As the measuring temperaturB,eas IS much
-p method, where thep Hamiltonian matrix elements are higher than the temperature corresponding to the antiferro-
effectively modified by thesp-d hybridization. These au- magnetic coupling between Mn iond ~7 K), the effect

malization does not have a significant effect in this case. The

Mo

m*
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i E,=1606 meV ] S E)
[ 9 ] £ CBD
0 1 1 ] 1 =<
«. 8600
T T
- | PP/m, = 8810 meV . : Cd, Mn,Te 250K
100 i ]
E' ] T e —————LT)
E ] 0.00 0.04 0.08 0.12
3 I Cd,_ Mn Te x=0.064 .
o 50F . - X
[im| ] =0.099 . .
m Mo FIG. 4. Band-edge electron effective mas$ (open circles
E = 1708 meV . .
L 9 and momentum matrix elemef (open squargsas a function of
Qo b b b b b 1 the Mn concentratiow. The solid and dashed lines show the results
L ] of the least-square fit fom* and P, respectively. These approxi-
i | P2/m0 = 8690 meV 1 mately follow the relationsn* =[0.092+0.10%] m, and P?/m,
< 190F : —[9059- 3495] meV.
E L ]
5 | - Cd, MnTe x=0.11 ] tent with the rate of mass increase given by Hamigl.,zo
g S50f —O—y . ] when thesp-d hybridization is taken into account. Figure 5
v m =0.104m, ] shows the relative increase of the band-edge mass
i E=1781meV 4 [m* (x)/m* (0); open circle} and the cyclotron mass ob-
Y e tained at 10.6um [Mgg(x)/mER(0); open squardsas a
0 20 40 60 80 100 120 140 function ofx. The solid and dashed lines denote the relative
B mass increase predicted by the thedrffhese show the

mass increase calculated with and without $fged hybrid-
ization effect. The mass increase deduced from the cyclotron
results at around 250 K. Solidashed curves denote the calculated resonance is in excellent a_gr_eement with the theoretical val-
inter-Landau-level transition energies between ike0 and then ~ U€S based on thep-d hybridization effect. Moreover, the

=1 Landau levels with spin-ufspin-down states. The momentum fecently ObserV?d_ _electron CR _i'""type Iy — xMnyAs
matrix element is taken as an adjustable parameter. showed the possibility of the reduction Bfdue to thesp-d

hybridization?

of the magnetization of the Mn clusters is not taken into  The sp-d hybridization effect may be closely related to
account. We took the momentum matrix elemé&fs an
adjustable parameter in order to take into accountstel
hybridization effect.P appears in the off-diagonal terms of
thek- p Hamiltonian matri Eq. (B2) in Appendix B] for the
modified PB model. We find that the results of the calcula-
tion reproduce the obtained CR positions well. We used the
band-gap value at 4.2 K1.606+1.5%] eV:}*repeating the
same calculation with the band-gap values at room tempera-
ture we found that the degree of the agreement of the fitting
and the effective mass are almost the same. The band-edge
massm* obtained by the fitting and the ener@?/m, are
plotted vsx in Fig. 4. The effective mass in ¢d,Mn,Te is
found to be approximately given by the relatiom* 1000, . . ., ,
=[0.092+0.10%]my; the effective mass for CdTexE0) is 0.00 0.05
in good agreement with literature values (0.690.28 We
also found thatP is given by the relatlorP2/m0=[9059 FIG. 5. Relative mass increase with the Mn concentration
—349X%] meV. Open circles and open squares denote the experimental results for

We can see a significant reduction®fwith increasingk  the band-edge mass and the cyclotron mass at 1016 respec-
in Fig. 4. This reduction strongly suggests that #ed hy- tively. Solid and dashed lines show the theoretical values deduced
bridization effect indeed plays an important role in enhancfrom Ref. 20; the solid line includes thep-d hybridization effect,
ing the effective mass of the conduction electrons. Moreoverfwhile the dashed line does not include the hybridization effealy
we found that the rate of increasemf andmgp is consis-  the band-gap effect is taken into account

FIG. 3. Photon energy vs the CR transition fields for
Cd,_,Mn,Te (x=0, 0.064, 0.11 Open circles are the experimental

Relative Mass Increase

A

0.10 0.15
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the physical situation of the anticrossiigr the repulsion T T T 1 g
between the conduction band and the unoccugdiednd(the S P 'Mg 1o . ]
upper Hubbard band of the Mn iarThe band repulsion due 020F® F T T ] ]
to the hybridization changes the dispersion relation of the & S oE o® 1 CduMne
bands, and thus the effective mass can be changed. The un- 7 45L& o ] ]
occupiedd band is known to be above the conduction-band g [ oo, .1 .d 07 ;
minimum by about 1.6 eV for Gd ,Mn,Te. Although this >~ L 000 004 208 o012 A,.,wO' ]
energy is rather large by comparison to the energy region we ~’<E 0'103' 0 o
are looking at in the conduction band, it is reasonable to & i o

expect some effects on the effective mass when the cyclotron & 0.05F e Cd,,Mg.Te 4
energy is large enougfi A quantitative analysis with a better [ s T~ 250 K 10.6 ym
theoretical model is required to discuss this in more detail. 000l T, L ]
On the other hand, we can imagine that the hole mass is 0.00 002 004 006 008 010 0.12

influenced by the hybridization more significantly than the
electron mass because the hybridization betweerpilile
valence band and.thde band IS usually much stronger than FIG. 6. Mass increase rate as a function of the rate of increase of
th,at between th,s'l'ke conduction band and thet band. In ,the band gap. Open circles and open squares denote the rate of
wide gap DMS's, e.g., ZnO-based and GaN-based DMS§rease of the cyclotron mass for £gMnTe and for

that are prezdégt%g to become ferromagnetic even at ro0my Mg Te, respectively. The dotted lines are the results of the
temperaturé,j ~*“the electron mass can be much enhancegeast-square fit. In the inset the cyclotron masses obtained for
by the hybridization since the unoccupiddand is near the Cd,_,Mg,Te at 10.6 um and~250 K are plotted as a function of
conduction-band minimum. For instance, when we take thghe Mg concentration. The mass increase is approximately given by
on-site Coulomb energy of the Mn ion to be7 eV (Ref.  [0.104+0.0956] m, as shown by the dashed line in the inset.

11) and the band gap of ZnMnO to be 3.3 E\the expected

energy difference between the unoccupiédand and the  jncrease for Cd Mg, Te is found to be 0.84, while that for

conduction-band minimum is-0.3 eV. Therefore, it would cq  Mn Te is about 1.49; thus the mass enhancement is
be of interest to study the mass enhancement in these ma@gniﬁcamly larger in Cg_,Mn,Te than in Cq_,Mg,Te.

rials. _ When we neglect the first-hand term of the right-hand
So far, we have not taken into account the polaron effectjje of Eq. (3) the rate of mass increadghe slope of

on the cyclotron mass. There should be some effect on thﬁméR(x)/m’éR(O) vs AEy(X)/E4(0), Fig. 6] should be

CR\’/".] pg(rjt_irculaHr, at energries near the L? phonc;fn enézgyb about 1. Actually, the rate of mass increase obtained from the
mevin 9. However, the resonant polaron effect may eeight—banck- p calculation(PB mode) taking onlyEg4 as an

negligible within our experimental error since the energyadjustable parameter is found to be 0.81. This is very close to
range of 44—117 meV is far away from the LO phonon en-y,q a1 ghtained for Gd Mg, Te. This fact suggests that
ergy. Hence, we believe that the polaron effect is negligibl

L . L Ythe mass increase in the nonmagnetic semiconductor
small in this work. This assumption is supported by the faCFCdl,XMgXTe is mainly due to the increase of the band gap

that th? electron band'Edge mass n CdTe obtained in thI3nd that the reason for the unusually large mass enhancement
study, i.e., 0.092, is closer to the literature value of the in Cdy_ Mn,Te is the effect of thel band of Mn ions
_xMn, .

band-edge ma&%(0.090m,) than that of the polaron mass
(0.096m,).3* It would be reasonable to assume that the po-
laron effect is insensitive to the Mn concentration as long as
it is a small fraction.

AE,(X) / E4(0)

C. Electron CR at low temperatures

The magnetotransmission spectra of ;Cdvin,Te
(x=0.064) at various temperatures are shown in Fig. 7. The
impurity-shifted cyclotron resonanc¢éCR) appears at lower
fields than the free electron CR position at low temperatures.

The cyclotron masses of electrons in ;C¢Mg,Te at  The ICR peak intensity increases with decreasing tempera-
10.6 um and~250 K are plotted v in the inset of Fig. 6.  ture; it reflects the freeze-out of free electrons. We also ob-
The dashed line is the result of the least-square fit that giveserved the ICR in other sampleg=0, 0.097, 0.11) and
the relationmg g=[0.104+ 0.0956]m,. The cyclotron mass  found almost the same behavior. The estimated ionization
was deduced from the line-shape analy@R spectra are energy of the donor level is about 4—8 meV for all the
not shown as we did for Cd_,Mn,Te in the preceding sec- samples that were studied.
tion. We do not see any spin split CR in €dMn,Te (x

To compare the band-gap effect on the electron mass ir-0.064, 0.097, 0.11). One of the reasons is that there are
Cd;_Mn,Te and Cd_,Mg,Te, we plot the relative increase only few electrons in the spin-up=0 Landau-level due to
of the cyclotron mass, i.eAmgg(X)/MER(0) as a function the large spin splitting of the Landau level induced by the
of the relative increase of the band gap, i&Ey(x)/E4(0) s(p)-d exchange interaction. According to our Landau-level
for these two materials in Fig. 6. Here, we udeg=[1.52  calculation for thex=0.064-0.11 samples, about 60—-70 %
+1.26&¢] eV for Cd,_,Mn,Te (Ref. 19 and E;=[1.52 of the electrons are expected to occupy the spin-down
+1.67%] eV for Cd,_,Mg,Te3® The slope of relative mass =0 Landau level at 300 K and almost 100% at 50 K if we

B. Comparison between Cd_,Mn,Te and Cd,_,Mg,Te
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. T T T 0.125 —r—r—rTTr—rrrT1TTTr T T
Cd,,Mn,Te x=0.064 10.6 um
x=0.11
CR‘ 0.120 <} » 7

~——~ 251K
2T W x=0.097 |

0.115 - P
e~ 195K ST
ICR .
| x=0.064
AN ~ 126K 0110} IJI] q] -

0.105

Transmission

B, ydtee

0.100 -

10.2 005l L L a1
A P | L. 0 100 200 300

0 50 100 150 Temperature (K)

B(T
(M) FIG. 9. Temperature dependence of the cyclotron masses at
FIG. 7. Magnetotransmission spectra in ;CgMn,Te (x ~ 10.6 um in Cd,_,Mn,Te. The open circles, open squares, open
=0.064) at various temperatures. At low temperatures the impurit§riangles, and open diamonds are the results for the samples with

cyclotron resonanc@CR) appears at lower fields than the cyclotron X=0, Xx=0.064,x=0.097, andx=0.11, respectively. The dashed
resonancéCR) peak. lines are the results of the least-square fit.

Cyclotron Mass (m,)

to be at most 5—-10 T at 50 K and 1-5 T at room temperature;

zisg UIE flc}zstlg\lllelesle;:\rc(i)rt]f?aztirtielznoi:r::el,l Sg;ig-#?oﬁgvigl?ﬁgn& r:t_these are too small to be observed in the broad CR spectra
_ P obtained in this work. This small CR spin splitting seems to

zmann distribution. On the other hand, the ratio of the elec; . o
tron population in the up and dowm=0 Landau levels in be unreasonable for €d,Mn,Te because the spin splitting

) : of the Landau levels should be much larger than for CdTe.
f;ilitgti%pegﬁgutlgtgg 7'55}\&2& atlg\?e}I(s. V\{i shg(\;v_ntahe ;?] However, the degree of spin splitting of CR is not directly
reflected by the degree of spin splitting of the Landau levels.

Cd,_xMn,Te (x=0.064) at 60 K in Fig. 8. It should be determined by the difference of thdactors

cor,\r/leosrecc))r\l/girr’] t?oe tﬁéﬁgr?:_cue gﬁéwfﬁg_ég\?v%nggcies 2gsgggﬁetweem—0 andn=1 Landau levels, i.e., the degree of the
P 9 pin-up P P onparabolicity of the band has to be considered. If the con-

duction band is parabolic, the Landau-level spin splitting
should be the same for each Landau level, and the cyclotron
transition energy is not expected to depend on the spin split-
ting of the Landau levels.

Figure 9 shows the temperature dependencendf, in
Cd;_,Mn,Te (x=0, 0.064, 0.097, 0.11) at 10.am. The
massmgr is found to decrease with decreasing temperature
for each sample. The dashed lines are the results of the least-
square fit. It can be seen that the temperature coefficient
systematically increases with the Mn concentration. We can
expect that the temperature dependence of the mass in CdTe
is explained by the electron-phonon interactfoar by im-
purity related effectd’ The temperature dependence of the
mass is a rather complicated issue that is not yet well under-
stood, especially in the range of megagauss fields and even

Ly in nonmagnetic semiconductof$However, we can safely
1.6 1.7

0 50 100 150 0 50 100 150 assume that the large temperature dependence of the mass
increase obtained for Gd,Mn,Te is due to the effect of
magnetic ions. In Fig. 1@), we plotm¢g at several tempera-

FIG. 8. Calculated conduction-band Landau levels in CdTe andures as a function of; this was deduced from the least-
those at 60 K in Cgd_,Mn,Te (x=0.064). The solid and dashed square fit in Fig. 9. The dotted curves are a guide for the
curves denote the levels that originate from the spin-up and spineyes. We see a large temperature dependence in the mass
down states, respectively. enhancement, e.g., far=0.11 we have 14% enhancement at

2.1 T T T 2.2 T T T

2.0 2.1

1.9 2.0

Energy (eV)

1.8 1.9

1.7 1.8

B(T) B(M
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calculated mass change is only 60% of that obtained by the
experiment ak=0.11 as shown by the arrows in Figs.(40

and 1@b). Second, we have not taken into account the tem-
perature dependence Bf;. All calculations were performed
using the value of, at 4.2 K. The cyclotron mass appar-
ently decreases with decreasing temperature,Byuteter-
mined by an optical method increases with decreasing tem-
perature, suggesting a mass increase with decreasing
temperature. This behavior is completely opposite to our ex-
perimental results. Hence, we believe that the temperature
dependence oE4 is not important to the electron mass at
least at high fields in the megagauss range. More detailed
theoretical models that include the electron-phonon interac-
tion or some impurity effects will be required to solve these
problems. We may also expect some effects of spin polarons
on the electron mass at low temperatures.

IV. CONCLUSIONS

i We found for the first time that the band-edge electron
FIG. 10. () Cyclotron mass at 10.um vs x at various tem- e five mass in Cd Mn,Te is significantly enhanced due
peratures. The masses are deduced from the temperature depgg-yne presence of Mn ions. Based on a detailed comparison
dence of the cyclotron mass shown in Fig. 9. The open circles, OPelt the data with the eight-band modified Pidgeon-Brown
squares, open triangles, and open diamonds denote the massesmacgdeI the momentum matrix elemedis found to decrease
250 K, 130 K, 80 K d 60 K f h | ti . L . . .
' ' » an or each sample, respectivety ﬁffectlvely with the Mn concentration. According to the the-

The calculated cyclotron masses using the Landau-level calculatio . . .
at 250 K and 60 K. The arrows shown (&) and (b) indicate the oretical study about thé-band effect on the p Hamiltonian

degree of mass decrease with decreasing temperature from 250 Kilr& the Iiter_a’Fure_, the observed reductionftan be_due the )
60 K atx=0.11. sp-d hybridization. We also found that the mass increase in
Cd;, _,Mn,Te is considerably larger than in €dMg,Te. In
the light of all these results, we conclude that not only the
250 K but only 8% at 60 K. The calculated cyclotron masseScrease of the band gap but also thp-d hybridization
using the modified PB model are plotted x$n Fig. 10b).  pjays an important role for the enhancement of the electron
The thin solid and dashed lines are spin-up and spin-dowhy5ss. This information will be useful for developing new
cyclotron masses for 250 K, while thick solid and dashedjeyices using magnetic semiconductors. The hole mass in
lines are the spin-up and spin-down cyclotron masses for 6§, ferromagnetigp-type 11V DMS’s, e.g., InMnAs and
K. We can expect that the observed CR at 250 K is an eNVesaMnAs, or the electron mass in the wide gap DMS’s, e.g.,

lope of the spin-up and spin-down CR, thus the obtainedno.pased or GaN-based DMS's could also be affected by
cyclotron mass is an averaged value. By contrast, we expegte strongsp-d hybridization.

thz_it the observed cyclotron mass at 60 K is the spin-up or tpe spin splitting of Landau levels due to tisép)-d
spin-down cyclotron mass. We see that the dependence @fchange interaction showed up in the large temperature de-
MR ON X seems to be linear at 250 K and to become nonpendence. Quantitative discrepancies in the temperature de-
linear with decreasing temperature in Fig(d0this fact can  pendence of the cyclotron mass suggest that the electron-
support our assumption. According to the calculatgt: in  phonon interaction, the impurity effects, and possibly many-
Fig. 10b), the averagedhgg at 250 K changes linearly with  body effects can be important.
X, while some nonlinear change ing is expected at 60 K.
Because the sign of thg factor for then=0 Landau level
changes from negative to positive wixhdue to thes(p)-d
exchange interaction, the obserwedy, is the spin-up cyclo-
tron mass at smak while it should be the spin-down cyclo-
tron mass for large (e.g., at 60 K the observeugg should
be the spin-up mass for CdTe and that should be the spi
down mass for th&=0.11 samplg Therefore, we conclude
that the large temperature dependencengf; observed for
Cd, _,Mn,Te can be explained qualitatively by the
temperature-dependent spin splitting of the Landau levels
and the electron population to those levels.

There still remain a few unsolved problems. First, the
change inm¢g with temperature cannot be explained quan-
titatively by our calculation, e.g., the estimated degree of the
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APPENDIX A: ELECTRON CYCLOTRON RESONANCE
IN HIGH MAGNETIC FIELDS

The condition for cyclotron resonance is given by
ho=E,, ,—Ey(n=0,1,...), (A1)
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where w is the frequency of the radiation arfg, is the u;=S7,
energy of thenth Landau level. The cyclotron masg.y is 6], _-
: u,=iS|,
defined by
! (X+iY)1
eB Us=—= i ,
MER=— (A2) V2
i .
U4=T(X—IY)L,
whereB is the applied magnetic field. If the band is para- r 2 (B1)
bolic, mg is equal to the band-edge effective mass, and 8 1 _
it is independent o, . u5=7[(x—|Y)T+221],
However, when band nonparabolicity is introduced, the 6
cyclotron mass depends on the eneffly:m¢g generally i .
increases with increasing Landau index u6=%[(x+|Y)l—22T],

In high magnetic fields in the megagauss rafmeer 100
T) the lowest inter-Landau-level transition energy(=E;

—E,) becomes~100 meV corresponding to a carrier den- i .
0 poniing === (X=iV)1+21],

sity of the order of 1& cm 2 for the effective mass 3
~0.1mg (Mg is the free electron masBecause of this large I,
cyclotron energy, CR observed in the megagauss range is

1 .
usually the inter-Landau-level transition from=0 ton=1 us:ﬁ[(XHY)HZH'

(the system is in the quantum linitAlthough there is a

dispersion in the direction of the applied figlith the direc-  where the symbol$ and| stand for spin up and spin down,

tion of k,), almost all carriers should populate stateskat respectively.S is the conduction-band function that trans-

~0 due to the high density of states in high magnetic fieldsforms as an atomicslike function, andX, Y, Z are the
The cyclotron maseng obtained in the high-field region Vvalence-band functions that transform as atomic p,- and

is generally larger than the band-edge effective matssiue ~ P--like functions, respectively. If we take the functiofisas

to the nonparabolicity. If we compare the energy dependencgnvelope functions, the zeroth-order wave function is given

of m&g with the calculated Landau levels, the band-edgePy ¥ =Z2;f;u;. The matrix elements of thie p Hamiltonian

effective massn* can be deduced as the zero energy limit ofin the presence of the magnetic field can be written as an 8

Mig. X 8 matrix (D). Within first-order perturbation the matr
is written in terms of two 4X 4 matrices if we puk,=0.
D, O
APPENDIX B: CALCULATION OF LANDAU LEVELS D= . (B2)
0 Dy

For the calculation of the Landau levels, we used the
eight-bandk- p method in terms of the Pidgeon and Brown The basis functions of the eigenvalue equations in matrix
(PB) model? This model treats the conduction baR§and ~ form
the valence band¥?y,I'y as quasidegenerate and accounts
for the effect of the remote bands as a perturbation by means (Da~€a)fa=0; (Dp—e€p)fp=0 (B3)
of several parameters. This model is well established for thgii, the eigenvalues, and €, are described in terms of
narrow gap semiconductors such as InSb and InAs. The 145 .o oscillator functiond®, ,

band(five levels:T'g, I'S, T'g, 'y, T'y) k- p model will give
the Landau levels more precisely as shown for GaAs and a, P, a,P,
InP3° However, the 14-banl- p method makes the calcula-
tion too complicated if we treat the exchange interaction be- f= agPn—s _ aPn—1 (B4)
tween electrongholes and Mn ions as matrix elements in A ag®og | 0 | ag®aay |
addition to the ordinary set of Luttinger parameters. The gap
arPpq agPy-1

betweenl'g andT'$ is 3.77 eV in CdTe; this is not so much
larger than the fundamental band gap, but it is still larger byThen the determinantal equations for the eigenvalues ad the
a factor of 2.3. Moreover, as shown in Sec. Il A, the ob-andb sets are expressed as given by EdS) and (198) in
served cyclotron resonance positions for CdTe are well exRef. 23. (Some of the matrix elements should be slightly
plained by the eight-bankl- p model and the literature value modified)**2°
of the band-edge mass of CdTe. Therefore, we believe that For the determinant equations in Ref. 23 the valence-band
the eight-band model is sufficiently accurate to analyze th@arametersy,, y', v", and k are used; these are different
relative change in the mass arising from the Mn ions withfrom the Luttinger parameters by the components corre-
respect to the effective mass of CdTe as a reference. sponding to the interaction between the conduction and the
The set of the basis functions at the band extrema is  valence bands.
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In DMS’s the exchange interaction between electrons ro1 7
(holes and magnetic ions is introduced into the Hamiltonian _Easzj 0 0 0
using the mean-field approximation. Te@-d Hamiltonian .
can be described by the Heisenberg-like Hamiltortag 4 0 E,BSZ- 0 Eﬁsz'
=2,;J(r—Rj)s-§;, with S; ands standing for spin operators 6 ! 3 !
of thej th Mn ion and the band electrghole), respectively. D= 1
The matrix elements of thep-d Hamiltonian with the basis 0 0 - E’BSZ] 0
functions given by Eq(B1) are obtained as an additional 7
matrix D', i\2 1
0 - ?Bszj 0 - gﬁszj
) (B7)
D, D, Here,a=Jr =(S|J|S) and B=Jr, =(X[J|X); these are the
D’'=Njg o't prl (B5) exchange interaction constants for an electron and for a hole,
c b respectivelyNg is the number of the cation sites in the vol-
ume of a unit cell.
For a paramagnetic state only tlS component of the
localized spin of the magnetic ion remains nonzero after av-
where eraging. Since all terms in the matiix, are proportional to
(Sj*=iSyj) X (sp-d exchange constant), all of them vanish
for the paramagnetic Gd,Mn,Te samples studied in this
= - work. Hence, there remain only>d4 matrices in Eq(B5),
SaS,; 0 0 0 i.e,, D, andDy, thus we have two %4 matricesD,+ D}
2 andDy+D| for the calculation.
1 At high magnetic fields in the megagauss range, the mag-
0 EIBSZJ 0 0 netic length (.= h/eB) becomes very small, e.gl;
D= ' ' =26 A and 8.1 A at 100 T and 1000 T, respectively. The
0 0 _ps, - ﬁﬁsz' effective-mass theory would break down if the wave-
6”2 3 j function extension of the electrons decreases to a size that is
. comparable with the periodic length of the lattice potential.
0 0 EBS[ EBS[ However, at around 100 T, is still an order of magnitude
3 ! 6 ] larger than the lattice constant of the popular cubic semicon-
i (B6)  ductors such as GaAs or CdTe. Also, it is larger than the
average distance between the Mrions, even at the lowest
concentration used in our experiments-10 A for x
=0.064). Hence, th&- p method still functions well in this
and magnetic-field range.
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