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We present a theory for electronic and magneto-optical propertiestygie In,_,Mn,As magnetic alloy
semiconductors in a high magnetic fieRiz. We use an eight-band Pidgeon-Brown model generalized to
include the wave vectoik{) dependence of the electronic states as we#l-dsandp-d exchange interactions
with localized Mnd electrons. Calculated conduction-band Landau levels exhibit effective masseag and
factors that are strongly dependent on temperature, magnetic field, Mn concentrati@mndk,. Cyclotron
resonancéCR) spectra are computed using Fermi's golden rule and compared with ultrahigh-magnetic-field
(>50T) CR experiments, which show that the electron CR peak position is sensitiv®&iailed comparison
between theory and experiment allowed us to extracstieand p-d exchange parametessand 8. We find
that not only« but alsog affects the electron mass because of the strong interband coupling in this narrow-gap
semiconductor. In addition, we derive analytical expressions for effective masseg fantbrs within the
eight-band model. Results indicates that{R) is the crucial parameter that determines the exchange inter-
action correction to the cyclotron masses. These findings should be useful for designing novel devices based on
ferromagnetic semiconductors.
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[. INTRODUCTION ductors wherea influences primarily the conduction band

Recently, there has been much interest in 11l-V magneticand 8 the valence band. In addition, in narrow-gap semicon-
semiconductors such as InMnARef. 1) and GaMnAs(Ref.  ductors, due to the strong interband mixing, the coupling to
2). The ferromagnetic exchange coupling between Mn ionghe Mn spins does not affect all Landau levels by the same
in these semiconductors is believed to be mediated by freemount. As a result, the electron cyclotron resona(@ie)
holes that are provided by Mn acceptors. They become fefpeak can shift as a function of the Mn concentratioiThis
romagnetic at low temperatures and high enough Mn conean be a sensitive method for estimating these exchange pa-
centrations. Recent innovative experiments have demorrameters. For example, a recent CR study of Gin,Te
strated the feasibility of controlling ferromagnetism in these(Ref. 8 showed that the electron mass is strongly affected by
systems by tuning the carrier density opticAlland — sp-d hybridization.
electrically* Understanding their electronic, transport, and In a recent Rapid Communicatidnye reported the first
optical properties is crucial for designing novel ferromag-observation of electron CR intype In,_,Mn,As films and
netic semiconductor devices with high Curie temperaturesdescribed the dependence of cyclotron massoranging
However, basic band parameters such as effective massem 0 to 12%. We observe that the electron CR peak shifts
andg factors have not been accurately determined. InMnAgo lower field with increasing. Midinfrared interband ab-
alloys and their heterostructures with AlGaSh, the first growrsorption spectroscopy revealed no significardependence
l1I-V magnetic semiconductdr>® serve as a prototype for of the band gap. A detailed comparison of experimental re-
implementing electron and hole spin degrees of freedom isults with calculations based on a modified Pidgeon-Brown

semiconductor spintronic devices. model allowed us to estimateandp to be 0.5 eV and-1.0
The localized Mn spins strongly influence the delocalizedeV, respectively.
conduction and valence-band states throughstideand p-d In this paper, we describe details of the theoretical model

exchange interactions. These interactions are usually pararand comparison with the experiments. We use an eight-band
etrized asx and 3, respectively. Determining these param- Pidgeon-Brown model, which is generalized to include the
eters is important for understanding the nature of Mn elecwave vector k,) dependence of the electronic states as well
tron states and their mixing with delocalized carrier states. Iras s-d and p-d exchange interactions with localized Mh
narrow-gap semiconductors like InMnAs, due to strong in-electrons. Calculated conduction-band Landau levels exhibit
terband mixing,« and B8 can influenceboth the conduction effective masses argifactors that are strongly dependent on
and valence bands. This is in contrast to wide-gap semicortemperature, magnetic field, Mn doping andk,. At low

0163-1829/2003/686)/16520%19)/$20.00 68 165205-1 ©2003 The American Physical Society



G. D. SANDERSet al. PHYSICAL REVIEW B 68, 165205 (2003

TABLE I. Densities, mobilities, and cyclotron masses for the four samples studied. The densities and
mobilities are in units of cm® and cn?/Vs, respectively. The masses were obtained at a photon energy of
117 meV(or A =10.6 um).

Mn contentx 0 0.025 0.050 0.120
Density (4.2 K) ~1.0x 10" 1.0x 10'° 0.9x 10' 1.0x 10
Density (290 K) ~1.0x 10" 2.1x 10" 1.8x10Y 7.0x 106
Mobility (4.2 K) ~4000 1300 1200 450
Mobility (290 K) ~4000 400 375 450
m/m, (30 K) 0.0342 0.0303 0.0274 0.0263
m/mg (290 K) 0.0341 0.0334 0.0325 0.0272

temperatures and higk the sign of theg factor is positive  electrons were in the lowest Landau level for a given spin
and its magnitude exceeds 100. CR spectra are computeden at room temperature, precluding any density-dependent
using Fermi’s golden rule. We also derive analytical expresmass due to nonparabolicitgxpected at zero or low mag-
sions for effective masses agdactors within the eight-band netic field3 as the cause of the observed trend.
model, which indicates thain(— ) is the crucial parameter At high temperaturege.g., Fig. 1b)] the x=0 sample
that determines the exchange interaction correction to thelearly shows nonparabolicity-induced CR spin splitting with
cyclotron masses. These findings should be useful for desighe weaker(strongef peak originating from the lowest spin-
ing novel devices based on ferromagnetic semiconductors.down (spin-up Landau level, while the other three samples
do not show such splitting. The reason for the absence of
Il. EXPERIMENT splitting in the Mn-doped samples is a combination(bf
their low mobilities (which lead to substantial broaden)ng
We studied four~2-um-thick In,_,Mn,As films with  and (2) the large effectiveg factors due to the Mn ions;
manganese concentratiors 0, 0.025, 0.050, and 0.120 by especially in samples with largeonly the spin-down level is
ultrahigh-field magnetoabsorption spectroscopy. The filmsubstantially thermally populatedf. Fig. 3.
were grown by low temperature molecular beam epitaxy on We also performed midinfrared interband absorption mea-
semi-insulating GaAs substrates at 200 °C. All the samplegsurements at various temperatures using Fourier-transform
weren type and did not show ferromagnetism down to 1.5 K.infrared spectroscopy to determine how the band gap
The electron densities and mobilities deduced from Hallchanges with Mn doping. In Fig. 2 we show transmission
measurements are listed in Table |, together with the electrogpectra for the four samples at two temperatBssK and
cyclotron masses obtained at a photon energy of 117 @@eV 300 K). While a shift can be seen in the band gap in xhe
a wavelength of 10.6um). =0 samples, we attribute this to a pronounced Burstein-
The single-turn coil techniqd@was used to generate ul- Moss shift resulting from the large electron density of the
trahigh magnetic fields with a pulse duration-e# us. The  x=0 sample(As one increases the Mn doping, the electron

sample and pickup coil were placed in a liquid helium flow density diminishes rapidly since the Mn ions act as accep-
cryostat. The single-turn coil breaks in the outward direction,

leaving the sample, the pickup coil, and the cryostat intact,

which allows us to repeat such destructive pulsed measure- bl I 12%| 0981 b) 12 %1
ments on the same sample. We used the LOv6line from a 18?% LOO_M"\W i
CO, laser and produced circular polarization using a CdS ’
guarter-wave plate. The transmitted radiation was detected - 0.96f 1%21 |
by a fast HgCdTe photovoltaic detector. Signals from the 2 ?'zﬁ: ‘W‘/\‘Wi%: 0.96r 5%
detector and pickup coil were transmitted via optical fiber to E 1.00L -
g
H

, _—_ : . 0.92} 1

a multichannel digitizer located in a shielded measurement 88 95 % |

room. 0.951 2.5 %7 0.94F -
1.00+ .

Typical measured CR spectra at 30 K and 290 K are 1.00L

shown in Figs. 1a) and Xb), respectively. Note that to com- 0208 19201 1
pare the transmission with absorption calculations, the trans- 060F 55 )\ 0% 05000 % 0%]
mission increases in the negatiyedirection. Each figure 10— == 3 1.00b=—" + 5= =
shows spectra for all four samples labeled by the correspond- 0 34((,}) 80 0 B4(0T) 80

ing Mn compositions from 0 to 12%. All the samples show

pronounced absorption pealar transmission dipsand the FIG. 1. Experimental CR spectra for different Mn concentra-
resonance fielddecreaseswith increasingx. IncreasingX  tions x taken at 290a) and 30 K(b). The wavelength of the laser
from O to 12 % results in a-25% decrease in cyclotron was fixed at 10.6um with electron-active circular polarization
mass(see Table)l It is important to note that at resonance, while the magnetic fiel® was swept. The resonance position shifts
the densities and fields are such that only the lowest Landata lower B with increasingx. The x values are 0%, 2.5%, 5%, and
level for each spin type is occupiésee Fig. 3. Thus, all the  12%.
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= the Bloch basis states for the lower set are
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FIG. 2. Midinfrared transmission spectra for the four samples
studied, taken at 30 K and 300 K. The shift in band gap forxhe I6)= ‘E . §> _ I—|(X—iY)l) (2b)
=0 sample can be attributed to a pronounced Burstein-Moss shift 2' 2 \/E ’
resulting from the large electron density in tke 0 sample.

[

tors. The Fermi energy for an electron density of 1 |7)= ’§,+ 2> = —[(X+iY)| —2Z7), (20
% 10*® cm™2 with a mass of 0.028, is 135 meV(without G
including the nonparabolicijy This roughly accounts for the
observed large shift in the absorption edge. Thus, our experi- 18)= ‘_ n }> _ i
mental data indicates that band gap does not depend strongly 2’ 2 J3
on the Manganese concentration

|(X+iY) | +Z1), (2d)

corresponding to electron spin down, heavy hole spin down,
light hole spin up, and split-off hole spin up.
The effective mass Hamiltonian in bulk zinc-blende ma-
In this section we describe our effective mass theory oferials is given explicitly in Ref. 13. In the presence of a
the electronic and optical properties otype In;,_ Mn,As unn‘orrrl magnetic fieldB oriented along the axis, the wave
alloys. Our method is based on the Pidgeon-Brbvaffec-  vectork in the effective mass Hamiltonian is replaced by the
tive mass model of narrow-gap semiconductors in a mageperator
netic field which includes the conduction electrons, heavy
holes, light holes, and split-off holes for a total of eight IZ=£
bands when spin is taken into account. In the original h
Pidgeon-Brown paper, only the zone cenige=0 states R oL o
were considered and magnetic impurity effects were not inWherep=—i# V is the momentum operator amil is the
cluded. vector potential. For the vector potential, we choose the Lan-
The eight-band Pidgeon-Brown model can be generalizedau gauge
to include the wave vectok() dependence of the electronic
states as well as thed andp-d exchange interactions with

localized Mnd electrons? from which we obtainB=V X A=BZ.
The magneto-optical and cyclotron absorption can then be \ye jhiroduce the appropriate creation and destruction op-
computed using electronic states obtained from the generak;;iors

ized Pidgeon-Brown model and Fermi's golden rule. We will
describe this in detail below.

Ill. THEORY

512K 3
P+ Al 3

A=—-ByX, (4)

A
aT:E(kXJriky) (53)
A. Effective mass Hamiltonian
Following Pigeon and Browh we find it convenient to and
separate the eight Bloch basis states into an upper and lower N
set which decouple at the zone center, ke= 0. The Bloch a= —(k.—ik.). 5b
. (ke—iky) (5b)
basis states for the upper set are V2

The magnetic length is

1 1
|1>=‘§,+§>=|ST>, (1a) e \/ﬁ
"= Ve~ Vam, ugB ©

§, T _> - i|(x+ iY)1), (1b) ~ Whereug=5.789x 10°° eV/T is the Bohr magneton and,
J2 is the free electron mass. Using E¢Sa) and(5b) to elimi-
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nate the operatork, andk, in the effective mass Hamil-
tonian, we arrive at the Landau Hamiltonian

La L

H: L]
LD L,

(@)

with the submatricet ,, L, andL; given by

[ 1 2V ]
E.,+A |—a1L \/> \ﬁ—
o 3

Vv .
_|Ka —P—Q -M 1V2M

La_ 1
(Y
—i\[gxaT -M"  -P+Q i\2Q

\/§¥aT —-i2mT  —i\2Q -P-A

"(8)
i Y \ﬁv \Fv 7
E,+A —_ —A/Z2at i/l at
9 % 3 'Vax?
V N .
_XaT -P-Q -M ivamt
Lp= \/IV ,
Y -M —P+ i\2
a2 Q iV2Q
2V
—i\[ﬁa —iy2M  —iy2Q  -P-A
L )
_ 5 T
0 0 \@sz i\[EVkZ
1
0 0 —L _-\ﬁ
i 2L
Lo=
]2 /3
—|\[§sz L 0 |\[§L’r
1 \/I \/§T
Y —ia/ZL A2 0
\/;sz i 2L i 2L |
(10

In Eq. (7), Eq is the bulk band gap, andl is the spin-orbit
splitting. The Kane momentum matrix element (—i/%)
X(S|pX) is related to the optical matrix parametgy by'*

=

The operatord\, P, Q, L, andM are

_hZ yg[2N+1

2| e +k7 1, (129
h% yi[2N+1

:Fo? 2 +ks |, (12b)
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A%y [2N+1 1
Ty 2| 2 S (129
72 [ —iy6k,a
L= Vs(T) , (120
and
:h_z M Ea2 (120
mo 2 )\2 '

In Eq. (128, we have neglected a second ternMrpropor-
tional to (y,— y3)(a’)?. We do this for two reasong1)
(72— v3) is small and(2) this term will couple different
Landau manifolds, making it more difficult to diagonalize
the Hamiltonian. The effect of this term can be accounted for
later by perturbation theory.

In Eq. (12), the number operatdd=a'a. The parameters
Y1, Y2, andys; used here are not the usual Luttinger param-
eters since this is an eight-band model, but instead are related
to the usual Luttinger parametess, y5, and v5 through
the relation®’

E
n=Y%-3e (13)
g
E
V2= 7"2'_ %! (14)
9
and
E
Y=Y ge (15

This takes into account the additional coupling of the valence
bands to the conduction band not present in the six-band
Luttinger model.
The parametel, is related to the conduction-band elec-
tron effective massn? through the relatiot?
1 Epf2 1 16
Y e T3 \Ey Tyl 19

Note thaty, can be related to the Kane paramdger

Ly lSplunP -
m < (Ec—Ep)
by y4=1+2F. In Eq.(17), (S|p,|u,) is the momentum ma-
trix element between thelike conduction bands with ener-
gies nearE, and remote bandswith characteristic energies
E,. The Kane parametdf takes into account the higher,
remote-band contributions to the conduction band through
second-order perturbation thedfy.

The Zeeman Hamiltonian is

Z, O
0 -z,

k2 1

szm—op (18
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where the 44 submatrixZ, is given by The antiparallel orientation d8 and(S,) is due to the dif-
_ _ ference in sign of the magnetic moment and the electron
E 0 0 0 spin. SinceB is directed along the axis, the average Mn
2 spin saturates 1S,)=—3.
3 The total effective mass Hamiltonian for;InMn,As in a
0 ——« 0 0 magnetic field directed along ttzeaxis is just the sum of the
7 _ 2 Landau, Zeeman, arglp-d exchange contributions, i.e.,
a 1 1 .
0 0 5K —i\é(ﬁl) H=H_+H,+Hpy,. (26)
1 1 We note that atkk,=0, the effective mass Hamiltonian is
0 0 [ \[5(K+ 1) K+ > block diagonal with respect to the upper and lower Bloch
- " (19 basis sets.

It is assumed in our calculations that the compensation
The value ofx used in Eq(19) is related tox" as defined by  arises from As antisites and hence the effective Mn fraction
Luttinger through the relatidn in Eq. (22) is taken to be equal to the actual Mn fraction in
the sample. We note that this is supported by experimantal
=Kl — E (20) evidence showing that InAs grown at low temperature
6E, (200 °Q is a homogeneous alloy and that the magnetization

H H H 1,18-20
For the Luttinger parameter k-, we use the Vvaries linearly with Mn content.

approximatioft16:1/
B. Energies and wave functions

kb= y5+ 2 y5— L 2_ (22) With the choice of gauge given in E), translational

3 3”3 symmetry in thex direction is broken while translational
symmetry along the and z directions is maintained. Thus,
ky andk, are good quantum numbers and the envelope func-
tions for the effective mass Hamiltonid@6) can be written

as

The exchange interaction between the ‘Mnd electrons
and the conductios and valence electrons is treated in the
virtual crystal and molecular field approximation. The result-
ing Mn exchange Hamiltoniani%

D;:1 ) an,l,v(kz)¢n—1-
Hwn=XNo(S,) 0 -D,’ (22 an2,(Kz) -2
wherex is the Mn concentratior), is the number of cation _ 2n3,(Kko) fn
sites in the sample, an®,) is the average spin on a Mn site. - el lag, (k) én @7
The 4X 4 submatrixD, is n.v JA ans,(K)dn |
r 1 0 0 0 7 an,6,v( kz) ¢n+1
2 @ an,7,v( kz) d’n—l
0 1 0 0 L angu(Kz) Pn—1]
2'8 , .
D,= , (23) In EqQ. (27), n is the Landau quantum number associated
o o0 - 5,8 i \/—5,8 with the Hamiltonian matrix,v labels the eigenvectors
6 3 =L,L, is the cross-sectional area of the sample in xlye
V2 1 plane, ¢,(£) are harmonic oscillator eigenfunctions evalu-
0 0 i—p =B ated at§=x—)\2ky, anda, , ,(k,) are complex expansion
L 3 2 4 coefficients for thewvth eigenstate which depends explicitly
wherea and 8 are the exchange integrals. onnandk,. Note that the wave functions themselves will be
In the paramagnetic phase, the average spin on a Mn sigven by the envelope functions in E@Q7) with each com-
is given in the limit of noninteracting spins by ponent multiplied by the corresponding=0 Bloch basis

states given in Eqg1) and(2).
o Substituting 7, , from Eq. (27) into the effective mass
gS W) (24)  schralinger equation witt given by Eq.(26), we obtain a
matrix eigenvalue equation. By neglecting the second term in
whereg=2 andS= 3 for for the 3d° electrons of the Mhi* M as described in Eq126), H is block diagonal in the Lan-

(8)=—SBs

ion.” The Brillouin functionBg(x) is defined as dau quantum number. We obtain a set of matrix eigenvalue
equations
Bu(x) = 2S+1 " 2S+1 1 " X o5
sX)= 55 coth| 55X |~ 550 5 (29 HoFn,0= En(k) o, (28)
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which can be solved separately for each allowed value of theped to take into account coupling to remote bands, thereby
Landau quantum numben to obtain the Landau levels giving the heavy-hole band the correct mass. Since in this
En.(k;). The components of the normalized eigenvectorsvork we are only interested in the conduction bands, this

F, , are the expansion coefficieras. approximation is not crucial and it will allow us to obtain
Since the harmonic oscillator functions, (£) are only  analytical expressions for the conduction-band energies.
defined forn’=0, it follows from Eq.(27) thatF, , is de- Our Hamiltonian then is the sum of two parts. The first

fined for n=—1. The energy levels are denoté&s ,(k,)  term is ak-p Hamiltonian that takes into account only the
wheren labels the Landau level and labels the eigenener- interactions between conduction and valence bands and the
gies belonging to the same Landau level in ascending ordesecond term is the carrier-magnetic ion exchange interaction.
Forn=—1, we set all coefficients; to zero except for Neglecting the second term, solutions of the Hamiltonian can
ag in order to prevent harmonic oscillator eigenfunctionsbe found analytically. For the second term, even in the limit
¢n(€) with n’ <0 from appearing in the wave function. The of saturated’S,), the exchange interaction is much smaller
eigenfunction in this case is a pure heavy-hole spin-dowithan the band gap and, thus, it can be treated as a perturba-
state and the Hamiltonian is now axIl matrix whose ei- tion even in high magnetic fields. Therefore, as unperturbed
genvalue corresponds to a heavy-hole spin-down Landastates we take the solutions of the Kane-like Hamiltonian and
level. consider the Mrs(p)-d exchange interaction to first order in
Forn=0, we must sea;=a,=a;=ag=0 and the Lan- perturbation theory.
dau levels and envelope functions are then obtained by di- Solutions of the Kane Hamiltonian can be written in the
agonalizing a 44 Hamiltonian matrix obtained by striking general form
out the appropriate rows and columns. et 1, the Hamil-
tonian matrix is 77 and forn=2 the Hamiltonian matrix is 1 ( hzki) 1
8% 8. E= usB(2n+1)+ *59%(E)usB,
. . . m* (E) 2mg) 2
The matrixH, in Eq. (28) is the sum of Landau, Zeeman, 29
and exchange contributions. The explicit forms for the Zee-
man and exchange Hamiltonian matrices are given in Eqsyhere we have introduced an energy-dependent dimension-
(18) and(22) and are independent af The explicit form of  |eg effective mass
the Landau Hamiltonian for an arbitrary value rofs given

in Appendix A. 1 E 5 1
S5 "3 |EvE ETESA (30
C. Analytical solutions using the Kane model m* (E) g g
In this section we derive analytical expressions that deand effectiveg factor
scribe the conduction-band cyclotron resonance energies and
g factors in In_,Mn,As. 2E, 1 1
9" (E)= —— - : (32)
1. General formalism 3 |E+ Egt A ES Eq

The full Hamiltonian of the problem is given by E@®6). Note that we have neglected the free-electron contributions
The natural way to diagonalize this<x8 matrix analytically  to these terms. The upper and lower signs in @§) corre-
is to treat the off-diagonal elements within perturbationspond to spin-up and spin-down conduction-band states, re-
theory. This approach, however, remains valid only if thespectively, and the zero of energy is chosen to lie at the
off-diagonal elements are much smaller than the band gapottom of the conduction band whé&=0.
(we are interested in the conduction-band states)oilye Note also, for this section only, that we have redefined the
to strongs-p coupling and the relatively small band gap in indexn compared to the full model which was discussed in
InAs, this condition breaks down quickly with increasing the previous section. In Eq29) for electron spin up we
magnetic field. In factV\ ~! exceeds the value of one-half follow Pidgeon and Browt and redefine the Landau quan-
of band gap aB~ 25 T. tum numbem by making the transformatiom—n+ 1 so that

Since we are interested in ultrahigh-field cyclotron reson=0 corresponds to the ground-state Landau level for both
nance, we choose another approach similar to that used t®pin-up and spin-down solutions. While this convention on
Kane?! Namely, we neglect the small terms in the Hamil- the numbering of is convenient for discussing the Landau
tonian matrix(26) arising from the free-electron kinetic en- levels in the conduction band, it can be applied only for
ergy and the interaction with remote bands. In other wordsstates in the simplified Kane Hamiltonian. For the the more
we neglect all terms proportional to~2. Note that these general model where the indexranges from—1 to «, the
terms are small compared to the band gap. They are propolewest spin-up conduction Landau level is in the 1 mani-
tional to the magnetic field and are on the order-df0 meV  fold and the lowest-lying spin-down level is in the=0

at a field ofB=100 T. manifold. Thus, our use of the Pidgeon and Brown labeling
Of course, one of the main drawbacks of the Kane Hamil-convention fom is confined to this section only.
tonian is that the heavy-hole band is flaeglecting the free Once solutions of Eq.29) are known, the first-order per-

-electron termp and the Luttinger model, as well as the turbative correction due to the carrier-magnetic &fp)-d
modified Pidgeon-Brown model discussed above, was devekxchange interaction is given by
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ED_ + XN B BEp 8n-|—415+ 2n+1=+1 N 8n+4+4
=+xN| a —
Koo 9 | (E+Ey?  (E+E+A)2 (ETEQ(ETEGHA)
+Bﬁ2k§ Epo| 2 1 ) 8 32
2mo 9 [(E+Ey? (E+E,+4)2 (EFTEQ(E+EG+A)|)’
with
el 1y, gFelant2rt  oneixl | AAGES 2 1 o -
Heo B (E+E)?  (E+E+A)2| 2Mg 9 |(E+Ey? (E+Eg+A)?)
|
where we introduce the notation=xNy(S,)/2. Upper and 1 KA
lower signs again correspond to spin-up and spin-down T, (35

T 2mg
conduction-band states, respectively. m*(Eo) 0

Note that from Eq(32) we can immediately gain some The position of the bottom of the Landau subbands has the
insight into the effects of the(p)-d exchange interaction on fgorm
the narrow-gap materiali) Since we do not take into ac-
count variation of the material parametéssich as the en- [AZ+(2n+1)V'?2
ergy gap with manganese concentratianit follows imme- Ep=2 3
diately from Eq.(32) that we obtain a linear dependence of

the conduction-band energies »n(ii) Without conduction— 1 J3(4n+2F1)AV'2
valence-band mixing, the first-order correction would be X COs|

= bt PN S P VASE ]_A’
E(M==+xNa as one might expectin this case, there would [ ]
be no shift in the cyclotron resonance energy with Mn dop- (36)

ing x since all levels for a given spin would be shifted by the ) i
same amount.The term proportional t8 is a direct conse- WNere the uppeflowen sign corresponds to electron spin-up

quence of conduction-valence band mixirii) It is also ~ (“down states. In Eq(36) we have introduced/’ =V '
seen from Eq(32) that both band mixing contributions in- ~ VigBEp. ] ) o
duced by the magnetic field and motion in thez direction The second term in Eq34) is the kinetic energy for the
(k,) have the same sign and, sineeand 8 are of opposite motlon. along the mggnetlc field. It'assu'mes parabolic disper-
signs, both reduce™®. sion with the effe_ctlve masses bel_ng dl_ﬁerent for each Lan-
To calculate the conduction band energy spectrum usinﬁ?u subband. This approximation is valid near the bottom of
Egs. (32) and (33) we need to know the energies of the tN€ Landau subbands and is justified whgreEq+ Eo.
unperturbed problem. In spite of its clear form, ER9) is Equations (32—(36) fully describe, within the Kane
indeed a third-order equation and its general solutions arg'0del, the conduction-band energy spectra gf iMn,As
quite complicated. Standard approximations usually assum® @ magnetic field. From the energy spectra one can easily
either strong spin-orbit interactiol\&E+ E) (Ref. 22 or calculate dlfferen_t physical quantities observed in cyclotron
small kinetic energy E<E,+A) (Ref. 23. In the present resonance experiments, such as cy(_:Iotron massesfat- _
paper we are interested in strong magnetic fields wigere ©rS- However, the general expressions are rather compli-
~E4~A and have to use the general solution. However, in_cated fqr Q|rect analysrls, but can pe S|g|,1|f|cantly S|mp_I|f|ed
our situation we can make one more simplification, suitabldn the limits of low (V'<A) and high ¥/’>A) magnetic
for the particular case of InAs-based semiconductors. Usin(éelds' First we consider the situation at the bottom of the
the fact that in InAs the energy gap is approximately equal tg-2ndau subbands. Then we take into account fikjte
the spin-orbit splitting, we séi = A. Although this approxi-
mation is not necessary to obtain analytical solutions, it
makes the final expressions more readable. The cyclotron energies are defined as the splitting be-
With these simplifications solutions of ER9) —i.e., en-  tween the two lowest Landau levela£0 andn=1) and
ergies of unperturbed states in our model—can be presentegte given byAE=E(n=1)—E(n=0).
as The low-magnetic-field limit of the cyclotron energies can
be obtained by expanding to second order in powers of
V'/A<1. The result for spin-up states is

2. Low-field and high-field limits

EO~E.+T,, (34)
RN P S 7 L)
~As——X(a—B)5 ——XBgs —
with 173 52 A
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and for spin-down states we obtain since exchange constanisand 8 have the opposite signs,
strong valence—conduction-band mixing results in a reduc-
AE A V’2+_ 3 V’2+_ 1V'? 38 tion of the exchange -induced spin splitting of the
1753 62 X(a ’8)2 A2 X’89 A2 ( conduction-band and a terx(a+ 8) appears in Eq(42)

. . o instead of Xa in Eq. (41).
It is seen that in small magnetic fields the cyclotron energy Finally, let us note that the spin splitting is different for

splitting increases linearly with the field that corresponds todif‘ferent Landau sublevels. For example, for the first excited

simple parabolic dispersions at smkll X o .
Likewise, the cyclotron energy in the high-magnetic-field Lagdaul)sgr?ée(leﬂgcen@:%otr?r? expressions analogous to
limit is obtained by expanding the energy splitting to seconaEq '
i '<1. It
order inA/V'<1. The results are ve gV _ 12
1A AZ - A AE]_%—§F+2XQ’—X(Q—,8)§F—X,B§F
J3-1+= —,—0.24\ﬁ> —x(a—,B)O.ZlV (43

(B9 in the low-field limit and
for spin up and

Katp)x = r(ap)
(44)

A 1A
AE~— 5| 1-—=—

9 J3V

AELNVI

1A A2\ A
V3—1— = —+0.03— | +x(a—B)0.07—
VrZ Vr

9 v’
(40 . - . .
in the high-field limit. There are two reasons for this behav-
for spin down. At high magnetic fields, nonparabolicity dueijor, First, with increasingn the energy separation between
to conduction and valence-band mixing results in a squareconduction- and valence-band states increases and this sup-
root dependence of the cyclotron energy on magnetigresses the influence of the valence band on the elegtron
field 7224-20 factor. As a result, in the high-field limit, the corresponding
It is also seen from Eqg¢37)—(40) that the electron en- term saturates te- A/9, which is 3 times smaller than for
ergy mainly depends not on two independent exchange con-andau sublevels witm=0. Second, the Landau quantum
stantsa: and B, but on their differenced— B). This feature  nympern affects the degree of conduction—valence-band

will be discussed in more detail in Sec. IV D. _ mixing, resulting in a dependence of the exchange interac-
It is also easy to obtain limiting expressions for the spintjon contribution to they factor onn.

splitting of the conduction-band states. For the lowest Lan-
dau sublevels this spin splitingdEq=E;(n=0)—E(n 3. Finite k,

=0)is The main physics associated with finkgis the presence

v’z 32 _ 1y2 of additional conduction—valence-band mixing induced by
AEy~— = —+2xa—x(a—B) s ——XB= — free motion along the magnetic field. This effect is most
3 A? 2 A2 9 A2 pronounced if we consider low-field spin splitting of the
(41 conduction-band states. Expanding the corresponding ex-
in the low-magnetic-field limit and pressions to first order in powers 0, /A<1 [T, is the
kinetic energy (35) with conduction-band edge effective

A ( A ) _ 2 A mas§ we find that the term
AEg~— 5| 1- — | +x(a+B)+xz —(a—p) (42
3V 3v N To —4 T,
in the high-field limit. The first term in Eq41) corresponds Eo~ _Xg(a_’B)X_Xl_SBK “9

to a well-known low-field negative contribution to the elec-

tron g factor due to the influence of the spin-orbit split va- should be added to E¢41) in the general case of states with
lence bandd'g and I'; (Ref. 27 and can be obtained by k,#0. The last two terms in Ed41) together with Eq(45)
putting Eq=A in the conventional expression of E(1).  describe the influence of theep coupling on the spin split-
The second term in Eq41) is opposite in sign and describes ting of the conduction band Landau subbands. It is worth
a contribution due to the-d exchange interaction. This term noting that both these contributions lead to a reduction of the
dominates in low magnetic fields and is responsible for thes-d exchange splitting 2«. Let us also note the difference
giant spin splitting of the conduction bands observed in di-in their manifestation. Magnetic-field-inducesdp mixing
luted magnetic semiconductors. With increasing magnetibecomes pronounced at relatively strong magnetic fields. At
field (S,) quickly saturates and the first term in E@1) such fields, however, the role of exchange interaction is de-
becomes dominant. Under certain conditions this may resultreased by the conventional spin splittiffgst term in Eq.

in a change of the sign of the spin splitting. If we go beyond(41)]. At the same time, thk,-induced contribution could be
the low-field limit, the first term in Eq(41) ceases to be important even in small magnetic fields, when the exchange
linear in the magnetic field and, finally, saturatestd/3 in interaction plays the dominant role in spin splitting of
the high-field limit, as seen in Eq42). At the same time, conduction-band states.
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In our model, exchange interaction is considered within  TABLE Il. Material parameters for In ,Mn,As.
first -order perturbation theory. As a result, all physical quan
tities like g factors or cyclotron masses are linear functionsEnergy gapeV) #

of the manganese concentratieriThis means, in particular, E4(T=30 K) 0.415

that if the exchange interaction contribution to the spin split-E4(T=290 K) 0.356

ting vanishes for a certain concentration of magnetic ions, iElectron effective mass,)

should vanish at the sankg, magnetic field, and tempera- m} 0.022

ture for any value ok. The results of numerical diagonaliza- Luttinger parameter

tion of the full Hamiltonian matriX26) (presented in Fig.)5  ,} 20.0

support this conclusion and justify our model. 5 8.5

s 9.2

D. Magneto-optical absorption K- 7.53

. . g b
In this section, we discuss how we calculate the magneto§|Dln orbit splitting(eV)

. - . 0.39
optical properties. We calculate the magneto-optical absorp- .
tion coefficient at the photon enerdyw from?® Zln s-d andp-d exchange energieV) 05
0« -U.
" No B 1.0
a(how)= e(hw), (46) Optical matrix parameteteV) °
(hc)n, E, 215
. . . . . . Refractive indexX
wheree,(% w) is the imaginary part of the dielectric function 3.42
andn, is the index of refraction. The imaginary part of the '
dielectric function is found using Fermi’s golden rule. The
result is dEquation(51) with parameters from Ref. 14.
PReference 14.
e2 s - o , “Reference 31.
ehw)=——— j dk,le-Pp .7 (ky)
2 )\Z(ﬁw)znyv;n/”}! C Z| n, Z |
~ Bgn' v — *
X[fn,v(kz)_fn’,V’(kz)]a(AErr::’r]’/Vr(kz)_ﬁw), e.Pn’V (kZ) mVEmI an'm'ﬂ(kZ)an,'m,'lL,(kZ)
4 A D ’
( 7) ><<(ll’N(n,m)|‘ﬁN(n’,m’)><m|(e' P)|m >v
where AE:'],}V’(kz):En’,v’(kz)_En,V(kz) is the transition (50)

energy. The functiorf, ,(k,) in Eq. (47) is the probability R
that the stater(, »,k,), with energyE, ,(k,), is occupied. It ~where e is the unit polarization vector of the radiation,

is given by the Fermi distribution function a,m,.(k,) are the complex expansion coefficients for the
envelope functions in Eq27), and ¢y(n,my are orthonormal-

1 ized harmonic oscillator wave functions. Their quantum
fr (k)= 1+ expl(Ey (ky)—ENIKT]” (48)  numbersN(n,m) depend explicitly om andm as defined in

Eqg. (27). In Eqg. (50), we have neglected a term that depends

The Fermi energ¥; in Eq. (48) depends on temperature on the momentum matrix  element (dyeml(€

and doping. 1fNp is the donor concentration arfd, the +P)| d(n,mr)) between the oscillator states. Owing to strong

acceptor concentration, then the net donor concentratioR@nd mixing in the narrow-gap materials, this term is much
Ne=Np—N, can be either positive or negative dependingsma”er than the momentum matrix elements between the

on whether the sample fsor p type. For a fixed temperature Bloch basis functionsgven for intraband optical absorption
and Fermi level. the net donor concentration is such as for cyclotron resonance; hence we neglect it.
’ The momentum matrix elements| P,|m’), (m[P,|m’),
and(m|P,/m’) are the momentum matrix elements between
_ 1 E * di[f, (k) — 8% ] (49) the Bloch basis functionfm) defined in Egs(1) and (2).
(2m)2\20 Jo O TE e Explicit expressions for the momentum matriceg, P
and P, are found in Appendix B.
where 8% =1 if the subband 1f,») is a valence band and  In our sim.ulations, we cons!de&active qirculgrly polar-
vanishes if @, ) is a conduction band. Given the net donor ized light incident along the axis. Fore-active CIArcuIar po-
concentration and the temperature, the Fermi energy can Harization, the unit polarization vector &= (x—iy)/\2. In
found from Eq.(49) using a root finding routine. performing the integral in Eq47) the Dirac delta function
Since the envelope functions and vector potential aref(x) in Fermi's golden rule is replaced by the Lorentzian
slowly varying over a unit cell, the dominant contributions to line shape functiom\ ,(x) with full width at half maximum
the optical matrix elements are given by (FWHM) of .

Nc
y
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Fi 7 Land ducti bband i FIG. 4. Gyromagnetic factors &=0 for the lowest Landau
G. 3. Zone-center Landau conduction-subband energids at subband inn-type In,_,Mn,As as a function of applied magnetic

=30 K as functions of magnetig ﬁe,ld in-doped ,IH*XMHXAS for field for several values of the Mn concentratiariThe upper panel
(@ x=0% and(b) x=12%. Solid lines are spin-up and dashed is for T=30 K and the lower panel is fof =290 K
lines are spin-down levels. The Fermi energies are shown as dotted '
lines forn=10"%m~2 andn=10"%m™3. o _ ] _
the Landau HamiltoniarH, vanishes identically and the
E. Material parameters HamiltonianH in Eq. (26) is block diagonal with respect to

. ) the upper and lower Bloch basis states in Efjsand(2). In
The material parameters we use are shown in Table II. Fo,gig_ 3 the spin-up Landau levels are shown as solid lines

the temperature-dependent energy Bgof InAs we use the \yhjje spin-down Landau levels are shown as dashed lines.
empirical Varshni formul" The Fermi energies for two different electron concentrations
n=10"° cm 3 andn=10' cm™3 are shown as dotted lines.

(51) At a concentration oh =10 cm™3, only the lowest Landau
subband is occupied &= 60 T, while ath=10'8 cm 3, the
first two Landau subbands are occupied.

In the absence of Mn impurities, it is well known that at
w magnetic fields, the spin splittings between the electron

- aT?
9" =0 Tip’

with Eq=0.417 eV,a=2.76x10" % eV/K, andb=93 K. As
seen in Table |, the experimental cyclotron mass does nqf,

vary significantly with temperature. Other low-field CR StUd'spin-up and spin-down Landau levels, at the band edge, can

les of InAs (Ref. 30 also show a very weak temperature o yoscriped in terms of an effective gyromagnetic f&étor
dependence of the cyclotron mass. To account for a mass that

only slightly varies with temperature, we keep the mass con-

stant with temperature and adjust theparametefEq. (16)] . _ 2( 1— E A ) (52
to account for the temperature-dependent band gap. Alterna- g 3Eg Eg+A)°
tively, one might wish to keep, constant and vary thk
-p optical matrix elemenkE, . This is just Eq.(31) with E=0 and thebare g factor 2
included. Theg factor in Eq.(52) depends on temperature
IV. RESULTS through the temperature-dependent band gap. For bulk InAs

at T=30 K we findg* = —14.7 and forT=290 K we have
g*=—19.0. At nonzero magnetic fields, the expression for
In Fig. 3(a), the six lowest-lying zone-centek(=0) Lan-  the gyromagnetic factor in E452) is not correct. As a func-
dau conduction-subband energies in InAs are shown as funtion of the magnetic field, the spin splittings become nonlin-
tions of applied magnetic field. At,=0, the submatrix_; in ear as seen in Fig.(8 and depend explicitly on the Landau

A. Landau levels andg factors
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FIG. 5. Gyromagnetic factors @&=10 Tesla for the lowest FIG. 6. The upper panel shows the absorption spectrum for
Landau subband in=type In,_,Mn,As as a function ok. g fac- n-doped I gdMng,AS in a magnetic field. The radiation is
tors for several values of Mn concentration are shown. The uppee-circularly polarized and the FWHM is taken to be 4 meV. The
panel is forT=30 K and the lower panel is foF =290 K. bandstructure and Fermi energy are shown in the lower panel. Three

vertical transitions labeled 1, 2, and 3 correspond to absorption
subband level indices. This results from the nonparabolic- features in the upper panel. Transitions between spin-up levels are
ity in the narrow-gap material. shown as solid lines and transitions between spin-down levels are
The effect of doping InAs with Mn is shown in Fig(ly  shown as dashed lines.
where the Landau subband levels fog dgMng 1,As are plot- ) _ _
ted. At low fields, the effect of doping with Mn is to alter the N Fig. 4 the gyromagnetic factor for the zone center is
gyromagnetic factor. The gyromagnetic factor in the pres_plotted as a function of the magnetic field for two different

ence of Mn impurities & temperatures and four different values of the Mn concentra-
tion. In all cases, doping with Mn impurities is seen to in-

. . XNoa(S,) crease theg factor and the effect is seen to be sensitive to

gun=9" + W- (53 both the temperature and the Mn concentration. The sensi-

tivity to temperature and Mn concentration arises from the
Since the sign ot is negative, the gyromagnetic factor in- factor x (S,) in the Mn exchange Hamiltonia(22). In the
creases with the applied magnetic field. At sufficiently highparamagnetic phas¢S,) is related to the temperature and
Mn concentrations and magnetic fields, the low-temperaturenagnetic field in accordance with the simple Brillouin func-
gyromagnetic factor can become positive and the spin splittion expression of Eq(24).
tings reverse as seen in FigbR In Fig. 5, the gyromagnetic factor is plotted as a function
We have examined the electrgnfactors for the lowest of the wavevectok, for a magnetic field oB=10 T. As in
spin-down and spin-up Landau levels with enerdigs(k,)  Fig. 4, two temperatures and four Mn concentrations are con-
and E; g(k,), respectively. The gyromagnetic factor is ob- sidered. We note that in Fig(5 all the curves cross around
tained by diagonalizing the Hamiltoniai, andH, in the  k,~0.5 nni'%, indicating that the exchange interaction con-
matrix eigenvalue probler{28) and computing the gyromag- tribution to theg factor vanishes for this state regardless of
netic factor as the Mn concentration. The reason for this curious situation
was explained earlier in our discussion of the Kane model.
EO,4( kz) - El,B( kz)
9= : (54)

B B. Magnetoabsorption

The gyromagnetic factor can depend on the temperature, the The magnetoabsorption spectrum and band structure for
magnetic field, and the wave vector. n-doped In_,Mn,As are shown in the upper and lower pan-
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FIG. 7. The upper panel shows the cyclotron absorption as a FIG. 8. Same simulation as in Fig. 7 but with the doping density
function of magnetic field im-type InAs. The radiation ig-active  raised ton=10'® cm 3. Since the two lowest Landau levels are
circularly polarized withs w=0.117 eV. The FWHM linewidth is  occupied, there are now two cyclotron absorption peaks. Peak 1 is
taken to be 4 meV. The lower panel shows the four lowest conducthe spin-up transition and peak 2 is an additional spin-down transi-
tion Landau levels and the Fermi energy as a function of appliedion. The dash-dotted and dashed lines show the individual contri-
magnetic field. Solid lines are spin-up levels and dashed lines arbutions to the cyclotron resonance absorption from transitions 1 and
spin-down levels. 2, respectively. The asymmetry of the line shape results from the

k,# 0 contributions as well as the nonparabolicity.

els of Fig. 6 fore-active circular polarization. In our simula-
tion, the Mn concentration is=12%, the external magnetic
field B=34 T, the carrier concentratiom=5x 10 cm™3,

band transitionlabeled 3 is due to transitions between the
ground-state spin-up valence and conduction subbands. The
. valence subband has a characteristic camel back structure
andvthe tempe:atlljrzé_:SOI K.thThE 'itWHM IS t?kinF'Fo b6e t?] and near the zone center has the same curvature as the con-
meV n our caicuiation. In the bottom panel of Fig. € duction subband. This results in an enhancement in the joint

Landl;aulj subrt:ands ?rz plotted as ? fll:jn%t_ir?n Ef Wdave vdxggor ensity of states near the zone center and gives rise to the
paratie to the applied magnetic field. The Landau subbaneai in the absorption spectrum néayv=0.47 eV.
energies depend only ok, and the band structure is one

dimensional. The Fermi energy is indicated by the dotted
line, and at this carrier concentration and temperature, only
the lowest-lying spin-down conduction subband is populated In Fig. 7, we simulate cyclotron resonance experiments in
near the zone center. Electrons in this partially filled subbana-type InAs fore-active circularly polarized light with pho-
can be excited to higher-lying conduction subbands. A strongon energyZ«=0.117 eV. We assume a temperature
An=1 transition(labeled 1} is observed between the filled =30 K and a carrier concentration=10'® cm™2. The lower
ground-state conduction subband and the first-excited spirpanel of Fig. 7 shows the four lowest zone-center Landau
down conduction subband. Since these two Landau levelsonduction-subband energies and the Fermi energy as func-
have the same curvature, a sharply peaked joint density dfons of the applied magnetic field. The transition at the reso-
states results in the sharp peak in magnetoabsorption olrance energyiw=0.117 eV is a spin-ugAn=1 transition
served at a photon energyw=0.117 eV. Two valence-to- and is indicated by the vertical line. From the Landau level
conduction absorption featuréabeled 2 and Bare seen for diagram the resonance magnetic field is found t@ke34 T.
hw<0.5 eV. Transitions between the ground-state spinThe upper panel of Fig. 7 shows the resulting cyclotron reso-
down valence and conduction subbands give rise to the fearxance absorption assuming a FWHM linewidth of 4 meV.
ture labeled 2 in the figure. The band edge for this absorptioThere is only one resonance line in the cyclotron absorption
feature depends on the position of the Fermi energy due tbecause only the ground-state Landau level is occupied at
Fermi blocking effects. Another valence-to-conduction subdow electron densities.

C. Cyclotron resonance
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FIG. 9. Same simulation as in Fig. 7 but with the manganese G. 10. Cyclotron absorption as a function of magnetic field in

T A h-doped In_,Mn,As with x=0%, 2.5%, 5%, and 12% fd) T
0,
concentrat!on |ncreasgd fo=12%. The cyp]otron absorption peak =30 K and(b) T=290 K. The radiation is e-active circularly po-
near 32 T is now a spin dowAn=1 transition.

larized withAw=0.117 eV.

At higher electron densities multiple lines can appear inseen in Fig. 9 is a spin-down transition as opposed to a
the cyclotron absorption as higher-lying Landau subbandspin-up transition and the cyclotron resonance peak is seen to
are populated. This is the spin splitting of the cyclotron resoshift fromB=34 TtoB=32T.
nance peaks. This is illustrated in Fig. 8 where the electron In Fig. 10, we examine more closely the effects of the Mn
densityn has been increased to #@m 2. We can see in doping concentratior on the cyclotron absorption spectra of
Fig. 8 that both the lowest-lying spin-up and spin-down Lan-n-doped In_,Mn,As for e-active circularly polarized radia-
dau levels are occupied and that two resonance transitiorion with photon energyiw=0.117 eV. We plot the cyclo-
(labeled 1 and 2 in Fig.)@esult. In addition, we also see that tron absorption as a function of applied magnetic field for
the spin-down peak which comes in at higher electron denx=0%, 2.5%, 5%, and 12%. In all cases we assume a
sities appears to dominate the spin-up peak. This is somdairly narrow FWHM linewidth of 4 meV. In Fig. 1@& we
what misleading. The dash-dotted and dashed lines show th@ot the cyclotron absorption at=30 K. All the solid
contributions to the cylotron resonance absorption from traneurves are computed for an electron concentration
sitions 1 and 2, respectively. Both transitions have roughly=10' cm 2 and are vertically offset for clarity. Fox
the same strength, but the line shape for transition 1 is highly=0%, we plot the cyclotron absorption for=10® cm3
asymmetric. This results from taking into account the contri-as a dashed line scaled by a factor of 0.01. In Figajl@he
butions to the absorption fd(,# 0 and also the nonparabo- cyclotron absorption curves for=0% andx=12% have
licity of the bands. The line shape for transition 2 is not asalready been discussed in Figs. 7, 8, and 9xAscreases
asymmetric since the Fermi energy lies closer to the Landafrom 0% to 12%, the cyclotron absorption peak initially
level edge for this transition. Note that if there is substantiakhifts to higher fields and is due todn=1 spin-up transi-
scattering so that the transition lines are broadended, then thien from the occupied lowest Landau level. At a critical
two transition will be merged into one and can lead to anvalue of the Mn concentration, the spin splittings reverse and
apparent shift of cyclotron resonance features to highethe observed transition is now due toAm=1 spin-down
fields. transition. Consequently, the cyclotron absorption begins to

The effect on the cyclotron resonance absorption of dopelecrease with increasing Mn concentration.
ing InAs with 12% Mn is shown in Fig. 9. Comparing Figs.  To examine the temperature dependence, we also com-
7 and 9, we see that the effect of heavily doping with Mnputed the cyclotron absorption at room temperature for sev-
while keeping the electron concentratiofiixed is to reverse eral values ofx. The curves in Fig. 1®) are the same as
the spin splitting and hence the character and position of thehose in Fig. 10s) except that the temperature has been in-
cyclotron absorption peak. The cyclotron absorption pealcreased fromT=30 K to T=290 K. We see that the single
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FIG. 11. Calculated electron cyclotron masses for the lowest-lying spin-up and spin-down Landau transiitypeimn, _,Mn,As at
hw=0.117 eV as a function of Manganese concentratioridol =30 K and(b) T=290 K. Electron cyclotron masses are shown for three
sets ofa and B8 values.

cyclotron absorption peaks observed at low electron densitgonduction electrons in th) subsystem. These predictions

in Fig. 10@) split into doublets in Fig. 1®). At room tem-  of the simple Kane model are both confirmed as can be seen
perature, the two lowest Landau levels are thermally popuin Fig. 11.

lated and both spin-up and spin-down transitions appear in The sensitivity of the cyclotron massesd@nd seen in

the cyclotron absorption spectra. The shift in the cyclotronFig. 11 can be understood if we study the dependence of the
absorption features with increasing Mn concentration is als@yclotron energy on the exchange constaatand 3 in the
different at room temperature. Asincreases, we find that simple Kane model previously discussed. Because InMnAs
the cyclotron absorption features in Fig.(h0shift to higher  is a narrow -gap semiconductor, it is not surprising that the
fields. As we increase the temperature the magnitude of theonduction-band cyclotron energy should depend not only on
average Mn spigS,) described by the Brillouin function in the conduction-band exchange constanbut also on the

Eq. (24) decreases. Since the exchange Hamiltoilgyp, in
Eqg. (22) is proportional tox (S,), the spin splittings reverse
sign at higher Mn concentrations.

D. Electron cyclotron mass

The electron cyclotron madd i for a given cyclotron
absorption transition is related to the resonance f&ldcy-
clotron energyugB*) and photon energfi w by the defini-
tion

Mcr 2upB*

valence-band exchange constagt This just reflects
conduction—valence-band mixing in the magnetic field. Our
Kane model calculations show, however, that only their dif-
ference is important and that only one independent constant
(a—B) is needed to describe conduction-band cyclotron
resonance with high accuracy. It is seen from E§3%)—(40)

that in the high-field limit the exchange interaction correc-
tion to the cyclotron energy is proportional ta{ 8) while

in the low-field limit the term proportional toa(— B) is one
order of magnitude larger than the term proportionalBto
Most of the important corrections to the cyclotron energy
come from the heavy-hole admixture to conduction-band
states. The differencex— B) reflects the change in the band
gap due to the exchange interaction and affects the degree of

In Fig. 11, the calculated cyclotron masses for the lowesfhig mixing. This suggests that the dependence @n )

spin-down[(b) sef transitions and spin-up(a) sef transi-
tions are plotted as a function of Mn concentratiormt a

photon energy ofi w=0.117 eV. Cyclotron masses are com-

puted for several sets ok and B values. The cyclotron

can be interpretted as just a renormalization of the band gap
in a magnetic field.

Note that while Fig. 11 shows that the cyclotron peak
positions are very sensitive tee (- 8) [the figure shows how

masses in Fig. 1&) and 11b) correspond to the computed 5 2o, change ind— B) can affect these positiohone can

cyclotron absorption spectra shown in Figs(dd@nd 1Qb),

only measure the difference— 8 from these measurements

respectively. In our model, the electron cyclotron massegng nota and 8 independently. In addition, to determine

shown depend on the Landau subband energies and pho_t R— B) the other parametefsuch asy;, 7», v, €tc) must
energies and are independent of electron concentratiogg accurately known.

(though, clearly, the population of a given state will depend
upon the concentration

In the Kane model discussed earlier, the cyclotron energy
in In;_,Mn,As depends linearly on the Mn concentratian In this section, we compare the results of our theoretical
In addition, the cyclotron mass, which is inversely propor-calculations with our experimental results.
tional to the cyclotron resonance energy, increases for con- We first compute the near-band-gap absorption spectra for
duction electrons from théa) subsystem and decreases forx=0 and 0.12. This is important since in our theoretical cal-

E. Comparison with experiment
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E ] FIG. 13. Calculated CR absorption as a function of magnetic
{ field at 30(a) and 290 K(b). The curves were calculated based on
D 4 __ e ] the Pidgeon-Brown model and the golden rule for absorption. The
Z | 7 — curves were broadened based on the mobilities reported in Table 1.

3 o[ ’ ]

2 ' - 2.5%, 40 meV for 5%, and 80 meV for 12%. Fbe=290 K,
12% , .
| ’ B the broadening used was 4 meV for 0%, 80 meV for 2.5%,
Y R 80 meV for 5%, and 80 meV for 12%.
0.3 0.4 0.5 0.6 At T=30 K, we see a shift in the CR peak as a function of

Photon Energy (eV) doping in agreement with Fig.(d8. For T=290 K, we see

. . o . ~ the presence of two peaks in the pure InAs sample. The

FIG. 12. Theoretical absorption coefficient for linear polariza- gacond peak originates from the thermal population of the

tion as a function of photon energy at 30() and 290 K(b) at |5, yest spin-down Landau level. The peak does not shift as

B=0 for Mn concentrationsx=0% (solid lines and x=12% 1, \with doping as it did at low temperature. This results

(.d‘:iShed lingss Shifts n the band gaps are entirely que 10 carmer e, m the temperature dependence of the average Mn spin.

filling effects. These figures should be compared with the experl-We believe that the Brillouin function used for calculating
mental data shown in Fig. 2.

the average Mn spin becomes inadequate at largad/or
culations, we have only included the effectsyf-d interac-  high temperature due to its neglect of Mn-Mn interactions
tion of the Mn ions with the electrons and holes. An addi-such as pairing and clustering.
tional, nonmagnetic effect of the Mn ions could be to change
the band gap with doping similar to the band gap shift of V. SUMMARY AND CONCLUSIONS
Al,Ga _,As with increasingAl content. Figures 12) and
12(b) show calculated near-band-gap absorption spectra for We presented a theory for the electronic and magneto-
thex=0 and 0.12 samples &) 30 K and(b) 290 K without  optical properties im-type narrow-gap In.,Mn,As mag-
taking into account a change in band gap with Mn dopingnetic semiconductor alloys in an ultrahigh external magnetic
The theory successfully reproduces the experimental resulfield, B, oriented alond001]. We find several key result§)
shown in Fig. 2. The blueshift of the band gap in tteO  There is a shift in the cyclotron resonance with Mn doping
sample is entirely due to band filling effects, i.e., thewhich is not predicted in simple models. To lowest order, this
Burstein-Moss shift. The&«=0 sample has a relatively high shift depends upona— ) and can be thought of as a renor-
electron density. As Mn doping is increased, the electrormalization of the energy gap in a magnetic field. The value
density decreases since the Mn ion acts as an acceptor. Tbé the energy gap influences the amount of conduction—
theory curves in the figure also show the sharpening of thealence- band mixing(ii) Even with no Mn doping, there is
band edge at low temperatures, consistent with the experspin splitting in the cyclotron resonance which results from
ment. The fact that our theory curves are able to reproducthe nonparabolicity of the conduction band in the narrow-gap
the x dependent absorption spectra without changing thenaterial.(iii) The relative heights of the spin-split cyclotron
band gap indicates that amydependence to the band gap is absorption peaks can allow one to extract information about
small and we therefore neglect it. carrier density. (iv) At high temperartures and high
Figures 18a) and 13b) show the calculated CR absorp- (>10%) Mn concentrations, the calculated shift of the cy-
tion coefficient for electron-active circularly polarized 10.6 clotron resonance is not as large as the experimentally ob-
wm light in the Faraday configuration as a function of mag-served shift. This probably results from the inadequacy of the
netic field at 30 K and 290 K, respectively. Densities for eachBrillouin function used for calculating the average Mn spin
sample are given in Table I. In the calculation, the curvesat large x and/or high temperature due to its neglect of
were broadened based on the mobilities of the samples. Thdn-Mn interactions such as pairing and clustering.
broadening used for =30 K was 4 meV for 0%, 40 meV for In modeling the cyclotron resonance experiments we used
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strongly dependent on temperature, magnetic field, Mn con-

centrationx, andk,. At low temperatures and higk the

sign of theg factor is positive and its magnitude exceeds APPENDIX A: LANDAU HAMILTONIAN

100. CR spe_ctra are pomputed using Fermi’s golden rul_e and In this appendix, we write down the Landau contribution
compared W'th ultrahigh-magnetic-field-60 T) CR EXPEM" 5 the Hamiltonian in the matrix eigenvalue probléad) for
ments, which show that the electron CR peak shifts sensi; | arbitrary Landau quantum numberThe Landau Hamil-
tlve_Iy W':h >|(| De(tjanedtcom;f{)an?otrr\mb detwe(;an Ejheoryhand ®X°tonian matrix can be obtained by taking the operator form of
periment a OW% quo ix racd h an pl bexc Iange the Landau Hamiltonian in Eq7) and operating on the en-
parametersy and 5. We showed that not only but alsog q1one function wave functiof27), making use of the prop-

affect; th.e e[ectron mass becal_Jse of the strong. [nterba ties of the creation and destruction operatdranda. The
coupling in this narrow-gap semiconductor. In addition, Weresulting matrix is

derived analytical expressions for effective massesgHiad-

tors using the Kane model, which indicates that{B) is ) / /
. ) . 4 L, L¢
the crucial parameter that determines the exchange interac- H = (A1)
tion correction to the cyclotron masses. These findings Somo L L)
should be useful for designing novel devices based on ferro-
magnetic semiconductors. where the submatrices are given by

™ 2

1 _ 1 [2 1
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N\ Y .
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. Y — : "
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I 2 1 /1 2 |
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where k=k, is the wave vector along the magnetic field
direction, anch is the Landau quantum number for the mani-
fold of states. The submatrilxz/ is obtained by taking the
Hermitian adjoint ofL.. In Egs.(A2), (A3), and (A4) we

make the following definitions:

,_ Mo
E'=—%Eq (A5)
! mo
VAL A7
N (A7)
,_ i
Y=y (=1....4, (A8)
LY
(== (i=1,....9, (A9)
A
n
"Y'N2 "' \Ns 3
1
—iva/Z 0 0
|V\[2
1
_iva/Z 0 0
'V\[G
1
- 0 0
™
P,=
0 0 0
0 0 0
0 0 0
0 0 0
|
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1 vty .
7ij:P > (i,j=1,...
— 1y .
%=z 2 (i,j=1,...

4, (A10)

4. (A1)

Here E; and A are the band gap and spin-orbit splitting
energies\ is the magnetic length defined in E®), V is the
Kane momentum matrix element defined in ELfl), and the
vis are the effective mass parameters defined in (E8).
The total HamiltonianH,, to be diagonalized in the eigen-
value equation28) is the sum of the Landau Hamiltonian
matrix (Al) and the Zeeman and exchange Hamiltonians
(18) and (22).
We note from Eq(A4) that the submatrixt is propor-
tional tok and so vanishes &&= 0. In this limit,H,,, is block
diagonal with respect to the upper and lower Bloch basis sets
defined in Egs(1) and(2).

APPENDIX B: OPTICAL MATRIX ELEMENTS

In this appendix we write down the momentum matrix
elements used in the computation of optical matrix elements
in Eq. (50). For the Bloch basis states defined in Efjsand
(2), the matrix elements for the momentum operators
Px, Py, andp, are given by

o
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(\Y E —iV g -V §

n
| ] 2 1.
0 0 0 0 0 0 _ —
Vv 3 (\Y 3
0 0 0 0 0 0 0 0
2
0 0 0 0 —iV \@ 0 0 0
1
0 0 0 0 —V\/; 0 0 0
P,= 5 1 (B3)
0 0 j - - \ﬁ 0 0 0 0
v 3 V 3
0 0 0 0 0 0 0 0
2
V\ﬁ 0 0 0 0 0 0 0
3
1
—iV \/: 0 0 0 0 0 0 0
b 3

whereV is the Kane matrix element defined in E41).

*Present address: Physics Department, University of Utah, SalPH. Ohno, H. Munekata, T. Penney, S. von Malnand L. L.

Lake City, Utah 84112, USA. Chang, Phys. Rev. Let68, 2664(1992.
TPresent address: Department of Physics, Faculty of Science®H. Munekata, A. Zaslavski, P. Fumagalli, and R. J. Gambino,
Okayama University, Okayama, Japan. Appl. Phys. Lett.63, 2929(1993.
1H. Munekata, H. Ohno, S. von MolnaA. Segnilier, L. L. 7J. K. Furdyna, J. Appl. Phy$4, R29(1988.
Chang, and L. Esaki, Phys. Rev. Lei8, 1849(1989. 8Y. H. Matsuda, T. Ikaida, N. Miura, S. Kuroda, F. Takano, and K.
2H. Ohno, A. Shen, F. Matsukara, A. Oiwa, A. Endo, S. Katsu-  Takita, Phys. Rev. B55, 115202(2002.
moto, and Y. lye, Appl. Phys. Let69, 363(1996. 9M. A. Zudov, J. Kono, Y. H. Matsuda, T. Ikaida, N. Miura, H.
3S. Koshihara, A. Oiwa, M. Hirasawa, S. Katsumoto, Y. lye, C.  Munekata, G. D. Sanders, Y. Sun, and C. J. Stanton, Phys. Rev.
Urano, H. Takagi, and H. Munekata, Phys. Rev. L@8§,. 4617 B 66, 161307R) (2002.
(1997. 10K . Nakao, F. Herlach, T. Goto, S. Takeyama, T. Sakakibara, and
4H. Ohno, D. Chiba, F. Matsukara, T. Omiya, E. Abe, T. Dietl, Y. N. Miura, J. Phys. EL8, 1018(1985.
Ohno, and K. Ohtani, Natur@_ondon 408 944 (2000. 1C. K. Pidgeon and R. N. Brown, Phys. Rav6, 575 (1966.

165205-18



ELECTRONIC STATES AND CYCLOTRON RESONANE. ..

123, Kossut, Semicond. Semimet&ls, 183(1988.
B3A. L. Efros and M. Rosen, Phys. Rev. 38, 7120(1988.

¥ Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, J. Appl. Phys.

89, 5815(2001)).

153, M. Luttinger, Phys. Rev102, 1030(1956.

16G. Dresselhaus, A. F. Kip, and C. Kittel, Phys. R&8 368
(1955.

Y7G. Dresselhaus, Phys. R&00, 580 (1955.

8H. Munekata, H. Ohno, S. von MolnaA. Harwitt, A. Segmiler,
and L. L. Chang, J. Vac. Sci. Technol.&8 176 (1990.

194, Ohno, H. Munekata, S. von Molnaand L. L. Chang, J. Appl.
Phys.69, 6103(1991).

203, von Molna, H. Munekata, H. Ohno, and L. L. Chang, J. Magn.
Magn. Mater.93, 356 (1991).

21E. 0. Kane, J. Phys. Chem. Solidls249 (1957).

223, G. Mavroides, inOptical Properties of Solidsedited by F.
Abeles (North-Holland, Amsterdam, 1972pp. 351-528.

23W. Zawadzki, inLandau Level Spectroscopgdited by G. Land-
wehr and E. |. RashbéNorth-Holland, Amsterdam, 1991Vol.

PHYSICAL REVIEW B 68, 165205 (2003

1, pp. 483-512.

%M. A. Kinch and D. D. Buss, J. Phys. Chem. Soli@g 461
(1972.

25B. D. McCombe and R. J. Wagner, Proceedings of the 11th
International Conference on the Physics of Semiconductats
ited by M. Miasek (PWN-Polish Science, Warsaw, 197%.
321.

2B D. McCombe and R. J. Wagner, #idvances in Electronics
and Electron Physigsedited by L. Marton(Academic Press,
New York, 1975, pp. 1-78.

27L. M. Roth, B. Lax, and S. Swerdling, Phys. Ré&4, 90 (1959.

28F. Bassani and G. P. Parravicitt)ectronic States and Optical
Transitions in SolidgPergamon, New York, 1975

29y, P. Varshni, PhysicéAmsterdam 34, 149 (1967.

30E. D. Palik and R. F. Willis, Phys. Re®23 131 (1961).

313.1. PankoveQptical Processes in SemiconductéBover, New
York, 1971).

%2C. Rigaux, Semicond. Semimetdls, 229 (1988.

165205-19



