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Five-level k-p model for the conduction and valence bands of GaAs and InP
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The band structure of medium-gap semiconductors GaAs and InP is described theoretically using a five-level
k-p model and including far-level contributions as well as polaron effects. A corresponding theory is also
developed to describe orbital and spin properties of charge carriers in both materials in the presence of an
external magnetic field of arbitrary orientation. Field dependencgfattors, the spin doublet splittings of the
cyclotron resonance, bands’ anisotropies, and the energy dependences of the cyclotron masses are described
and compared with existing experimental data all the way to the megagauss range of magnetic fields. A good
theoretical fit to all the experiments is achieved, which is used to determine the band parameters for GaAs and
InP. Values of the polar constants for both materials are discussed. The determined band parameters are
employed to calculate the hole masses, which turn out to be in agreement with those found by other authors.
It is concluded that the proposed description is adequate for both the conduction and valence bands of GaAs
and InP, although there remains a certain ambiguity between the band-structure(edfatdsl to the far-level
contribution$ and the polaron effects.

I. INTRODUCTION Weiler, Aggarwal, and LaxRef. 10] by going from the
three-level model to the five-level mod@LM), which in-
GaAs and InP are medium-gap semiconductors of greatludes exactly thd'y, T'g, T'g, I'S, T'g levels in thek-p
technological importance. For this reason they have been, idescription. This approach has been used by Mycielski
recent years, the subject of numerous experiments, dealirgf al.,}* Rosslert? Cardona, Christensen, and Fakblnd
with their bulk properties as well as with the systems ofPikus* The most complete treatment along these lines has
reduced dimensionality. In order to interpret correctly thesebeen worked out by Pfeffer and Zawadzkiwho described
experiments, one needs to know in detail the band structurg detail various properties of conduction electrons in GaAs
of the materials in question. A three-levielp description,  and determined important band parameters. A similar work
successfully used for narrow-gap semiconductifane  has been carried out for InP by Hopkiesal *® These papers
(Ref. 1), Pidgeon and BrowrtRef. 2], is not adequate for gre concerned with the description of conduction bands, for
the medium-gap case, which has been convincingly demonyhich it is enough to account for far-level contributions to
strated with the use of cyclotron resonance mvestlgatlonﬁqek,p treatment by adding small constants to the effective
[Zawadzki, Pfeffer, and SiggRef. 3]. The reason is that in mass and the spig* factor (cf. Hermann and Weisbuch
medium-gap semiconductors, the fundamental ggpbe-  pog 17. However, as emphasized in Ref. 15, the “baré"

- Y ] AL

tween thel' and I'g levels is about 1.5 eCV, .e., It is not 5LM without proper far-level contributions is not adequate to

much smaller than the gdp, between thd'g level and the . X .
describe heavy-hole valence bands, so that its main advan-

upperI'$ conduction levelwhich is about 3 eV. ) L
There have been few attempts to go beyond the threet_age over the approach of Ogg is lost. In addition, it turns out

level model. The published theoretical work can be charactat the bare SLM is not good enough to properly account for

terized by two approaches. The first follows the method of € €xperimentally observed anisotropy of the conduction
Ogg* who used the band decoupling scheme of Luttingeand in GaAs(cf. Ref. 13.
and Kohr to higher orders of thie-p perturbation. Thisway It is the purpose of the present work to overcome these
one obtains an effective one-band Hamiltonian, which acdeficiencies by including in 5SLM description the main con-
counts for band’s nonparabolicityp tok* terms, nonsphe- tributions from far levels. In this version, our model gener-
ricity, and spin splitting. This method has been pursued byalizes that of Kane and of Pidgeon and Brown from three to
Rossler and co-worket$ for problems without and with five levels. In order to keep the problem tractable, we do not
magnetic field. It has been demonstrated that the scheme iisclude all far-level contributions allowed by the crystal
useful for the description of anisotropic cyclotron resonancesymmetry, but only the important ones. This amounts to in-
data® This formalism, however, has a fundamental short-troducing modified Luttinger parameters, resulting from the
coming. It treats the conduction band alone, a description ointeraction of thel'§ valence level with far levels, and the
other bands would require separate developments in poweligear k terms, as they cause qualitatively different band-
of k-p perturbation, involving separate symmetry consider-structure features. Since our present approach is a generali-
ations, other band parameters, wave functions, etc. zation of our previous work: we refer to it as | and do not
An alternative approach generalizes the work of Kane andepeat many details discussed there. As before, we try to
of Pidgeon and Browrcf. also Grisaret al. (Ref. 9 and describe various magneto-optical data in order to test the
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validity of our model for GaAs and InP and to adjust the

band parameters for the two materials. In particular, we test - WFE
the model by comparing the results of the theory with ex- -

. e . A
perimental data at megagauss magnetic fields, at which the \_1/ rs
electrons occupy high energies in the conduction band. P

It has been recognized that a resonant electron-optic pho- 1 B

N1

non interaction in medium-gap semiconductors in the pres-

ence of a magnetic-field results in effects comparable to QA F,N; \/Fc
those of the band structuté!®As a consequence, aiming at — — — — — 8
a realistic description of conduction electrons in GaAs and E
InP, we include resonant and nonresonant polaron effects. B 0

Our paper is organized in the following way. First, we T's
consider the case of no external field, presentkttgetheory, L K,q,C Ao
and describe its results. Next, we turn to magnetic-field ef- /‘t\rg

fects, present thB-p theory, mention resonant polarons, and
describe the resulting properties of conduction electrons in
GaAs and InP. In the discussion, we compare the resulting FIG. 1. Five-level model for the conduction and valence bands
band parameters for the valence bands with those propos@f GaAs and InP, near the point of the Brillouin zone. The inter-
by other authors. band matrix elements of momentum and of the spin-orbit interac-
tion, as well as the far-level contributions, are indicated symboli-

cally.
Il. FIVE-LEVEL k -p THEORY

We first consider the case of no external fields. The initial
one-electron eigenvalue problem reads

1<
=< U/
X P o\

p h
2—%+Vo(r)+mocz—2(o-><vvo)~p Vv=EV, (1)

o)

The second term in the above equation appears to lead to
lineark terms in the energy and it has been often cited in the

h
p+ W (O'X VVO)

where V,, is the periodic lattice potentian, is the free- jiterature in this context. However, as shown by Bir and
electron mass, and the spin-orbit term is written in the stanpjks2° this term vanishes fol=I’. There exist other
dard notation. We look for solutions @) in the form of  soyrces of lineak terms(cf. Refs. 21 and 18and we deal
Luttinger and Koh# (LK), with them below. If theu, amplitudes satisfy rigorously Eq.

S

(3), the interband spin-orbit ternts, ? do not appear in Eq.
(4). However, we will use the LK functions, which do not
W) =expik-r)>, cMk)u(r). (2)  satisfy(3) exactly, so thaH;;) remain.
! In the following, we consider a 5LM of the band structure
at k=0 (cf. Fig. 1. The set ofu; amplitudes used in the
The summation is over all bands and the indesxndicates calculations is specified in I. The chosenfunctions diago-
the band of interest. The LK periodic amplitudes satigfy — nalize the spin-orbit interaction within I'G,I') and
at a band’s extremurtat k=0 in our casg (I'g,I'%) multiplets. As a consequence, due to inversion
asymmetry of the zinc-blende lattice, there exists a spin-orbit
coupling A between the above multiplef$ollak, Higgin-
p? 3 botham, and Cardon@ef. 22].
om TVo(N+ 755 (X VVo)-pui=Ejouy, ©) As mentioned in the Introduction, in addition to the five
Mo Amge levels, we include far levelghigh dl i i-
, gher and lowerin approxi
mation up tok? terms. This scheme is due to Lowéfrand it
whereE,, is the edge energy of tHeh band. The LK func- has been applied to InSb by Kahé.can be considered as a
tions are orthonormal. Insertin@) into Eq. (1), multiplying  combination of perturbation theory for quasidegenerate lev-
on the left byul*,, and integrating over the unit cell, one els(five levels and nondegenerate levéfar-level contribu-
obtains tiong). The far-level contributions projected on the five-level
scheme(14 states including spin anldg, T'g degeneracigs
result in many additional terms involving a large number of
% parameters. In order to keep the problem tractable, we in-
Sn+—Kk-pn+ H,S;f‘ c"=0. clude the diagonal contributions to the conductidnband,
Mo the contributions to the Luttinger valengk parameters, and
4) the lineark terms. Other far-level terms are neglected.
Taking the LK basis in the ordeu,, ug, Ug, U4, Us, U3,
The indexl’=1,2,3,... runs over the bands, apd, are in- Uy, Ug, Uy, Ujq, Uy, Ugy, Ug, Uy, (cf. 1), the matrix takes the
terband matrix elements, form (5),

f2k?

et
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FIG. 2. Cyclotron masses of electrons in GaAs versus transition
energy(spin-up and spin-down transitionfor BI[001]. The solid FIG. 3. The Larmor frequency for the conduction electrons in
lines are calculated. Experimental data: open circles, Hopkias. GaAs versus magnetic field. Experimental data are after Hannak
(Ref. 16; solid circles, Sigget al. (Ref. 34. et al. (Ref. 33, the solid line is calculated. The dashed straight line

corresponds to the constant Larfaetor g* =—0.44.
whereR=12/2m,, E,=#%k 2/2m,, andC, represent lineak
terms. Quantitiey; represent modified Luttinger parameters,
in which thek -p interaction of th '} level with thel'g, I'g,

laron affects the band-edge effective mass according to the
relation'®

I'S levels has been subtracted, since it is included explicitly (1+ al2)

in the matrix (5). (We include here also the parameter mg (exp) = Mg, =mg (At al3)’ (10)
appearing later in the magnetic-field problem$hus, we

have wherea is the polar coupling constant. Knowing the value of

« and the experimentally measured masgs(exp), one de-

yi= b+ Er, Eo Eo termines the bare mass; , which is then used in the band-
1771 3E, 3(Ey—Ep) 3(E;+A;—Ep)’ structure calculations. Finally, the polaron correction is put
£ back to retrieve the experimental mass value. In the follow-
L Po Eq ing section, dealing with the band structureBat0, we per-
2= Yo" 6_Eo+ 6(E;—Eg)’ form the calculations for two values of the polar constant:
(9) a=0.065 and 0.085. The first is the usually accepted value
L EPO Eo (cf. Ref. 18. We find, however, that some important data are
Y3=7vst 6E, 6(E;—Ep)’ described better if the bare electron mass is determined with
the use of the second value. The same problem appears in
. Ep, Eo Eo InP, the corresponding values of the polar constant are
K=K+ 6E, + 18(E,—Eg) + 9(E,+A,—Eqg)’ ;vi;r(]).12 and 0.20. This question is considered in the Discus-

The terms related t6, y , andC, represent far-level contri-

butions(in I, we used the paramet€&r=2F). Our parameter IV. k-p THEORY. RESULTS

F is not identical with that appearing in the _three-level

model. Relation$9) neglect small terms related th the results of thé-p theory for GaAs and InP. Although we
Thek-p theory in the above form contains three kinds of ;.o ~oncerned here with the band structureBat0. one

parameters: the energy gaps, the matrix elements of mome@p 14 bear in mind that the precise magneto-optical experi-

tum and of the spin-orbit interaction, and the combinationsyents quoted in the following sections are of decisive impor-
of both. In the following, we use the values of energy_gaps,nce for the adjustment of band parameters.
Eq, Ag, E1, A; measured experimentally and the valuegof

In this section, we quote the band parameters and describe

and C, calculated theoretically by independent methods. A. GaAs

Other parameters are determined by fitting various experi- } ]

mental data, as described below. The linkaerms (propor- We use the following experimental energy gaps:
tional to C,) result in very small effects, so that they may be Eo==1.519 eV,A;=—0.341 eV,E;=2.969 eV,A,=0.171
neglected in most calculations. eV, A=—0.061 eV/(cf. 1), and C,=—3.4 meV A (cf. Ref.

13). The effective mass and the effective sgiwvalue at the

conduction-band edge are,
[Il. NONRESONANT POLARONS

* — *

In polar materials GaAs and InP, one deals with resonant Mo (exp)=0.068mg,  go = —0.44, (1D
and nonresonant effects of the electron-phonon interactioas determined by the cyclotron resonafafeFig. 2), and the
(polarons. The influence of resonant polaron on electronspin resonancé (cf. also Fig. 3.
properties is discussed below in sections concerned with the For the polar constant=0.065 the bare electron mass at
presence of an external magnetic field. The nonresonant pthe band edge is; = 0.0653n,, while for «=0.085, there is
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TABLE I. Far-band parameters for GaAs, adjusted to fit the experimental data for two values of the polar

constanta.
" Y2 73 K Ny q F
«=0.065 0.176 0.421 0.105 0.616 —0.0107 0.01 —-1.075
a=0.085 —0.586 —-0.021 —0.336 —0.465 —0.0105 0.01 —1.055
mg =0.065Im,. The adjusted values of the interband matrix #2k2 E
elements for the both cases are 2 =E| 1+ g \ (13

Ep,=27.86 eV, Ep =236 eV, Eq=15.56 eV, (12 iy which mg =mg (exp) and the effective value d&§ is
, , _ 2,42 . adjusted to fit the meak (k) value atk=5.5x10° cm %,
in the standard units dtp=2moP'/4’. The adjusted values %veraged over the thrdedirections(values fork|[001] and

of other band parameters for the two cases are quoted i i i
kl[111] are counted twice, as they are spin degengr&ar
Table I. (The parameter§\, and q are related to the band alculated value of the “effective” gap IE%=0.98 eV. It

structure in the presence of magnetic field, see below. oufa! X . ) .
value ofN, is not identical with that appearing in the three- indicates that the conduction band in GaAs is considerably

level model. In I, we used the parame@f=2N; .) more nonparabolic than it would follow from a two-levelp

: ; : : del with the real gag,=1.52 eV. In other words, it dem-
Using the matrice$5)—(8), we calculateE(k) dispersions mo o g i
for the seven bands in question. The resulting conductio@nStrates the necessity of the five-level model. Equaltlan

band is nonparabolic, nonspherical, and spin sfitr a is easily applicaple to various obser_vable propert_ies ar_ld it
given direction ofk). The nonsphericity is related to ti@ has been ext(_enswely used to describe the two-dimensional
terms and the difference betwegpand y; values. The spin  €l€ctron gas in GaAs-GAl,_,As heterostructures. These
splitting, which is in general due to the lack of inversion d_escrlpnons conﬂ_rmed the effectwe_ gap valieé. Discus-
symmetry in zinc-blende crystals, is related specifically toSion- In the eff;actwe tvzvo-level descriptiof13), the momen-
the nonzero values d®; and A (which vanish for crystals UM Mass I =(1/4"k) 98/ ok, defined by the relation
with inversion symmetry m*v=fk, is given by the formula m*(E)=mg(1

We illustrate our calculations in Fig. 4, which shows the +2E/EG) (cf. Ref. 25.
electron velocities/(k)=dE/dkk for kil to the three principal ~ The calculated dispersion relation for the conduction band
crystal directions. The velocity maxima correspond to inflec-exhibits a spin splitting. This splitting is due to the lack of
tion points ofE(k) dispersion. In the calculations of velocity, inversion symmetry and it obeys the relatiénk)=E(—k).
we have neglected small effects of the spin splittiay be- ~ The splitting at lowk values is proportional t&® (cf. |). The
low). The dispersion& (k) for k parallel to the main crystal ex_pI|C|t expressmn_for the spm—sphttmg parameteis ob- .
directions and the corresponding effective masses have beégined by perturbation theory of the third order. The result is

shown explicitly in 1. Our present calculation gives very

similar results for the conduction band. Also, the explicit _f Q IE
. | = PoP1(EgE;1—GoGy)
formula for the band-edge electron mass obtained in the 3 ExE1GyG,
“bare” 5LM model [cf. I, Eq. (12)] remains valid. X
In order to describe analytically the band nonparabolicity 2 ' 2/t /
- . ) ; ) -—= +E})— + +
and to facilitate calculations, which do not require a high 3 [Po(2G1+Ey) = Pi(2Bo+Go)] | +7e, (14)
precision, we introduce an effective two-level formula,
where
' ~15
w
~ L
E -1.7
© = F
=) 2
¥ - i
0. -1.9r |
l
-2.1 :
1 |
O . L X . L L L R R —2,3’ L 1 L | L 1 L
0 0.5 1 3 2 1 0 1t 2 8
E(eV) Kooy (107em™) Ko (107cm™

FIG. 4. The electron velocity in the conduction band of GaAs FIG. 5. The dispersion relatiorts(k) for the valence bands of
versus the electron energy, as calculatedkfgrarallel to the prin-  GaAs, calculated for twd directions. The corresponding hole
cipal crystal directions. masses are quoted in Tables Il and 111
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C, [3Po(G,—Eq) —P;A]? In Fig. 5, we show the calculated dispersion relations for

- ‘7 3E,(G,—Ey) (15 light-hole, heavy-hole, and split-off valence bands for
3 0= =0 ki[001] andki[011] crystal directions. The light-hole band is

The contribution ofC, terms to the spin splitting of the Seen to be strongly spin split fé[011]. The splitting of all
conduction band is small. Using our parameters for GaAsbands vanishes fokl[001]. In contrast to the bare 5LM
we calculatey=24.21 eV B andy,=0.09 eV A. The value model described in I, our present treatment aims at a realistic
of yis in good agreement with experimental estimatitefs ~ description of the heavy-hole bands. The calculated light-
the discussion in)l It can be seen fronil4) that the sign_of hole, heavy-hole, and split-off band masses are quoted in
A is of importance for the value of. In GaAs the sign oA  Tables Il and IlI(cf. Discussion and compared to the calcu-
is negative and we deal with the sum of the two terms inlated and experimental values of other authors.
square parenthesis ¢f4). The term proportional t& con- Finally, the lineark terms in the matrix5) result in the
tributes about one third of the total value gf splitting of thel's valence bands away frok=0. In GaAs,

Y=

TABLE II. Luttinger parameters for the valence bands of GaAs and the resulting heavy and light masses
for two k directions, as calculated or measured by various authors. The values determined in this work for
two polar constants are given at the end.

A A 95 & mitme mi®mg  miimg  mim,
Pollak et al? 7.39 2.47 2.87 0.40 0.081 0.61 0.076
Vreher? 7.2 25 25 0.45 0.082 0.45 0.082
Bowers and Mah&hn 5.80 1.22 1.95 0.30 0.122 0.52 0.10
BalsleV! 6.77 2.28 2.88 0.45 0.088 0.99 0.080
Lawaet? 7.65 2.41 3.28 1.72 0.35 0.080 0.92 0.070
Seisyanet alf 7.1 2.32 2.54 0.41 0.085 0.50 0.082
Lawaet? 7.98 2.58 3.20 0.35 0.076 0.63 0.070
Skolnick et alh 6.98 2.25 2.88 0.40 0.087 0.82 0.078
Hesset al.' 6.85 2.10 2.90 0.38 0.090 0.95 0.070
Bimberd 6.85 2.1 2.9 1.2 0.38 0.090 0.95 0.079
Ekardtet al® 7.05 2.35 3.0 1.28 0.43 0.085 0.95 0.077
Miller et al 6.8 1.9 0.33 0.094

Hayakawaet al™ 4.8 1.85 0.90 0.117
Hayakawaet al." 574 1.39 0.34 0.117

Neumannet al” 7.17 2.88 2.91 1.81 0.71 0.077 0.74 0.077
Molenkampet al® 6.79 1924 2.681 0.34 0.094 0.70 0.082
Shanabroolet alP 6.8 1.9 2.73 0.34 0.094 0.75 0.082
Said and Kanehida 7.20 2.15 3.05 0.34 0.087 0.91 0.075
Binggeli et al’ 7.10 2.02 2.91 0.33 0.090 0.78 0.077
«=0.065 8.56 2.90 3.74 3.11 0.36 0.070 0.93 0.062
«=0.085 7.80 2.46 3.30 2.03 0.35 0.079 0.83 0.069
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TABLE Ill. Hole mass of the split-off'% valence band of GaAs,

0;085_ ] as calculated or measured by various authors. The values deter-
E | nP ‘ mined in this work for two polar constants are given at the end.
*
B 1 pifoo1] MM
0.083 -
L Ehrenreich 0.2
i Braunstein and Karle 0.388
| Waltorrlﬁjand Mishra 0.133
Vrehe 0.159
0081 I Narita et al® 0.185
Reineet al’ 0.154
i Lawaet? 0.15
oovol . . Molenkampef alf 0.15
0 100 200 Cardonaet al. 0.18
AE(cm ) Cardonaet al! 0.20
Belov et al! 0.156
FIG. 6. Cyclotron masses of electrons in InP versus transitiore=0.065 0.138
energy(spin-up and spin-down transitionfor BI[001]. The solid  «=0.085 0.154
lines are calculated. Experimental data: circles, Hopkinal. (Ref.
16). 8H. Ehrenreich, Phys. Ret20, 1951(1960.

bR. Braunstein and E. O. Kane, J. Phys. Chem. Sdigs1423

this effect is very weak: the valence maxima occur at (1962.

k=6x10" cm™?! for ki[111] and they are 1410 meV  °A. K. Walton and U. K. Mishra, J. Phys. € 533(1968.
higher than thd’g point. 9Q. H. Vrehen, J. Phys. Chem. Solidlg, 129 (1968.

S. Narita, M. Kobayashi, and N. Koikdroceedings of the 9th
International Conference on the Physics of Semiconductors, Mos-
cow, 1968 edited by S. M. Ryvkin(Nauka, Leningrad, 1968p.

B. InP
We use the following experimental energy gaps:

E,=—1.423 eV, A)=—0.108 eV, E;=3.297 eV, and fsl“é_ LA B Lo and C. M. Woffe. Phvs. Rey. B
A,=0.201 eV(cf. Ref. 16. Further, we take\=0.08733 eV, 2'453?19576 -Aggarwal, B. Lax, and ©. M. Vofle, Fhys. Rev.

calculated by Gorczyca, Pfeffer, and Zawad%knote the
difference of sign in comparison with GapandC,=—14.4
meV A (cf. Ref. 13.

The experimental values of the electron effective mas§R
and the electroig™* factor are

9P. Lawaetz, Phys. Rev. B 3460(1971).
AL. W. Molenkampet al, Phys. Rev. B38, 4314(1988.
eference 13.
P. Belov, V. T. Prokopenko, and A. D. Yas'kov, Fiz. Tekh. Po-
luprovodn. 23, 2093 (1989 [Sov. Phys. Semicond23, 1296

ms (exp) =0.079 2Ty, g% =1.26, (16  (1989].

as determined by the cyclotron resonanck Fig. 5 of Ref. o assity of the 5LM for InP. For the spin splitting of the

,1A6 a?r:1 dwgugorl?de)? f\l/\r/]tgj dtlrf]firZﬁltnva:ﬁJSezngp tfg 32: ccln? lin conduction band, due to inversion asymmetry, we calculate
9 P PING, _ 755 ev A and 1,=0.33 eV &. The value ofy is in
constant:a«=0.12 (cf. Refs. 27 and 28and «=0.20. For
. o . good agreement with the experimental estimafitr26-9.5
«=0.12, the bare band-edge massyi§=0.0778n,, while 3 . . .
for a—0.20 one aets* — 0.0769n.. The adiusted values of eV A3 (Ref. 29, the sign ofy is not determinefl In InP, the
the ?r&er.band mgtrix eOI;ménts fo?.the bott{ cases are value ofA is positive(cf. Refs. 26 and 18 so that in square
parenthesis of Eq.14), one deals with the difference of the
Ep =20.93 eV, Ep =0.165 eV, Eq=15.56 eV, two terms_. In fact, the term prop_ortional todominates, so
! 17) that the sign ofy becomes negative.
In Fig. 7, we show the calculated dispersion relations for
g p
in the standard units. The adjusted values of other band pahe valence bands, qualitatively similar to those in GaAs.
rameters are quoted in Table IV. As in the case of GaAs, _ther he calculated effective masses are quoted in Tables V and
resulting energy bands of InP are nonparabolic, nonspherical/l (cf. Discussion The splitting of the valenc&y bands
and spin split. The effective gap value, characterizing theesulting from the lineak terms is very small: the maxima of
calculated conduction-band nonparabolicity according to thehe valence band occur lat=1.53x10° cm* for kl[111] and
two-level formula(13), is E§ =0.89 eV, demonstrating the they are 1.5%10 2 meV higher than thds point.

TABLE IV. Far-band parameters for InP, adjusted to fit the experimental data for two values of the polar
constanta.

71 Y2 Y3 K N, q F

a=0.12 0.444 0.458 —0.131 1.083 —0.022 0.02 -1.23
a=0.20 —0.496 —0.152 —0.681 0.163 —0.022 0.02 —-1.15
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14— , . ' , , TABLE VI. Hole mass of the split-off’% valence band of InP,
as calculated or measured by various authors. The values deter-
%\ mined in this work for two polar constants are given at the end.
5]
I mstO
-1.6} I
I | Lawaet? 0.17
| Rochon and Fortth 0.21
Cardonaet al® 0.20
I | Cardonaet al’® 0.18
-1.8F I a=0.12 0.139
i | a=0.20 0.162
|
L | i 8. Lawaetz, Phys. Rev. B, 3460(1971).
—-2.0L4/ v I L bP. Rochon and E. Fortin, Phys. Rev.1B, 5803(1975.
3 2 1 0 1 R 3 ‘Reference 13.
Koo (107crm) Koy (107cmm ™)

' . . ing within the unit cell. The summation is over all energy
FIG. 7. The dispersion relatiors(k) for the valence bands of bands. Inserting19) into (18), using(3), multiplying on the

InP, calculated for twd directions. The corresponding hole masses|gft by (1/Q)u|*, , and integrating over the unit cell, one ob-

are quoted in Tables V and VI. tains

V. P-p THEORY 2

> D Eo—E o+ 2P B e+ H =0

The initial one-electron eigenvalue problem for an elec-4 2mg " 2m, HeBr O =Y
tron in a periodic potential and an external magnetic field (20)

reads

Wherea'|r|=(1/Q)<U|/|0'|U|>.

Equation (20) represents a set of coupled differential
equations for the envelope functiofis It involves as yet no
(18) approximations, apart from the requirement of slow variation
_ o ) of A(r) and f(r) within the unit cell. We proceed as in the
whereP=p-+teA is the kinetic momentumi is the vector po-field case, specifying the five-level model and taking the
potential of magnetic fiel@, and the Pauli term is written in  pasjs set of LK functions given in I. Far-band contributions
the standard notation. Due to the presence of a magnetige included using the perturbation theory up toRfgerms
field, the eigenvalue problerti8) is not periodic. We look  according to the Lowdin procedure. We consider an arbitrary
for its solutions in the form magnetic-field direction in the plan€l10), following the

procedure of Weiler, Aggarwal, and L&%The resulting ei-
xp:E f(ru(r), (19 genvalue problem takes the form
|

2

h
2—rnO+V0(r)+W (oXVVy)-P+pugB-o|V=EV,

14
in Whlch u,(r) are the Luttinger-Kohn penodm functions sat- D (|:|Ia'| n |:|Ib’| —E&)f=0 (I'=1,..14, (21
isfying (3), andf(r) are the envelope functions slowly vary- =1
TABLE V. Luttinger parameters for the valence bands of InP and the resulting heavy and light masses for
two k directions, as calculated or measured by various authors. The values determined in this work for two
polar constants are given at the end.

Yiooovs ovs & mddmg mid%mg  mgiimg  mitmg
Bowers and Mahédh 5.75 1.39 2.05 0.34 0.117 0.61 0.101
Lawaet? 6.28 2.08 2.76 1.47 0.47 0.096 1.32 0.085
Leotin et al® 5.04 1.56 1.73 0.52 0.123 0.63 0.118
Rochon and Fortfh 5.15 0.94 1.62 0.12 0.31 0.142 0.524 0.12
Bimberget al® 4,95 1.65 2.35 0.61 0.121 4.0 0.104
Ekardtet al! 4,95 1.85 2.55 0.97 0.80 0.116 0.100
Cardonaet al? 5.05 1.6 1.73 0.54 0.121 0.63 0.117
a=0.12 7.5 2.36 2.87 3.0 0.36 0.082 0.57 0.075
a=0.20 6.56 1.75 2.32 2.08 0.33 0.099 0.52 0.089

®R. L. Bowers and G. D. Mahan, Phys. Ré&g5 1073(1969.

bp, Lawaetz, Phys. Rev. B 3460(1971).

€J. Leotinet al,, Solid State Commuril5, 693 (1974.

dp. Rochon and E. Fortin, Phys. Rev.1R, 5803(1975.

D. Bimberget al,, Physica89B, 139 (1977.

fW. Ekardt, K. Losch, and D. Bimberg, Phys. Rev2B, 3303(1979.
9Reference 13.
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[ TP, v3KP, AP_ TP, AP, 3KP_|
0 -ty - At T -
V3 V8 V6 V2 2 4
TP, V3KP, AP_ 3KP, AP_ TP,
D=| —- +— 0 — . (29)
NN 2B b
3KP_ AP, TP, 3KP, AP_ TP, 0
4 2 2 4 2J3 6 ]

Here, A=iQ cos®(2 cog O—sir’ ®)/i, G=iQ sin®(1
+cog 0)/h, K=iQ sin® sin 20/4, T=iQ sin®(2 cog O
—sir? ®)/#, in which © is the angle betweeB and the crys-

and 5LM formalisms, since they result from the interactions
with distant band$.Matrix Hla,I can be solved in terms of a
single column of the harmonic-oscillator functions. For

tal direction[001]. The other parameters are defined as fol-,=0, this matrix factorizes into two 77 matrices(cf. ).

lows (cf. Ref. 10:
Y =3+ 1B%(v2—7a),
Y'=5(v21273) + 3:B%(v2— v3),
Y"=3(272+ v3) — £B°(v2— 7a),

and

2
Mlz—BmB[%(aa+a+a+)—sc(a++a)\/ZMEZ},
_ B 5 s + 2
,u,z—\/im[T[s (a'at+aa’)+aa(3—c?)]

+J2uE,sda(5—3c?) —a’ B]— EZSZ,B] ,

ws=—v3m{usd B(ata+aa”+ata’)—(5—3c?)aa]

+2B8s[V2uE,sa—E,c]},

where B=3c2—1, c=c0s0, s=sin®, and m=(y;—y,)/2.
The definitions of small parametery,...qg and cq,...Cy
can be found in Ref. 1QThey have the same form in 3LM

120
B(T)

lated for three field orientations.

The part of the eigenvalue problem given lbf/,, [cf. Eq.
(25] may not be solved by a single column of the harmonic-
oscillator functions. Since the bands in GaAs and InP are not
strongly nonspherical in the vicinity of thé point, one can
look for solutions of the complete eigenvalue probléi)
in the form proposed by Evtuhd¥. According to this
scheme, each envelope function of the (&) is developed
into a series,

f,(r)=exp(ik,z) >, c'm|m>,

where|m) are the harmonic-oscillator functions ang, are
numerical coefficients. This may be regarded as the standard
way of transforming an operator eigenvalue problem into an
equivalent set of algebraic equations. The algorithm of find-
ing the eigenvalues has been described (we usually set
k,=0). As compared to the bare 5LNIn which the non-
spherical terms are related only @), there appear now ad-
ditional matrix blocks related te; , q;, andc; . In the actual
calculations, we used truncated matrices<35 for B||[001],
matrices 6X63 for B|[110], and matrices 4242 for
B||[114].

150
o |
E GaAs 111
m
a 110
100r 001 ]
50+
O-. PR T N S S R S N R S S S R
0 100 200 300
B?(T?)

FIG. 9. Spin-doublet splitting of the cyclotron resonance for the
FIG. 8. The Landdactor of conduction electrons in GaAs for conduction electrons in GaAs versBg for three field directions.
the two lowest Landau levels versus magnetic-field intensity, calcuThe solid lines are theoretical. Experimental data: open circles,

Hopkinset al. (Ref. 16; solid circles, Sigget al. (Ref. 34.
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71 v ¢ v 1T 1 v 1t T T 17T 009
100 7 I
GaAs it
% ]—3111_]—3001 . o 0.0B»
- g
2 NN
E 0.07
50} $T =T L
Buo_Bom
0.06_- ne ]§||[110] ]
[ =0 — —B||[001] ]
ol 0050 . + . . o .. ]
h A Il(I)O. - '2(')0' - '3(')0' 0 20 40 60 80 100
B*(T?) B

FIG. 11. Cyclotron mass of conduction electrons in GaAs

FIG. 10. Shifts of mean cyclotron-resonance field for the con-_ . ; - S
. ; ) : . . spin-up and spin-down transitions versus magnetic fieldgagauss
duction electrons in GaAs vers& for different field orientations. ) . . .
range for two field orientations. The lines are calculated for the

The solid lines are calculated. Experimental data: open squares, - . . i
Golubevet al. (Ref. 8; open circles, Hopkinst al. (Ref. 16; full polar constaniw=0.065 and corresponding adjusted band param

. i eters. Experimental data: squares, Sigg and co-wortReess. 34
circles, Sigget al. (Ref. 34. and 36; cFi)rcIes, Najdaet al. (g{ef. 35. % e
VI. RESONANT POLARON EFFECTS . . . . L
intensity and direction of magnetic field, as well as Mn
As mentioned in Sec. lll, the nonresonant polaron effectisThe spin g value is defined by the relation
of importance in the determination of the bare electron mas€(N,+)—E(N,—)=g* ugB.
It has been recognized that in medium gap polar materials
GaAs and InP, the resonant polaron effects in the presence of A GaAs
a magnetic field are comparable to the band-structure effects. i
Thus, the resonant polarons must be included in any precise In Fig. 8, we plot calculated™ factors forN=0 and 1, as
description of magneto-optical phenomena. Since we haviinctions of the magnetic-field intensity for the principal
given an explicit description of the electron-phonon interacfield directions. It can be seen that thevalues change the
tion and its effects elsewhet&we limit ourselves here to Sign from negative to positive, as functions of enefgy
qualitative remarks. field intensity. This illustrates the common tendency gif
As the energy separation between two Landau levels bdactors in Ill-V compounds to reach the free-electron value
comes comparable to the optic-phonon endrgy, the elec-  Of +2 at high electron energiés.
tron in the upper state can make a transition to the lower Figure 3 shows the experimental Larmor frequency, mea-
state with a simultaneous emission of an optic phonon. Fogured by Hannalet al,* with the use of the quantum beats,
hw,<he,, such a transition is virtual. Nevertheless, it influ- compared to our theoretical valueg =(1/27f)g* ugB.
ences the energy of the upper Landau state #ker=%w,,  Ihe sublinear dependence af on B directly indicates that
the transition is real and the upper state is unstable, i.e., i€ g value decreases with increasing magnetic field.
energy broaden®. In the vicinity of the resonance Different g* factors forN=0 and 1 Landau levels result
hw.~hw, one observes two polaron branches. in different energies of the cyclotron resonance for spin-up
In the range of field8<20 T (i.e., below the resonange
the Green-function formalism for the resonant polarons is
equivalent to the improved Wigner-Brillouin perturbation
theory. Even for the fieldB8>80 T (i.e., high above the
resonanckg the polaron effects are not negligible and we use
the Green-function formalism in their description, including
both nonresonant and resonant contributitefs Ref. 19.

0.09 " T T T y T T T T T

0.08}

m*/ m,

0.07}
VII. P -p THEORY. RESULTS ’

We now apply theP-p theory, supplemented by the non-

resonant and resonant polaron effects, to the description of 0.06¢ =« —BJ|[110] ]
various magneto-optical properties of conduction electrons I o0 ——B|/[001] 1
in GaAs and InP. It is the theoretical fit to these data that 0.050 . . . .
mainly determines the above quoted values of the adjustable 0 20 40 60 80 100
parameters. B(T)
The cyclotron-resonancéCR) effective masan* is de-
fined by the formulaE(N+1,=)—E(N,*=)=7%eB/m*. FIG. 12. The same as in Fig. 11, but with the lines calculated for

Such a mass depends, in general, on the spin orientation, tlae-0.085 and the corresponding adjusted band parameters.
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and spin-down transitions. In experiments with a fixed light —
frequency and swept magnetic field, one observes a spin 4r B||[110] o = y,
doublet of CR, in which the higher-energy transition occurs
at a lower field. The spin doublets are relatively easy to
observe in GaAs since, due to small electppralues, both —~
ground spin states are populated at low temperatures. The % - GaAs of /
spin doublets have been used to demonstrate the necessity of <
the five-levelP-p model for GaAs and the nonsphericity of

the conduction band in this materfaln Fig. 9, we show
experimental results on the spin-doublet splitting of CR for
the three principal field directior(sf. Refs. 16 and 34 com-
pared to our theoretical description. The splittinhB be-
tween two CR peaks are plotted as functions of the average
resonance field intensitfsquared The theoretical fit to the
anisotropy of the splittings is our main test in determining
the parametef) and the differencey;— 7y, (parameteiQ is

also important for the determination of the band spin split-
P P P GaAs versus magnetic fieltnegagauss ranyéor two spin orien-

ting at B=0, cf. Sec. I\VJ. As argued in Ref. 3, the spin- . . . )
doublet splitting is not very sensitive to the polaron effectstatlons' The lines are calculated. Experimental points-8D T are

(which, however, have been included in our description those of Najdzet al. (Ref. 35.
In Fig. 10, we show differences of average CR fields meag,or the experimental resolution at pulsed fields is insuffi-

sured for different B directions: Bpy1q) ~Boos] @nd  (ient to detect a systematic anisotropyAd for differentB

Bl11g ~Bjoos], @s functions of magnetic-field intensity girections, observed so well at lower dc fieldee Fig. 9.
(squaredl These shifts are directly related to the anisotropy

of the electron mass. In contrast to the inadequate description
of the mass anisotropy by the simple five-level mo(&#l
Fig. 11 of ), the inclusion of the far-level contributions in ~ Figure 14 shows theoreticg* factors forN=0 and 1
the P-p theory allows us to account well for this featu(c. Landau levels as functions of magnetic-field intensity for
also Ref. 7. The experimental data do not have the precisioriwo field directions. In contrast to GaAs, the band-edge
of those presented in Fig. 9, since they have been obtainelue in InP is positive and, as a result, its enefgyfield)
using two separate sweeps of magnetic field, between whicélependence is weakesince it tends to the value of2, see
the sample had to be rotated. abovg. Also the difference ofy values for the two levels is

In Fig. 2, we show the CR masses for the spin-down andnuch smaller in InP than in GaAs. Nevertheless, one can
spin-up transitions versus the resonant energy, as measureliserve the CR spin doublet in this material.
and calculated foBl[001]. The increase of the mass is a  In Fig. 15, we plot the experimental spin-doublet splitting
combined effect of the band’s nonparabolicity and the resomeasured by Hopkinst al.*® and our theoretical results. As
nant polar interactior(cf. the analysis in)l It should be in the case of GaAs, there 8B~ B?, but the actual values
emphasized that almost identical theoretical descriptions aref AB in InP are considerably smaller than in GaAs, due to
obtained for the two values of the polar constantwhen the above-mentioned weaker dependencg*obn N.
far-band contributions are properly readjustetl Table ). Figure 6 shows the experimental and theoretical CR

Finally, we compare the theory to experiment atmasses for two spin orientations, as functions of the reso-
megagauss magnetic fields, as performed by Nejad>® A
plot of CR masses for the two spin orientations versus mag- ———————
netic field is shown in Fig. 11. The discontinuity of the mass
atB~20 T is due to the resonant LO-phonon coupling. Us-
ing the polar constante=0.065, the theory gives, at
megagauss fields, higher masses than those observed experi-
mentally. At high fields, for whicth o >% w| , the polaron
effects are not very important and one deals with almost
“bare” electron mass. If one uses a higher value0.085,
the bare mass is lowécf. Eq. (10)] and the agreement with
the experiment is better, as illustrated in Fig. 12. The value of
a=0.085 gave also a better description of CR emission data,
as discussed by Lindemaret al® The experimental mass o
anisotropy at megagauss fields shown in Figs. 11 and 12 is 1ol .
somewhat higher than that predicted theoretically. On the 0 40 80 120
other hand, the situation is reversed at lower figkfs Fig. B(T)
10).

Figure 13 plots the CR spin-doublet splitting for two field  FIG. 14. The Landéactor of conduction electrons in InP for the
directions up toB~100 T. The theory gives a very good two lowest Landau levels versus magnetic field intensity, calculated
description of the experiments at all magnetic fields. How-for two field orientations.

" Bl|[oo1] —— o =

100

B(T)

FIG. 13. Spin-doublet splittings of the cyclotron resonance in

B. InP
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FIG. 15. Spin-doublet splitting of the cyclotron resonance for  F|G. 17. The same as in Fig. 16, but with the lines calculated for
the conduction electrons in InP verséfor BI[001]. The solid line  ,=0.20 and the corresponding adjusted band parameters.
is theoretical. Experimental data: Hopkiesal. (Ref. 16.

nance energy foBI[001]. As in the case of GaAs, the in- levels, correctly describes various magneto-optical properties
crease of the mass is due to the combined effect of the bandaf conduction electrons in GaAs and InP. In particular, the
nonparabolicity and resonant polar interaction. We obtain alfar-level contributions allow us to account correctly for the
most identical theoretical results far=0.12 and 0.20, ad- anisotropy of the conduction band in GaAsf. Fig. 10,

justing_properly the far-level parameteic. .Table V). which was not possible with the use of the bare 5LM.

In Figs. 16 and 17, we show the expenmethlnd theo- The nonparabolicity of the conduction band in GaAs is of
retical CR masses in the megagauss range of fields. The gefmportance for the properties of two-dimensional electron
erally accepted for InP polar constant value0.12 results gas in GaAs-Ggl,_,As heterostructures. It was shown by

in too high theoretical masses at high fields. One gets a googaywadzkiet al® (cf. also Ref. 39 that one can carry a rig-
description takingy=0.20 (cf. Discussioj. The megagauss orous electric and magnetic quantization in such systems us-
results are, to our knowledge, the only data on th&nq the effective two-level model for nonparabolic bands, as
conduction-band nonsphericity in InP. They confirm OUr yescribed by Eq.(13. A comparison of various two-
value of the parameteQ for this material, determined yionsional CR data with this modéh particular, those of
ma(;nI%/ from thle fit to the spin splitting &=0 [cf. Eq. (14) Hopkinset al, Ref. 40 and Warburtoet al, Ref. 41 indi-

and the Sec. 1y cates that our effective gap val&& =0.98 eV for GaAs is

VIIl. DISCUSSION correct. -
The present description accounts also for the megagauss

As follows from the previous sections the five-level de- CR data obtained on GaAs and InP, although it requires

scription, supplemented by the main contributions from farSCMmewhat higher values of the polar constarthan those
usually acceptedcf. Figs. 12 and 1)Z The required value of

a=0.085 is quite reasonable for GaAs, it was also required
for the CR emission data in this materf&IFor InP, we need
a=0.20, which was also required for the CR emission data
(cf. discussion in Helnet al,, Ref. 2§. Still, the value of
a=0.20 for InP seems a little too high. The polar constant is
determined by the difference of inverse dielectric constants
(for low and high frequencigsso that an even small uncer-
tainty in the determination of one of them may substantially
change the value af. It should be mentioned that an equally
good description has been obtained for very recent CR data
1 taken on GaAs at magnetic fields of about 208 @t which
i a0 ——B||[001] ] the upperN=1 Landau level is at the enerdgy~350 meV
ool .. o« . o above the conduction-band edge. This testifies to the validity
0 20 40 60 80 100 120 of our model at high electron energies.
B(T) As mentioned in the Introduction, one of our main pur-
poses was to develop a theory, which could also describe the
FIG. 16. Cyclotron mass of conduction electrons in InP for valence bands of GaAs and InP. In our multiband scheme,
spin-up and spin-down transitions versus magnetic fimeigagauss  the parameters adjusted to fit the properties of conduction
range for two field orientations. The lines are calculated for the €lectrons automatically fix the parameters for the valence
polar constanta=0.12 and corresponding adjusted band param-bands. In Table Il, we quote the values of the valence Lut-
eters. The experimental data: circles, Najtal. (Ref. 37; squares, ~ tinger parameters’;, y5, v5, k- for GaAs, as calculated or
Hopkinset al. (Ref. 16. measured by various authors, together with our values ad-
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justed for the polar constante=0.065 anda=0.085.[The
Luttinger parameters have been calculated using ERjs. — =y - + - .
from those employed above in 5LM descriptipit. can be Mso 3Gy 9(E1—Gp)Go 3(Go—Gy)
seen that our parameters adjustedder0.085 are in quite a
good agreement with those proposed directly for the valenc

mg Ep, 4A\EpEp, 2Eq

(29

[ Table 1ll, we quote hole masses in the split-off valence
éaand of GaAs, as calculated or measured by various authors.

light-hole and heavy-hole masses fa00] and[111] direc- Again, our description for=0.085 agrees well with other

tions ofk are given by the well-known relations: results.
Tables V and VI quote the hole masses for InP, calculated

from our band parameters, as well as those determined di-
rectly for the valence bands by other authors. It can be seen
that our masses fo=0.20 compare quite well with the
miiit 1 mitt 1 other r.esullts. .
M 2L me 2k Taking into account that, in contrast to the values deter-
o Y1TeYs o Y1773 mined by other authors, we adjust the parameters to obtain a
The mass values are also quoted in Table Il. Our light-holeyood description of the conduction bands in GaAs and InP
masses for=0.085 are at the lower end of the values pro-and only then use these parameters to describe the valence
posed by other authors. The pronounced nonsphericity of thieands, our hole masses should be considered as very satis-
heavy-hole masses and their absolute values are describggttory.
very well. It can be seen that the; values adjusted for the
polar constantr=0.065 differ more from the results of other
authors. Thus, the band parameters adjusted fc0.085 are
distinctly better for both the high-field conduction-band data

(cf. Figs. 11 and 1R as well as for the valence-band data in .
GaAs. However, one should bear in mind that the experi- We have used the five-levietp model supplemented by

; @r-level contributions and polaron effects to describe various
still not very precise. For example, the CR results have beeftagneto-optical data for the conduction bands of medium-
obtained at liquid-nitrogen temperatuf@sThis corresponds 9@P Semiconductors GaAs and InP. A very good description
to the “semiclassical” regime in which unequal spacing be-nas been obtained for both materials all the way to the
tween the valence Landau levétiue to thel'} degeneracy Megagauss range of magnetic fields. There remains a certain
of the bandsis not observed. Also, at such temperatures, on@Mmbiguity between the band-structure effecesulting from
deals with a modified energy gap and with nonparabolic efthe far-level contributionsand the polaron effects. The band
fects related to the nonnegligible thermal energies of thgarameters adjusted to fit the conduction-band data give also
light holes. good values of the hole masses. We conclude that the pro-

We derive a formula for the mass of the split-off valenceposed band model is adequate for both conduction and va-
bandI'Y, using second-order perturbation theory. The resultence bands of GaAs and InP near thepoint of the Bril-

100 100

My  yi+2y; My  y1—2v;

IX. CONCLUSION

is (the termsA? have been neglected louin zone.
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