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%'e have observed and described new optical transitions between magnetodonor states in InSb, assist-
ed by optic-phonon emission. The phonon-assisted transitions provide a unique opportunity to investi-

gate high excited states of the magnetodonor system (up to principal quantum number n 13), which

simulates the hydrogen atom in gigantic magnetic fields. High-resolution data reveal the presence of ad-
ditional excited magnetodonor states related to lower Landau subbands unobserved until the present.

PACS numbers: 78.20.Ls, 78.50.Ge

Magnetoirnpurity states in semiconductors, since their
discovery in the magnetic freezeout effect by Keyes and
Sladek' and the pioneering theoretical descriptions of
Yafet, Keyes, and Adams, have been the subject of sus-

tained experimental and theoretical interest. The effect
of a magnetic field on shallow donor states is particularly
important in narrow-gap materials with small effective
masses m* since, in the absence of the field, the donors
are always ionized and cannot be observed. Magnetoim-
purity investigations have been used to determine the
static dielectric constant of a material and its pressure
dependence, to identify the chemical nature of impuri-
ties, and to study screening properties of the electron

gas, the metal-nonmetal transition, etc. Recently,
magnetoimpurity investigations proved to be useful in

determining the positions of donors in modulation-doped
two-dimensional GaAs-GaA1As structures, ' which is

important for device applications.
The importance of the magnetodonor system goes

beyond semiconductor physics, however, since a magne-
todonor imitates the hydrogen atoms in giant magnetic
fields. The problem of an electron subjected to simul-

taneous Coulomb and magnetic field interactions is
characterized by the parameter y=(heB/m*)/2%*,
where %*=13.6(m*/mo)(1/tc ) eV, and tc is the static
dielectric contant. The value of y is of the order of 10
for the hydrogen atom in vacuum. In narrow-gap semi-
conductors, however, y can attain values of 100 or more
for available magnetic field strengths. In our experi-
ments we deal typically with y =70, which corresponds
to the hydrogen atom in a vacuum subjected to a mag-
netic field of = 10 T. The above scaling allows one to
transpose magnetodonor behavior to that of the hydro-

gen atom in gigantic magnetic fields.
The problem of atoms in extremely large magnetic

fields has attracted a great deal of attention in recent
years in both atomic physics and astrophysics. ' The
reason is that white dwarf stars can produce magnetic
Gelds of 10 T and accreting neutron stars fields of the

order of 10 -10 T. As a consequence, the optical spec-
tra of atoms in such magnetic fields have been observed
in the spectra of these stars. For example, very good
agreement between all observed spectral features and the
computed wavelengths of stationary transitions of the
hydrogen atoms in magnetic fields (1.5-3.5) x 10"T has
been found in the white dwarf GrW+70 8L47."By vir-

tue of scaling laws the energies of heavier atoms can also
be gained from those of the hydrogen atom at scaled
values of magnetic field. ' This allows one to study, for
example, Fexxvr in gigantic fields, which appears to be
prevailing in the vicinity of x-ray pulsars. ' In addition,
the ionization thresholds of the hydrogen atom associat-
ed with higher Landau levels is of current interest in as-

trophysical investigations. '

The importance of the magneto-Coulomb system in

astrophysics and atomic physics has motivated consider-
able theoretical work concerned with the behavior of the
hydrogen atom at arbitrary magnetic fields. ' The true
atomic spectra are rich and detailed. However, they are
limited to the quantum numbers n =0 and 1. Using the
semiconductor as a medium we have been able to probe
for the first time the excited states of the magneto-
Coulomb system for n up to 13. This allows one to verify
the existing calculations for high excited states.

The effect of optic phonons on optical transitions be-
tween magnetodonor states in semiconductors has been
observed by Kaplan and Wallis' in the form of resonant
polaron behavior in cyclotron resonance, and by
McCombe and Kaplan in combined cyclotron-spin reso-
nance. ' In this Letter we report on a new kind of opti-
cal transition between magnetodonor (MD) states assist-
ed by the emission of optic phonons. ' It is the phonon
assistance which allows us to observe very high excited
states at the magneto-Coulomb system.

The experiments were performed on high-purity sam-

ples of n-InSb with a carrier concentration of 9x10'
cm and an electron mobility of 7 x 10 cm /V sec at 77
K. The output of a grating-tunable cw CO2 1aser was

1989 The American Physical Society 2845



25 DECEMBER 198963 NUMBER 26VOLUME TERSPHYSICAL REVIEW LE

as mmetry of InSb.o the in ersion a y

d b F""' Ame problem was e
the transition 2', o1 andLax, w o

r this field orien as not allowed for t is
11 h fo bidnter retation is t a s

f impurities ined due to e
th do bl t cture, t eJudging by t ehe crystal.

ft d transitions are adonor-shi e

led y numbers are o-
tica y

h 1

sion of an op ic
emission, t e

emissi

h' 'b""""n'fs are ro
l tron resonannce.

1 e observe
MD~

h .....;...d
h h excited

correspon
'

g
unique oppor u

'
y oine g

m. %'e haveCul' bma neto- ou
to fina 1 MD

sa
b transitionsand descn e

d " 'ubb'nd
a e

s attache od t the Lan au sustates

the inset of Fig.
en in Fig. 3. i. 2, thes i

n d MD transltio

'
dicated in e

ns is due ton an
oft ec

uantita-
t with increasing n,

aller. For the qut b o rMD states
ies we ave uused thef th' MD

uestion
description o e

all the states in quethod Since for a
rial functions of

va
arameter tria unuse the one-y»10, one may use

sec-wide pulses andnd then
Thhh dto a sample in

and 12 T an
focused onto a

ied between 0 an
ctivity ga

fi ld was varie
K Photoconductivi

8
re between 1.8 an

d to idmeasuremen s
es in absorption.

used to t
small changes in a

hni ues were use
detecting s

d lation and lock-in ammo ua
d derivative ord the secon erecor
a netic field.

is shown in1le of the magneto-op i

g. . e ob p

transitions between

).f F

I) because at biginset of Fig.
he roun

the
al excitations e

and reverse e1 L d
f th k i th

lved in
g

1

nsitions are
hed by cor 1 t

+ 3+(b-0- 2
th theory, as

turn numberfdenotes LL stan+ and n e
es ectively an

ciate

E&B the 2', anpolarization

T= 14K
I

T= 5K
X=10.83 pm

2 2+
125

123- 4'+ 3+ 3+ 2+ 2-

LU

10 128

0

0
X
CL

I

5'+
6'+ k

2 +

I

10 12

MAGNNET I C F I EL D (T)

se of n-In Sb vs magneticonductive respons - tic

r - resonances an
nt the phonon-

d the dashed a
1 s ectra at ig e

t e rh free-electron re
Inset: The mag neto-optica spMD resonances. nse .

temperature.

0
0121—

UJ 11g

z
117—

lAz
115-I-

113
0

I

84 6
NETIC FIELD ( )T

1210
MAG

tron (solid circles) and

Pidgeon-Brown mo
or shifts. Inset: ih alculated donor sadding the ca cu

o t e
transitions la e ea

l o indicateturn number sareas

2846



VOLUME 63, NUMBER 26 PHYSICAL REVIEW LETTERS 25 DECEMBER 1989

Wallis and Bowlden, assuming that the electron
motion in a MD state is identical to the free-electron
motion in a magnetic field. The trial averages for the ki-
netic &K) and potential energy &V) have been derived for
an arbitrary MD state (NMp), in which N=0, 1,2, . . .
is the principle quantum number, M =. . . , —1,0, 1, . . .
quantizes the projection of the angular momentum on
the magnetic field direction, and p=0, 1,2, . . . quantizes
the motion parallel to the magnetic field. The Landau
quantum number to which a given MD state "belongs" is
n=N+(M+m)/2, where m= ~M ~. For the (OMO)
states, whose energies are very near the MD ground

states related to n =m Landau subbands, the tnal aver-
ages are (in units of R*),

(2)

&K& =y(2m+1)+ 4 yk, (1)
I/2 r

)
2 yX d &(&)

m l 2~ dgm (1 g) I/2

where 8(X) =in[[1+(1—k)' ]/[1 —(1 —X)' ]j and X

is the variational parameter. InSb is a narrow-gap semi-
conductor with a nonparabolic conduction band which
aff'ects the LL and MD energies. The band nonparaboli-
city is taken into account by writing the total energy in
the form

Eg —&V) +
, 2

2
Eg' —&V) +E,(&K)+&V) ~ ay) (3)

where Es is the energy gap (in units of %*),
a=A/(2h+3Eg), and 5 is the spin-orbit energy. The
plus and minus signs correspond to the two spin orienta-
tions. Equation (3) has been derived from the three-
level k p model assuming A&)Eg which is applicable to
InSb. Thus we have used it to determine the MD bind-
ing energies Eb(n), calculating the free-electron energies
from the same model [i.e. , putting in Eq. (3) &V) =0
and &K) =(2n+1)y]. The difference b —(n) =Eb+(0)

Eb (n) g—ives —the upper bound to the energy shift be-
tween the LL transitions and the corresponding MD
transitions. In Figs. 2 and 3 we compare the experimen-
tal transition-energy data with the theoretical predic-
tions. The solid lines for the LL transitions have been
calculated using a modified Fidgeon-Brown model ' with
the following band parameters: Eg =235.2 meV,
E =23.2 eV, 4 =0.803 meV, yI =3.25, y2 = —0.2,
y =0.9, x'= —1.3, F= —0.2, q =0.0, and NI = —0.55.
The phonon-assisted energies were obtained by adding

T= 3.5 K

X=10.61 pm

2 +

M
X0

K

! the LO optic-phonon energy @so=24.4 meV to the cal-
culated LL energies (up to n =13). The dashed line for
the MD transitions has been calculated by adding the
corresponding b —(n) shifts to the LL transition ener-
gies, and using 0.65 meV for %'*. The agreement be-
tween experiment and theory is very good (the agree-
ment is seen more clearly in Fig. 4 for the 2'+ transition
at one laser wavelength).

Our highest-resolution data revealed two additional
resonances on the lower-field side, as shown in Fig. 4, for
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F&G. 3. Energies for the free-electron (solid circles) and
magnetodonor (open circles) transitions vs magnetic field for
the Landau quantum numbers 5-13. The solid lines were cal-
culated using the Pidgeon-Brown model and the dashed lines
were obtained by adding the calculated donor shifts.

FIG. 4. High-resolution magneto-optical spectra for the
phonon-assisted free-electron 0+ 2+ transition (solid
arrow), and the (000+ ) (200+ ), (000+ ) (230 ),
(000+) (211+) magnetodonor transitions (dashed arrows).
The magnetic field positions of the above transitions, indicated
by the arrows, were calculated using the models discussed.
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the 0+ 2+ phonon-assisted excitations. They are
present in the phonon-assisted as well as the ordinary
MD transitions. This suggests that the resonances are
due to additional selection rules caused by the band-
structure complications rather than the phonons. The
transitions shown in Fig. 4 have been identified as origi-
nating from the MD ground state (000+) to excited MD
states associated with the 2+ Landau subband. The cor-
responding final states and calculated magnetic field po-
sitions are indicated by dashed arrows in Fig. 4. They
obey the selection rules calculated by Wlasak. The
main transition (000+~ 200+ ) (or the transition
000+ 020+ having almost the same energy) is possi-
ble due to inversion asymmetry, while the weaker transi-
tions (000+ 210+) and (000+ 201+) are possible
due to band warping. The weaker resonances and their
dependence on light polarization and magnetic field
orientation require further investigation.

In summary, we have observed and described new op-
tical transitions between magnetodonor states in InSb.
The phonon-assisted transitions allow the opportunity to
study high excited states of an electron subjected to
simultaneous Coulomb and magnetic field interactions,
which is of direct interest not only to semiconductor
physics, but also to atomic physics and astrophysics.
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