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%'e report magnetophotoluminescence spectra of undoped bulk InSb at 2 K in magnetic fields to 3.0
T. These spectra are taken at pump intensities significantly less than any previously published, compara-
ble experiment. The zero-field, band-edge peak splits into three distinct peaks. The two high-energy
peaks are due to recombination of the two lowest spin-split Landau levels. The low-energy peak is quan-
titatively associated with magnetoexcitons. This interpretation difFers significantly from those of other
magnetophotoluminescence studies of InSb and constitutes a difFerent understanding of the relevant

physics of this photoexcited system. In addition, the data suggest that the spectral position of the exci-
tonic peak is independent of the photoexcited carrier density.

I. INTRODUCTION

There exist very few photoluminescence (PL) studies of
InSb, especially in comparison to wider-band-gap III-V
semiconductors. However, there are material properties
unique to narrow-gap systems that make the study of
InSb interesting. In particular, it has recently been docu-
mented' that one can photoexcite a degenerate electron-
hole plasma (EHP) in insulating InSb using continuous-
wave (cw) pump intensities less than 2 W/cm . The rela-
tive ease with which the EHP is generated in InSb is pri-
marily due to the small effective electron mass
(m, =0.014mo) and large dielectric constant (@=16.8) of
InSb, which results in a very small Mott density
(n, =6X10' cm ) and exciton binding energy
(E,„=0.65 meV). In addition, InSb has a longer carrier
lifetime than wider-gap III-V systems. Using low-level
pump intensities to photoexcite an EHP results in carrier
temperatures not far removed from the lattice tempera-
ture.

In Ref. 1 we documented that the EHP exhibits band-
gap renormalization consistent with the zero-temperature
theory of Vashishta and Kalia. Having established the
existence of a cold EHP, it is interesting to study the
effects of a strong magnetic field on this system. Strong
magnetic fields induce a metal-insulator transition in
semiconductors doped above the Mott density. Similarly,
one expects the photoexcited system to evolve from an
EHP to an excitonic gas with increasing magnetic field.

In this paper we document band-edge magnetophoto-
luminescence (MPL) spectra of insulating InSb at 2 K in
magnetic fields to 3.0 T. Similar experiments have previ-
ously been reported by several authors; however, we
conduct this experiment at pump intensities more than an
order of magnitude less than any previous experiment
know to us. The resulting spectra are simpler, which
makes the analysis less ambiguous. We quantitatively
show that the spectra reveal a magnetic-field-induced
evolution from electron-hole plasma to excitonic gas.
This interpretation differs significantly from any of the

previous studies; however, we feel that it represents an
accurate understanding of the relevant physics of pho-
toexcited InSb in large magnetic fields.

II. EXPERIMENTAL DETAILS

We present here the PL spectra of insulating, n-type
InSb [no =2 X 10' cm and p(77 K) =450000
cm /V sec]. The details of the optical system and the
method of data acquisition are described in Ref. 1. A
split coil, superconducting magnet provided fields to 3.0
T. The sample and the magnet were immersed in 2 K,
superAuid liquid helium throughout the experiment. The
power density of the cw Nd:YAG (yttrium aluminum
garnet) laser was approximately 2.0 W/cm for the data
discussed in this paper, unless otherwise stated. The ex-
periment was done in the Voigt geometry with the mag-
netic field orientated in the crystallographic plane per-
pendicular to the [111]direction.

III. PRESENTATION OF THE DATA

Displayed in Fig. 1 are the MPL band-edge spectra for
fields varying from 0 to 3.0 T. The spectra split into
three distinct peaks on application of magnetic field: (1) a
narrow low-energy feature, peak a; (2) a broad middle-
energy feature, peak b; and (3) a weak high-energy
feature, peak c. Peak b is the dominant feature at low
fields. Peak c evolves out of the high-energy edge of the
spectra. It is the weakest of the three peaks, shifts the
quickest with increasing magnetic field, and is only
resolvable for fields less than 1.0 T. Peak a evolves out of
the low-energy edge of the spectra and becomes the dom-
inant peak with increasing field. Only peak a is resolv-
able at the highest magnetic fields. The magnetic-field
dependence of these peak positions are shown in Fig. 2.
These data are discussed quantitatively in Sec. IV.

Shown in Fig. 3(a) is the zero-field spectrum. There are
three important aspects of this spectrum, all of which are
discussed in Ref. 1. First, the intensity of this spectrum
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IV. DISCUSSIDN QF THE DATA a set b set

Interpretation of the PL spectra of bulk semiconductor
systems are fraught with complexities. The most
significant complication in InSb arises because the car-
riers are photoexcited at the sample surface. These car-
riers eventually diffuse into the sample, establishing a
spatial carrier density gradient. This carrier density
profile, when combined with the effects of band-gap re-
normalization and Fermi-level-dependent PL linewidths,
can significantly complicate the spectra. Because the in-
tensity of the PL signal is proportional to the square of
the recombining carrier density, the PL emitted by the
carriers nearest the sample surface dominates the spectra.
For most instances this allows discussion of spectra to
proceed under the assumption of a uniform photoexcited
carrier density corresponding to the density nearest the
sample surface. However, one must always keep in mind
that distinct features in spectra could conceivably origi-
nate from different regions of the sample. When discuss-
ing such possibilities, we will only refer to two regions: (1)
a high-density region near the sample surface and (2) a
low-density region deeper in the sample to which few car-
riers have diffused.

A. Identification of peaks b and c

ac(0

Energy
b'(1)

b'(0)

a+ (—1)
a+ (0) a (2)

b+(0)

b (1)
b (2)

b'(n =0) conduction-band Landau levels are given by the
model of Bowers and Yafet, '

a'(0)
b'(0) '

%co pgB+
2 2

A'co, /2+ pg B /2
X 1— (2)

FIG. 4. A schematic of the band edges of the relevant Lan-
dau levels, as described in the text. The terminology follows
that of Ref. 10. The lowest dipole-allowed transitions are
shown as arrows for transitions from the spin-up a'(0) and
spin-down b '(0) conduction-band Landau levels.

The realization that band-edge PL in InSb is due to the
recombination of an EHP (Ref. 1) is a strong foundation
on which to base the analysis of MPL spectra. One can
safely assume that the EHP is quantized into Landau lev-
els on application of a strong magnetic field. The Landau
levels in InSb have been studied at length both theoreti-
cally' and experimentally. " The first few levels are de-
picted schematically in Fig. 4. The labels are consistent
with the formalism of Ref. 10. The dipole-allowed transi-
tions for the lowest levels are indicated by the arrows.
The band edges for the spin-up a'(n =0) and spin-down

where E is the zero field band gap, co, =eB/m, c, e is the
electric charge of the electron, B is the magnetic field, c is
the speed of light, p is the Bohr magneton, and g is the
efFective conduction-band g-factor. Although Eq. (2) in-
cludes the first-order corrections for nonparabolicity, it is
only a two percent eff'ect even at the largest values of
magnetic field used in this experiment. The band edges
for the light holes, E(a+(n)) and E(b+(n)), and heavy
holes, E(a (n)) and E(b (n)) are calculated using the
quasigermanium model as summarized in Ref. 10. The
expressions relevant to this experiment are

a+(n)
b+(n) [(2n+3)(y, +-y' ) —(2+ 1)lr ]

2mpc
n= —1,0, (3)

a (n)

b (n) Pl pC

(n+ —,
' )y, +y' + ,'Ir +( ,'+f )q——

t[y, +(n+ ,')y' ~ ,'( ', f )q—] +3n—(n+—1—)(—y—" ) ]' (4)

where yI, y', y", ~, and q are band parameters and
f=0.25 for a magnetic field in the crystallographic plane
perpendicular to [111]. Because of the anomalous spac-
ing of the low-n valence-band Landau levels in narrow-
gap semiconductors, it is important to use the above ex-
pressions rather than the classical relation
E(B)=%co,(n+ —,'), with co, determined by the relevant
band mass. We use the band parameters determined by
Littler et al. " The only adjustable parameter in the cal-
culation is the zero-field band gap E . We assume
Eg =233.7 meV, the renormalized band edge determined
by line-shape analysis, and that this renormalization is in-

dependent of magnetic field. The comparison of this
model with the data is shown in Fig. 5. For the theoreti-
cal lines labeled spin up, the solid line corresponds to the
a'(0)~a (1) transition, the long-dashed line corre-
sponds to a'(0)~a ( —1), and the short-dashed line cor-
responds to a'(0) —+0+( —1). Similarly for the lines la-
beled spin down, the solid line corresponds to the
b'(0) ~b (1) transition, the long-dashed line corre-
sponds to b '(0)~b+( —1), and the short-dashed line cor-
responds to b'(0) —+a+( —1). Note that the data points
indicate the position of the peak of the particular feature.

The following issues concerning the results shown in
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FIG. 5. A comparison of peak b, shown as the square boxes,
and peak c, shown as the triangles, with the theoretical band
edges for the six dipole-allowed interband transitions from the
two lowest, spin-split, conduction-band Landau levels. The
transitions are identified in the text.

Fig. 5 are discussed below: (1) the peak positions move
closer to the theoretical band edges as the magnetic field
increases, and (2) there is good agreement between theory
and experiment in the large-field limit even though a
magnetic-field-independent renormalization energy is as-
sumed.

The first issue is easily understood in terms of the elec-
tron density of states. In the absence of a magnetic field,
the density of states is proportional to (E Es)'~ (i.—e. ,
the density of states increases as one gets further from the
band edge). The resulting PL spectra peaks at an energy
greater than the band edge, as seen in Fig. 3(a). This
spectrum can be understood roughly as the convolution
of the density of states with the appropriate Fermi func-
tions. On the other hand, the density of states in a strong
magnetic field goes as [ I/[E Es(B)]J'~, whe—re Es(B)
is the magnetic-field-dependent band edge (i.e., the peak
of the density of states occurs at the band edge). In the
strong-field limit the peak of the MPL spectra should
occur very near the actual band edge. In practice, one
expects the MPL peak to move towards the band edge
with increasing magnetic field. This is clearly seen in Fig.
5.

One might expect the renormalization energy to be
dependent on the magnetic field for the following reasons:
(1) With increasing magnetic field the electron population
statistics change from degenerate to nondegenerate. This
most significantly affects the exchange energy. (2) As
shown in the next section, the system evolves from EHP
to excitonic gas with increasing magnetic field. Assum-
ing excitons are not as effective at screening as are free
carriers, effects due to screening should decrease as the
number of free carriers decrease. Nonetheless, the exper-
imental results indicate that the renormalization energy
is not strongly dependent on magnetic field. Although a
precise calculation is beyond the scope of this paper, we
can estimate the size of the renormalization in the large-
field limit by calculating the static limit of the Coulomb-
hole self-energy, ' E,h =+&[V,(k) —V(k)]= —(e /e)k„
where V, is the statically screened Coulomb potential and
k, is the screening wave vector. From the work in Ref. 1,
we know PL becomes unobservable at carrier densities of

the order of 5X10' cm . Using the large-field limit of
k„as determined by Horing, ' a carrier density of
5X10' cm, and a carrier temperature of 3.2 K, we
determine E,h

= —1.2 meV. This of the same order of
magnitude as the zero-field renormalization. Thus, it is
not improbable that the renormalization energy is weakly
dependent on magnetic field.

In summary, we attribute peaks b and c to the recom-
bination of electrons with holes quantized in the lowest
Landau levels. This recombination is not excitonic. It in-
volves transitions between free electrons and free holes.

B. Identi6cation of peak a

Historically, this peak has been attributed to recom-
bination of either a magnetic-field stablized electron-hole
liquid"' or impurity bound magnetoexcitons. ' Both of
these assignments were biased by the incorrect assump-
tion that peak b is due to the recombination of free mag-
netoexcitons.

In what follows, we explore and subsequently reject the
notion that peak a is attributable to an electron-hole
liquid. For completeness, amplified spontaneous emission
is also eliminated as a possible explanation. Finally, we
show quantitatively that peak a is associated with recom-
bination of free magnetoexcitons.

1. Electron-hole liquid

The minimal conditions necessary for EHL condensa-
tion' require that the temperature of the electronic sys-
tem be less than some critical temperature T, . This tem-
perature is roughly given by the relation kT, =0.1E„re-
sulting in T, =0.7 K for InSb, more than a factor of 4
less than the 3.2 K carrier temprature. Even in magnetic
fields where the excitonic Rydberg increases dramatical-
ly, T, should not become as large as 3.2 K until the field
strength becomes approximately 0.8 T.' However, this
low-energy feature is resolved at fields as low as 0.3 T.
These energetic arguments render EHL condensation un-
likely.

The most compelling reason to rule out EHL is the
spectra itself. Thomas et al. ' have thoroughly docu-
mented the PL spectra of EHL. The characteristic spec-
trum consists of two peaks: (1) a narrow high-energy
feature due to exciton recombination, and (2) a broad
low-energy feature due to the EHL. The width of the
low-energy feature is determined by the Fermi energy of
the EHL equilibrium carrier density. The separation in
energy between these two features corresponds to the
EHL binding energy. The spectra reported in this experi-
ment are exactly opposite to the spectra of Thomas et al.
Peak b, the high-energy peak, is fairly broad while peak
a, the low-energy peak, is very narrow.

Therefore, we rule out EHL condensation as the mech-
anisrn responsible for peak a.

2. Amplified spontaneous emission

Photoluminescence line shape is given by the general
formula

S(%co)= g R,~(fico)[1+Nk (ficoj, )]f'i „
k, o
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where the summations are over the photon modes.
R, (A'co) is determined uniquely by the electronic band
structure and the carrier statistics. Nk (Ace), the number
of photons in the optical mode specified by wave number
k and helicity 0., is usually assumed less than unity. This
renders the PL specta dependent only on the electronic
properties of the sample. When photon modes become
macroscopically occupied, amplified spontaneous emis-
sion (ASE) becomes relevant and Nk (A'co) significantly
alters the PL line shape. To correctly interpret the PL
spectra, one must determine whether the photon density
has an appreciable effect on the spectral line shape.

The position of the low-energy feature is an immediate
reason to rule out ASE. Since there is no resonant cavity,
the onset of ASE should occur at the maximum of the
gain spectra. This is clearly not the case for peak a.
Making a more quantitative statement, we estimate that
the photon density detected in our PL measurement is be-
tween 10 and 10 photons/mode. This is consistent
with the experiments of Kalugina and Stork where it
was documented that the onset of stimulated emission in
InSb occurs at a pump photon Ilux of 10 photons/cm
sec, approximately 10 times greater than that used in
this study.

For these reasons, we rule out ASE as an explanation
of peak a.

3. Magnetoexcitons

Qualitatively, the separation in energy between peaks a
and b suggest that peak a is a weakly bound state just
below the band edge. The line shape of peak a further
suggests a bound system. Two possibilities for such a
state are either donor bound electrons or excitons. Exci-
ton and donor PL should be spectrally indistinguishable
because the ratio of m, to the heavy-hole mass is approxi-
mately 30. However, exciton PL should dominate donor
PL in this experiment because the number of photoexcit-
ed holes is several times larger than the number of
donors. ' For this reason, we phrase the following
analysis in the language of excitons.

One can model the magnetoexciton as a hydrogen
atom in a strong magnetic field. ' The Schrodinger equa-
tion for this system is

V' 4+yL, '0+—y (x +y )4——%=E%,2
(6)

where all lengths are normalized to the exciton Bohr ra-
dius a, =A e/e m*, m is the reduced mass of the
electron-hole system, all energies are normalized to the
exciton Rydberg E,„=A' /2m*a, „, and y=A'co, /2E, „ is
the ratio of the cyclotron energy to twice the exciton
Rydberg. Experimental realization of the high-field
(y ))1) regime in InSb is not very difficult. For example,
a magnetic field of 1.0 T corresponds to @=6.3. Equa-
tion (6) neglects any nonparabolicity effects of the con-
duction band and any effects due to the complicated
valence-band structure. Neglecting nonparabolicity is
reasonable since it was shown above that nonparabolicity
is at most a two percent effect. Analytical solutions to
Eq. (6) do not yet exist.
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FIG. 6. A comparison of peak a, shown as the solid circles,
with the theoretical positions of the magnetoexcitons associated
with the a'(0)~a (1) and a'(0) —+a+( —1) transitions. The
exciton binding energy is calculated using the method of Ref.
20. The unrenormalized band edges are shown for reference.
The data correlates most closely with the a'(0)~a+( —1) tran-
sition.

Of particular importance to this experiment is the
ground-state binding energy, E,„(B). We use the results
of Larsen to determine E,„(B). This method provides a
relatively easy formalism with which to calculate the
binding energies. A recent paper by Trzeciakowski
et al. ' compared the model of Larsen with more com-
plete numerical models and showed that energies calcu-
lated using Larsen's wave functions are correct to better
than 1% for magnetic fields as large as y =20.

To compare these calculations with the experimental
data one must first determine from where to measure the
binding energy. If the excitons exist only in the low-
density region of the sample the binding energy must be
measured from the unrenormalized band edge. If the ex-
citons exist in the high-density region, both band-gap re-
normalization and screenging of the magnetoexciton need
to be considered. Haug and Schmitt-Rink' have shown
that for bulk systems the spectral position of the exciton
is remarkably constant as a function of electron-hole pair
density. They comment that this reAects the charge neu-
trality of the exciton. Their calculation does not consider
the efFects of an external magnetic field. Rezayi and Mac-
Donald recently showed that this cancellation is an ex-
act result in two-dimensional systems, even in large mag-
netic fields. Thus, it is not without precedent to expect
that the many-body magnetoexciton may be treated as an
unscreened system. We calculate the position of the mag-
netoexciton emission energy as follows: (1) Assume an un-
screened band gap of Eg =235.3 meV, consistent with
our results in Ref. 1 and the comprehensive results of
Littler et al. (2) Calculate the two lowest a-set transi-
tions, a'(0)~a (1) and a'(0)~a+( —1). (3) Subtract
from these transition energies the magnetoexciton bind-
ing energy as determined by the calculation of Larsen.
The results of this calculation are compared with the ex-
perimental peak positions in Fig. 6. The experimental
points correlate very strongly with the a'(0)~a+( —1)
excitonic transition. However, the theoretical splitting
between the a'(0) —+a (1) and a'(0)~a+( —1) transi-
tion is only 0.25 meV, which is comparable to both the
spectral linewidth and the accuracy with which one can
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claim to know F . It is thus unlikely that we can actually
distinguish between these two transitions. Nonetheless,
this analysis provides quantitative evidence that peak a is
related to the recombination of free magnetoexcitons.

V. DISCUSSION OF THE RESULTS

Quantitative analysis of the spectral position of peak a
strongly suggests that it is an excitonic state. The
Lorentzian line shape also implies a bound system. That
the lifetime inferred from the width of the peak correlates
well with the mobility scattering lifetime is consistent
with the picture of a free exciton.

Peak a increases as the square of the pump intensity.
This too can be shown to be consistent with exciton emis-
sion by considering the following simple rate equation
analysis. Assume that photoexcitation generates carriers
far above the band edge. After many collisions the elec-
trons and holes relax to the band edge as uncorrelated en-
tities. To form an exciton an electron and hole must find
one another. This is proportional to both density of elec-
trons and the density of holes. Thus we define a bimolec-
ular exciton generation rate r„n . Once formed, the ex-
citon optical recombination rate is monomolecular with
lifetime ~„. The rate equation for the exciton is given as

annex nex + P'exn (7)
Bt ex

The steady-state solution yields the relation n,„~n .
One must now consider the density of electrons. As was
shown in Ref. 1, the rate equation in steady state is

Bn n 2 z
p ex=I — —rn —r =0,

where ~„, is the nonradiative recombination lifetime and r
is the bimolecular radiative recombination coe%cient.
Since the carrier recombination in InSb is dominated by
nonradiative processes (see Sec. III), the relation between
electron density and pump intensity is n cc I . Therefore,
the exciton luminescence intensity is given as
w„cc n„~ n ~ 2 ~I, which is consistent with the experi-
mental observation.

The carriers photoexcited by the optical pump diffuse
into the sample establishing a spatial carrier density gra-
dient. One must be concerned as to whether this exciton
exists in the high carrier density region near the sample
surface or in a lower density region deeper in the sample.
The answer lies in the fact that the intensity of exciton
PL is proportional to the density of excitons, which is
proportional to the square of the free carrier density.
Thus, exciton PL from the low-density region should be
weak in comparison to PL from the high-density region.
Therefore, we presume that peak a originates in the
high-density region.

The identification of peak a as recombination of mag-
netoexcitons requires that there be an exact cancellation
between band-gap renormalization and screening of the
exciton for this three-dimensional system in large mag-
netic fields. To the best of our knowledge this has not yet
been shown theoretically. To test this idea further we
studied the spectral position of peak a for pump intensi-
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0.6
U
C/}

Z 04-
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240 241 242
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FIG. 7. MPL pump intensity dependence at 3.0 T. The spec-
tra for 0.5 and 0.3 W/cm have been scaled by factors of 5 and
10, respectively. These spectra were recorded with 500-pm slits,
as opposed to the 250-pm slits used for the spectra of Fig. 3{b),
and therefore appear slightly broader. The larger slit was neces-
sary to improve sensitivity for the spectra taken at low pump in-

tensity.

VI. CONCLUSION

We report mangnetophotoluminescence spectra of un-
doped bulk InSb at 2 K in magnetic fields to 3.0 T. The

ties ranging from 0.3 to 2 W/cm, in magnetic fields
ranging from 1.0 to 3.0 T, with experimental resolution
to +0. 1 meV. Spectra taken at 3.0 T are shown in Fig. 7.
We do not observe any measurable shift in the position of
peak a by varying the pump intensity. This suggests that
the identity found by Rezayi and MacDonald for two-
dimensional systems may also exist for three-dimensional
systems.

Another interesting issue raised by our interpretation
of peak a concerns the magnetic-field-induced metal-
insulator transition. For n-type semiconductors doped
above the Mott density, there exists some critical field B,
at which the system undergoes a metal-insulator transi-
tion (MIT). This transition has been studied in InSb (Ref.
24) and was found to be described by the equation
na ia

~t

= (0.22 ), where a i and a
~~

are parameters of the
hydrogenic wave function of Yafet, Keyes, and Adams.
For a donor density of 5 X 10' cm, InSb should have a
metal-insulator transition at 1.0 T. Similar arguments
should be applicable to the exciton when EHL concepts
are not relevant. It is intriguing that we resolve excitons
at magnetic fields as low as 0.3 T. Optical evidence for
bound states on the metallic side of the MIT has recently
been documented by Choi and Drew in both InSb and
Hg& „Cd„Te and by Romero et aI. in GaAs. In these
far-infrared experiments impurity cyclotron resonance
(ICR) is observed at fields significantly less than 8, . The
field at which the onset of ICR is observed corresponds to
B, for a system with a carrier density five times smaller
than the actual system. This is consistent with our obser-
vations. InSb with a carrier density of n =1X10' cm
should undergo a MIT at B,=0.3 T. Our experiment
suggests that MPL studies specifically designed to probe
the MIT could provide additional insight into the nature
of this transition.
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zero-field band-edge peak is observed to split into three
distinct peaks. The two higher-energy peaks are
identified as recombination radiation of the lowest spin-
split conduction-band Landau levels. The low-energy
peak is quantitatively identified as recombination radia-
tion of magnetoexcitons. This interpretation differs
significantly from any previous interpretation of MPL in
InSb and constitutes the first time such data has had a

quantitative explanation. Finally, our data suggest that
the spectral position of the magnetoexciton is indepen-
dent of the photoexcited electron-hole pair density.
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