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The binding energy of magnetically induced bound states has been measured in n-InSb
subjected to intense magnetic fields and found to be in agreement with theoretical predic-
tions. Observations of quantum-limit scattering and impurity conduction are discussed.

We have measured the transverse magneto-
resistance and Hall coefficient of n-type InSb
in the quantum limit, i.e., w,7>1 and Zw,
>¢, where w,=eH/mc is the cyclotron fre-
quency and ¢ is the chemical potential. We
have observed several quantum effects at mag-
netic field strengths much greater than those
at which the usual Shubnikov-de Haas oscil-
latory phenomenats>? occur. In particular we
report (1) evidence for the formation of bound
states caused by the presence of an intense
magnetic field; (2) an H*® magnetic-field de-
pendence of the binding energy €; of these bound
states; (3) excellent agreement of both the mag-
netic-field dependence and magnitude of the
experimentally determined binding energy with
the theoretical calculation of €p by Keyes?®;

(4) the first observation, in the quantum lim-
it, of a magnetic-field and temperature depen-
dence of the transverse magnetoresistance
which is very close to that predicted by theo-
ry%5 for the case of ionized impurity scatter-
ing by long-range forces.

Previous experimental investigations';®7 of
the Hall coefficient of lightly doped samples
have indicated that as the magnetic field strength
is increased, the carrier concentration in the
conduction band decreases. In the work of Fred-
erikse and Hosler! and of Keyes and Sladek”
this decrease was attributed qualitatively to
the freeze-out of carriers from the conduction
band into the shallow bound states formed by
the magnetic field. Sladek analyzed his Hall
coefficient data, measured to 28 kG, and ob-
tained the ionization energy of the bound states.
He found that the theoretical® binding energy
exceeded the ionization energy by about 1-Ry
unit at all fields. The scatter in the values of
the ionization energies deduced by Sladek from
his experiments was such as to preclude a pre-
cise determination of their magnetic-field de-
pendence. In the present experiments, because
of the extended range of available magnetic field
strengths, it was possible to investigate more
heavily doped specimens. This circumstance
proves to be favorable for studying the magnet-

ic freeze-out phenomenon. In Sladek’s exper-
iments, carried out on lightly doped specimens,
the analysis was made complicated because

it was necessary to consider two-band conduc-
tion (free carrier, impurity). However, in

a more heavily doped sample the binding ener-

gy is deduced more directly because there ex-
ists a large field interval over which the Hall
coefficient is determined primarily by the freeze-
out process.

The transverse magnetoresistance and Hall
coefficient were measured with the convention-
al four-probe technique on bar-shaped samples
which were spark machined from single crys-
tals of #-InSb. The samples studied had car-
rier concentrations in the exhaustion range
of 2.6X10" cm ™3, 3.7X10'® cm ™3, and 1.1x10%
cm™3. The measurements were performed
between 1.3 and 4.2°K in a water-cooled sole-
noid capable of generating static magnetic fields
up to 150 kG. The accuracy with which the
magnetic field was measured is better than
2%. In all of our experiments care was tak-
en to limit the electric field strength across
the sample to values well below those which
cause impact ionization’>® and nonlinear effects.®

In Fig. 1 the magnetoresistance data, plot-
ted as log| p(H)/p(0)] vs logH, are shown at
several temperatures in the liquid-helium range.
Proceeding in the direction of increasing mag-
netic field strength several prominent features
are noticed. The »=0 Landau level coincides
with the Fermi level at 8 kG for sample No.

315 and at 22 kG for sample No. 116. The ac-
companying peak in the magnetoresistance is
clearly seen in the case of sample No. 116.
When the magnetic field is increased above

30 kG, the magnetoresistance of sample No.
116 obeys a power-law dependence on H, name-
ly, p(H)~ H®-2 both at 4.2 and 1.3°K in the in-
terval 30-90 kG. The magnetoresistance is
thus practically independent of temperature

in this magnetic-field range. A similar depen-
dence of the resistivity upon temperature and
magnetic field is exhibited by sample No. 315
in the interval ~12-25 kG. Our experimental-
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FIG. 1, Transverse magnetoresistance of n-InSb at
liquid-helium temperatures in the quantum limit. The
carrier concentrations in the exhaustion range are
2.6x10%% ¢cm™ and 1.1x10% ecm™ for samples Nos. 315
and 116, respectively.

ly observed temperature and magnetic-field
variation of the resistivity is in close agree-
ment with the one expected theoretically. In
particular, for a degenerate distribution of
electrons in the quantum limit when ionized
impurity scattering by long-range forces is
operative, theory*?® predicts that p(H)~ H3T°.
As the magnetic field becomes more intense,
it starts to affect the equilibrium population
of the free charge carriers. Bound states are
formed due to the presence of the magnetic
field and the binding energy of these states in-
creases as the field progressively becomes
greater. As a result, freeze-out of charge
carriers into the impurity bound states occurs.
This phenomenon is clearly evident in the case
of sample No. 315 above ~40 kG. In this sam-
ple the marked increase of the magnetoresis-
tance with increasing magnetic field at fixed
temperature furnishes evidence for the pres-
ence of ever deepening bound states which re-
move carriers fromthe conduction band. The
increase of magnetoresistance with 1/7 at fixed
magnetic field is also evidence of the existence
of bound states.
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FIG. 2. Magnetic freeze-out in n-InSb in the quantum
limit., Lower curves: magnetic-field dependence of
the Hall coefficient., Samples Nos. 315 and 116 are the
same as in Fig, 1. The carrier concentration of sam-
ple No. 415 in the exhaustion range is 3.7x10!% cm™3,
Upper curve: The dashed line is the theoretical vari-
ation of the binding energy of the ground state, com-
puted with m*=0.014 m, and k,=16.6. The points rep-
resent the magnetic-field dependence of the binding
energy deduced from the Hall data.

Finally, at the very highest fields the slope
of the curve of p(H) vs H for sample No. 315
decreases markedly. It is significant that this
change of slope occurs at the same magnetic
field as the Hall-coefficient maximum in Fig. 2.
The cause of this behavior may lie in the on-
set of impurity conduction, once most of the
charge carriers are frozen out into impurity
sites. The data are suggestive of the existence
of a low-mobility conduction process (operat-
ing in addition to that of the free carriers) which
contributes to the normal conductivity but not
to the Hall coefficient.

The charge-carrier freeze-out phenomenon
becomes most apparent upon examination of
the magnetic-field dependence of the Hall co-
efficient. In Fig. 2, the Hall-coefficient data,
plotted as logR(H) vs HY3, are shown at sev-
eral temperatures in the liquid-helium range.
Charge carrier freeze-out is initiated at a mag-
netic field of about 43, 49, and 110 kG for sam-
ples Nos. 315, 415, and 116, respectively,
since at these fields R(H) starts to increase
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with increasing H. In the case of sample No.
116 only the onset of carrier freeze-out is seen,
but the phenomenon is clearly evident for sam-
ples Nos. 315 and 415. It is apparent from
Fig. 2 that in the carrier freeze-out domain,
the Hall coefficient of the latter two samples
varies as R(H)~exp(OHY3/kT), where b is a
constant, 2 is Boltzmann’s constant, and 7 is
the temperature. The binding energy of the
magnetically induced bound state is simply

€p= bHYS,

Comparison of the curves in Fig. 2 for the
different impurity concentrations shows that
the more heavily doped the specimen, the great-
er is the magnetic field required to initiate
carrier freeze-out. The dependence of this
threshold magnetic field upon impurity con-
centration can be estimated as follows: The
radius of the cyclotron orbit in the plane per-
pendicular to the magnetic field varies as 7
~H™Y2, To obtain the spread of the electronic
wave function in the z direction, we follow El-
liot and Loudon.® For bound states the bind-
ing energy varies as E; ~%/2m*a? and the wave
function varies as ¥ ~exp(-|z|/a), where m*
is the effective mass of the electron. Since
the magnetic-field dependence of the binding
energy is €p ~HY® we find that a ~H 8. The
freeze-out process occurs when the electron-
ic wave function becomes localized within the
volume occupied by a single donor impurity,
ie., ar =Njyp~'. According to this esti-
mate the threshold field for freeze-out H, var-
ies with donor impurity concentration as Hy
~Nimp®”. The data were compared with this
estimate by choosing, as an operational def-
inition, H, to be the field at which one-half
of the charge carriers are frozen out. The
agreement was found to be satisfactory.

In the upper half of Fig. 2 is shown a com-
parison between the experimentally determined
binding energies and the theoretical curve giv-
en by Keyes.® In calculating the theoretical
curve the value of the effective mass was tak-

en as m*=0.014m, and the static dielectric
constant as k,=16.6. This value of the static
dielectric constant is in good agreement with
that measured for pure n-Insb at microwave
frequencies by Perrin, Perrin, and Mercour-
off.1!

In summary it has been shown that the gal-
vanomagnetic properties of #»-InSb can be ef-
fectively investigated in the quantum limit with
the use of very intense magnetic fields. This
material is unique in that it is possible to study
in a single sample, as a function of increas-
ing magnetic field, Shubnikov-de Haas oscil-
lations, quantum-limit scattering processes,
carrier freeze-out, and impurity conduction.
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