PHYSICAL REVIEW B 80, 125328 (2009)

Giant enhanced g-factors in an InSb two-dimensional gas
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We report measurements of the electron g-factor in InSb quantum wells using the coincidence technique,
polarization transition, and temperature-dependent resistivity. All three methods show that there is a giant
enhancement of the spin slitting which is proportional to the spin polarization. Electron Zeeman energies as
high as 51 meV are measured leading to the conclusion that the additional contribution to the spin splitting is
of order 30 meV, more than ten times larger than expected from conventional theories.
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The influence of Coulomb interactions on the spin suscep-
tibility and effective mass in two-dimensional electron and
hole systems has been the subject of intense interest and
speculation recently'= with measurements suggesting a sig-
nificant enhancement of the spin susceptibility at very low-
densities materials with small g-factors such as GaAs-based
systems,*”7 CdTe,® and silicon.!® Such an effect is a key
signature of many-body effects and has been studied theo-
retically for many years, however, to date only a few of the
experimental analysis techniques have considered the influ-
ence of the changing spin polarization on the observed
properties,®® as pointed out theoretically." Traditionally this
phenomenon has been known as exchange enhancement of
the g-factor!! with the origin of the enhancement attributed
to the spin polarization of individual Landau levels. In addi-
tion to collective effects, single-particle spin splitting is also
known to be enhanced by the presence of structural inversion
asymmetry'? (known as the Rashba effect) in which spin-
orbit coupling causes a zero magnetic field spin splitting.
This second phenomenon is known to be particularly strong
in narrow-gap semiconductors.'> Here we examine these
phenomena in the narrow-gap semiconductor, InSb, where
we demonstrate a strong systematic dependence of the elec-
tron g-factor on the electronic polarization and show that this
collective effect is dominant at high fields and shows the
predicted dependence upon total spin polarization. The mag-
nitude of the g-factor enhancement is considerably larger
than expected from the theory suggesting that the mechanism
is not fully understood but the resulting giant effective
g-factors may have very significant implications for applica-
tions in spintronics.

Previous investigations of Zeeman splitting in narrower-
gap semiconductors have usually led to indications of
g-factor enhancement'*~'® although some authors suggest
that the effect is small.'® To date however no systematic
studies comparable to the work performed in GaAs and sili-
con have been reported. One difficulty is the influence of
band nonparabolity which significantly increases the effec-
tive mass and decreases the g-factor relative to the bulk ma-
terials. This is also combined with significantly lower mo-
bilities in these materials, particularly for low-density
samples.

The two methods most commonly used to study the
g-factor are known as the coincidence method?>?' which
uses tilted magnetic fields to cause coincidences between
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spin-split levels with different Landau index and the obser-
vation of the polarization transition>%%1? in parallel magnetic
field at the condition g*ugB=2Ef, where the Zeeman split-
ting is sufficiently large to completely polarize the electron
system. The Zeeman splitting can also be analyzed using the
high temperature dependence of the resistivity?? using the

well-known Lifshitz-Kosevich (LK) formula?

Ap,, exp(— l)cos[7r(v+ 1/2)], (1)

sinh X W, Ty

where the factor X=272kT/ E, and E, is the energy gap cor-
responding to either the cyclotron or Zeeman energy as ap-
propriate. Here we use all three methods which are shown to
give similar results under equivalent conditions.

The samples studied consist of InSb/Al In;_Sb hetero-
structures grown on a semi-insulating GaAs substrate by mo-
lecular beam epitaxy.?* The carriers are confined within 15,
20, or 30 nm InSb quantum wells, with asymmetric doping
and barriers with 10% and 15% Aluminum content. The
samples were fabricated into conventional Hall bars with
typical carrier concentrations of 2—7 X 10" m~2 and mobili-
ties of 2—15 m? V~! s7! as given in Table 1. Magnetotrans-
port measurements were performed between 25 mK and 100
K using superconducting magnets and a dilution refrigerator
and conventional Helium variable-temperature cryostat.
Typical measurement currents were 20 nA in Hall bars of
width 75 um. Both measurement inserts were equipped with
rotation mechanisms which could rotate the samples relative
to the magnetic field direction in sifu. Similar low-
temperature results were found on rotation at both 25 mK
and 1.5 K and all data shown in the figures were taken at 1.5

TABLE 1. Table showing the sample parameters for the four
main samples studied.

Well width Carrier density mobility
Sample (nm) (X10 m™2) (m? v-1sh
Wil 30 1.9-23 11
M1 20 2.7-3.8 2
N1 15 2.6-3.3 15
N2 15 7.0 9
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FIG. 1. (Color online) A series of magnetoresistivity measure-
ments for sample W1 plotted as a function of the perpendicular
component of magnetic field (B cos ) for progressively increasing
angles. Inset: a schematic of Landau levels for a fixed B cos 6.

K as this enabled a greater number of angles to be studied.

A typical series of magnetoresistance measurements at
different rotation angles are shown in Fig. 1 as a function of
the perpendicular component of magnetic field. The perpen-
dicular component of magnetic field was determined by mea-
suring the angle from the slope of the low-field Hall coeffi-
cient. This method is estimated to give an accuracy in cos 6
of =2%. The data clearly demonstrate the initial enhance-
ment of the relative strength of the spin-split minima at odd
values of the level occupancy v due to the dependence of the
spin splitting upon total magnetic field, compared with the
Landau splitting which is proportional to the perpendicular
component. The schematic dependence of the levels upon
tilting is shown in the inset, which demonstrates that coinci-
dences will occur between the two sets of levels at the con-
dition

m pp

8
R 0= , 2
cos P (2)

where the index, R, denotes the order of the coincidence and
corresponds to the number of levels which have crossed
over. The coincidence causes the merging of the split-
resistivity peaks which occurs alternately for even and odd
values of v at odd and even values of R. The only exception
to this is the v=2 crossing where the Ising quantum-Hall
ferromagnet state is formed causing a resistance spike at the
crossing,” as reported previously.!®?® An accurate measure-
ment of the coincidence is made by plotting the resistivity at
integer occupancies which shows a peak as a function of
angle, as shown in Fig. 2. Similarly we expect condition 2 to
lead to a maximum spin gap when R and v are either both
even or both odd and hence produce a minimum in the re-
sistivity.

In order to deduce the g-factors from Eq. (2) it is neces-
sary to know the electron effective mass. This was measured
by fitting the temperature dependence of the oscillation am-
plitudes to the LK formula (Eq. (1)) for all of the samples
studied for several different cool-down sequences (which
generated slightly different electron densities). The results
are shown in Fig. 3 and are found to agree well with predic-
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FIG. 2. (Color online) Plots of the resistivity values as a func-
tion of 1/cos @ at the integer occupancy values v=2-7. The larger
downward arrows indicate the point where the system becomes
fully spin polarized for R=3, 4, and 5 at =3, 4, and 5.

tions from simple four-band k.p theory. The effective-mass
values are typically in the range 0.018—0.026 m,, depending
on the well width, carrier density, and hence Fermi level.

0.028- " ov=2
a) [ ] v=4 : _
_ 0.026+ Theory (30nm) -
;\E‘" o024l T - Theory (15nm) -
£
o 0.022
(2]
]
= 0.020-
(]
=
‘g 0.0184
=
W 0.0161
0.014 T T T T T T T

0 1 2 3 4 155 ) 6 7
Carrier Density (10 m_)

b) 707 1
1 v " y=
23_ L] " ¢ V=3“
o . " v g, +g
5 - —— Theory (30nm)
G 501 . v - — - Theory (15nm)
T 45] . R
40 M

35
304 ~~
25
24  TT==-_T
0 1 2 3 4 5 6 7

FIG. 3. (Color online) Experimental and theoretical dependen-
cies of (a) the effective mass and (b) the g-factor as a function of
density.
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FIG. 4. (Color online) Experimentally determined g-factors as a
function of (a) occupancy, v for sample W1 and (b) total spin po-
larization §=§ for samples W1, N1, and N2.

These values agree well with cyclotron resonance values re-
ported for 30 nm InSb/InAlISb quantum wells by both
ourselves®” and other authors®® but are substantially larger
than the bulk InSb band-edge value of 0.0138 m, (Ref. 29)
due to the effects of nonparabolicity.

Using the effective-mass values we calculate the g-factors
for different values of v and R. An example of these is shown
in Fig. 4(a) for the 30-nm-width sample, W1. There are two
immediate conclusions from this, first that the g-factor in-
creases when the occupancy, v, falls and second that the
values for the g-factor increase with the coincidence index,
R. Similar behavior is seen for all of the samples studied. It
is clear from Fig. 4 that there is a well-defined and system-
atic dependence of the g-factor upon v and R. The origin of
this behavior becomes clear when we replot the g-factors in
terms of the spin polarization of the total system & which is
given by

B nl-n|

Cnl+n|

R
14

3 3)

at the coincidence conditions. Plotting the data for three
samples for all coincidences as a function of ¢ alone in Fig.
4(b) shows a remarkably consistent set of results. This dem-
onstrates that the electron g-factor can be described in terms
of two components, g, a constant polarization independent
term and g™ which gives the proportionality to polarization,
giving

g'=go+8" XE (4)
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TABLE II. Table showing the values of g, and g** as deduced
from the resistivity measurements, compared with the values of
m*/m, and 8k, calculated from conventional k.p theory.

Well width
Sample (nm) m*/m, 8k, g0 g
W1 30 0.0202 32.6 29 37.5
N1 15 0.0228 249 21.2 26
N2 15 0.0266 19.9 19.5 22

The values deduced for g, and g** are given in Table 1T
together with the values expected for the single-particle
g-factor using the same k. p calculations which correctly de-
scribe the effective mass and which are also shown in Fig. 3.
It can be seen that the values for g, are quite close to the
predicted single-particle values, consistent with the fact that
the value deduced for an unpolarized gas is essentially the
“bare” g-factor unenhanced by electron-electron interactions
which are expected to be weak in this system. The depen-
dence of the g-factor on polarization is qualitatively consis-
tent with the predictions of Zhang and Das Sarma' who have
shown that the spin susceptibility should be strongly polar-
ization dependent but the magnitude of the effect is much
larger than their predictions. Experimental evidence for a
polarization dependence of the g-factor was found by Zhu et
al.® for GaAs at much lower densities. These authors re-
ported an empirical formula which predicts strong
polarization-dependent effects at higher densities but were
reluctant to extrapolate their results too far due to the in-
creasing presence of discrepancies in describing the polariza-
tion transition. In previous reports of “exchange enhance-
ment” of the g-factor it has usually been assumed that the
enhancement was only produced by a population difference
in any single Landau level.’® The largest values for the
g-factor were usually found at occupancies where the resis-
tivity has a strong minimum corresponding to a fully polar-
ized Landau level but also to a higher average polarization as
the strongest minima corresponded to lower occupancies
(Eq. (3)). Careful inspection of Fig. 4 shows very slightly
larger values for g* when resistivity minima (v odd, R=1 and
v even, R=2) are used to deduce the coincidence condition 2
compared to the results from maxima, where the system con-
sists of two partially polarized levels, but the differences are
small.

Even for measurements made on fully polarized single
Landau levels where there is a pronounced resistivity mini-
mum at low temperatures, the g-factors for the InSb system
are still found to be dependent upon the total polarization.
Figure 3 shows values of the g-factor deduced from the tem-
perature dependence of the resistivity using the LK formula
for the strongest minima with »=1,3 and #=0. At v=1 there
is good agreement between the values deduced from the ex-
citation gap and the projected value, (go+g**), at é=1, de-
duced from the coincidence method. For v=3 we observe
significantly smaller values for the g-factor which are much
closer to the calculated single-particle values, despite the fact
that at low temperature the minima are completely resolved
and at least as far as the extended states are concerned,?! the
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FIG. 5. (Color online) Magnetoresistance and Hall voltage for
sample W1 at angles close to 90° as a function of total field. The
polarization transition takes place at 13 T, causing a decrease in the
resistivity and an anomaly in the Hall voltage.

individual Landau level is completely spin polarized.

Further confirmation of the enhanced g-factors deduced
here comes from observing the polarization transition>%%10
which takes place for fields close to the parallel orientation.
This is shown in Fig. 5 where a significant magnetoresis-
tance is seen which becomes larger as the quantum well is
rotated away from exact parallel orientation, thus producing
a small perpendicular component of magnetic field. This sug-
gests that the origin of the magnetoresistance is due to elastic
spin-orbit scattering caused by the perpendicular field
component.'33% As a result there is a large drop in resistance
once the system becomes spin polarized which can be seen at
around 13 T. This effect is much larger than seen in larger
gap materials such as GaAs (Refs. 5 and 6) and silicon,>!”
where spin-orbit scattering is much weaker. Interestingly this
point also corresponds to a noticeable additional peak in the
Hall resistance. The magnetic field position of the polariza-
tion transition allows us to calculate the spin splitting by
writing g*upB=2Er which gives g*uzB=51.5 meV and g~
=68.6 (also plotted in Fig. 4), assuming that this has oc-
curred by 13 T. This requires an additional enhancement of
the splitting by ~30 meV above the single-particle value.
Studies at temperatures up to 30 K show the magnetoresis-
tance drop decreasing but show no significant change in the
field necessary for full polarization.

We now discuss the origin of this giant enhancement of
the Zeeman splitting. All three measurement techniques are
in agreement that the fully spin-polarized system has
g-factors of order 40-70, representing a more than 100%
increase over the single-particle values and measured at mag-
netic fields often in excess of 10 T. This requires an addi-
tional contribution to the spin splitting of order 10-30 meV.
The evidence also clearly requires that this enhancement
should be dependent upon the spin polarization of the
system, thus suggesting a many-body effect. The low effec-
tive mass and high dielectric constant of InSb mean that
the measurement regime studied above is one in which the
average ﬂerparﬁcle spacing, as measured by the parameter
ry=ag/\n, is of order 0.15-0.3 where Coulomb effects are
expected to be small.'-3 This is consistent with the fact that
the g-factors measured for the unpolarized system are close
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to the single-particle values. Calculations!* suggest that

the polarization dependence of the spin susceptibility, which
can in principle be measured by the tilted field method,' will
only give a contribution to the spin splitting of order 2 meV
for the InSb system, but detailed calculations are not re-
ported for such small values of r,. Experimentally the work
on larger mass systems such as GaAs,>%?>3 silicon,>!* and
CdTe,®® which all have much smaller single-particle
g-factors, find large proportional increases in the spin sus-
ceptibility at larger values of r,; but the total Coulomb con-
tribution to the splittings measured can be estimated to be
still only in the region of 1-3 meV.

Spin-orbit (Rashba) coupling contributions to the single-
particle splitting!? are also of a similar magnitude. These
have been studied optically by Khodaparast et al.’® in very
similar samples to those used here and found to be only of
order 1 meV at low fields in good agreement with theory'?
which predicts that they become smaller at higher fields.
Electron-nuclear-spin  interactions, as discussed by
Overhauser,’” are also much too small to significantly in-
crease the splitting. Theory suggests® that even if all of the
polarization were transferred to the nuclei, this could only
contribute ~0.4 meV to the splitting at 13 T, while experi-
ments on bulk InSb have reported values ~100X smaller®
than this. The absence of any temperature dependence be-
tween 25 mK and 1.5 K in the coincidence measurements,
and up to 30 K in the depolarization transition measurements
also suggest that electron-nuclear-spin interactions are not
playing a role.

None of the existing theories seem therefore to provide an
explanation of the behavior which we observe. We note that
a significant difference between the samples studied here and
those studied previously are the much larger single-particle
splittings caused by the narrow-gap band structure, which
mean that most data is taken in the regime where the single-
particle splittings are of order 7-28 meV (total B field 4-16
T). These values are significantly larger than the homoge-
neous broadening of the Landau levels as deduced from ei-
ther the mobilities (~0.5 meV) or cyclotron resonance line-
widths ~0.7 meV (Ref. 27) and usually exceed the
inhomogeneous broadening of ~8 meV, as deduced from a
Dingle analysis of the Shubnikov-deHaas oscillations studied
here.*’ This suggests that under most circumstances total
separation of all spin states is achieved, rather than only that
of the delocalized states needed to form strongly resolved
resistivity minima.>' By contrast many of the measurements
on systems such as GaAs are made under conditions where
the single-particle splittings are considerably smaller than the
broadening.”?>344! As a result the observation of spin split
peaks is found to be critically dependent on the broadening
and is less dependent on the magnitude of the single-particle
splittings.’**! We speculate therefore that the large initial
single-particle splittings and even larger total values includ-
ing enhancement, may lead to significantly increased inter-
action effects due to the relatively smaller importance of dis-
order effects. A further possibility which arises due to the
narrow gap band structure is that the Rashba coupling may
be interacting with the exchange effects to enhance one or
other of the two terms.
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In conclusion therefore we have demonstrated that quan-
tum wells based on the narrow-band-gap material InSb can
demonstrate remarkably large values for the Zeeman split-
ting when the electron system becomes fully polarized. This
supports recent suggestions'? that the spin susceptibility of a
two-dimensional electron gas should be polarization depen-
dent but the magnitude of the effect reported here is much
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larger than expected and much larger than observed recently
in larger mass systems.®
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