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Cyclotron resonance on low density, 2D electron systems in the ultra-quantum limit show split and
shifted resonances. This demonstrates the presence in the ground state of both spin orientation elec-
trons, whose relative proportion is strongly temperature and occupancy dependent. A critical occupancy
of )p divides single-particle behavior in a gaseous phase from the quantum liquid where the resonance
positions are temperature and carrier density dependent. The resonances suggest a mixed spin state for
some regions of the liquid phase.

PACS numbers: 73.20.DX, 78.20.Ls

The phases of the two-dimensional electron system
(2DES) in high magnetic field have been a subject of
substantial interest recently [1-7]. Following the dis-
covery of the fractional quantum Hall liquid (FQHL)
states there is now very strong evidence for the existence
of a Wigner solid (WS) state for both electron [1-4] and
hole [5] systems. Suggestions have been made that both
gas and liquid-crystal phases can exist at intermediate
temperatures, or that domains of solid can persist up to
temperatures well above the classical melting condition
[6]. We report cyclotron resonance studies of the elec-
tron system in which we observe strong evidence for the
existence of a phase boundary separating gaslike, in-

dependent single-particle behavior from a correlated
liquid state, and we have clear evidence that at low quan-
tum occupancy the liquid state is comprised of electrons
of both spin states of the lowest Landau level, with a
preference for spin pairing. By contrast the system ap-
pears to become completely spin polarized only at very
low densities and low temperatures.

The experiment measures cyclotron resonance in a He
cryostat with conventional infrared spectroscopy, using
both a Fourier spectrometer and a CO2 pumped molecu-
lar gas laser. A series of five high mobility GaAs/GaA1-
As heterojunctions grown at Philips Research Labora-
tories, Redhill [7] was studied, with spacer layer thick-
nesses of 480, 320, 240, 160, and 80 nm, which allowed
the carrier concentration to be varied from 1 to 15 x 10'
cm . In addition, continuous reduction of the density in
situ by up to 80% was achieved using above barrier il-
lumination from a HeNe laser with power densities of
—10 -10 W/cm . No difference was detected be-
tween data taken at comparable densities either between
measurements with different samples or with different il-
lumination conditions. The carrier densities were mea-
sured to a precision of —10%, using the total absorption
strength of the resonances. These values agreed well with
transport data taken at low fields, although it was not
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FIG. 1. A series of cyclotron resonance traces from 11.5 T to
17 T taken at 2.5 K for densities 3&10' cm and 5.3&10'
cm, covering the occupancy range 5 to, '4 .

usually possible to make electrical measurements on these
samples at high magnetic fields. The magnetic field
dependences were always measured in the dark, for
which the density remained accurately constant, while
carrier concentration studies were performed using fixed
fields.

Figure 1 shows the transmission spectra for a series of
magnetic fields for two electron densities, covering the
range of occupancies v=

5 to l'4 at 2.5 K. For higher
occupancies a single cyclotron resonance is observed, but
around 6 a second resonance begins to appear on the
higher energy side and the intensity progressively shifts
over to this new peak while the total integrated intensity
remains constant. Such behavior has been reported in-
dependently by two groups [8,9], and was initially inter-
preted in terms of formation of a Wigner solid. Nicholas
et al. [8], however, pointed out that the magnitude of the
splitting is very similar to that observed in bulk GaAs for
the two different (spin conserving) cyclotron transitions
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FIG. 2. The density dependence of the cyclotron resonance
traces at 16 T and 2.2 K is shown covering the occupancy range

gp to 3 . The three samples shown have spacer thicknesses 480,
240, and 120 nm. The ordering of the peaks is reversed in a
field sweep compared with an energy sweep as shown in Fig. 1.
The top axis shows an approximate equivalent energy scale.

originating from the spin (+) and spin ( —) states of the
lowest Landau level. The highest energy transition origi-
nates from the lowest energy spin (+) state due to the
smaller spin splitting of the next Landau level caused by
the energy dependence of the electron g factor [10]. In
the low density limit the absolute positions of both reso-
nances correspond very accurately (+.5 mT) to the field
positions in bulk GaAs, measured with the same system.
The density dependent behavior of the resonances is
shown in Fig. 2 near 16 T, where the occupancy is varied
from —5'o to 3 . At very low densities two resonances
are observed with the higher energy (lower field) spin
(+) resonance as the most intense and the second, weaker
resonance at exactly the field expected for the spin ( —)
transition. As the carrier density increases there is a
small continuous shift in the resonance positions shown in

Fig. 3(a) due to the normal eA'ect of band nonparabolici-
ty. At around v=, '0 (4X[P' cm ) there is a rapid
changeover in intensity between the two resonances and
the resonance positions show an anomalous decrease in

splitting, with the minimum corresponding to the point at
which both intensities are equal. This can be seen in the
inset, showing the splitting between the two peaks as a
function of the polarization of the system defined as
(I+ —I —)/(I++I —), where the I's represent the absorp-
tion strength in the two peaks. The majority of the shift
seems to be associated with the nominally spin (+) tran-
sition. The carrier densities assigned to the spin (+) and
spin ( —) initial states, deduced from I+ and I, are
shown in Fig. 3(b) as a function of the total carrier densi-
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FIG. 3. (a) The position in magnetic field of the cyclotron
resonance lines [open symbols spin (+), filled symbols spin
( —)l is plotted against total carrier density for samples with
spacer thicknesses 480 nm (circles), 240 nm (triangles), and
120 nm (squares). The solid lines show the expected behavior
due to band nonparabolicity, calculated from the formula
m*/m, =1+2.6(Tz)/Eg, where (Tz) is the kinetic energy due
to the self-consistent quasiaceumulation layer potential [101.
The inset shows the anomalous decrease in splitting when the
spin densities are equal. (b) The density per spin state is plot-
ted against total carrier density. At low densities the popula-
tions follow the expected Boltzmann distribution (solid lines),
calculated using the single-particle g factor —0.4. The dashed
lines are guides to the eye only.

ty. The system shows a critical behavior with I(+) and
I( —), swapping over at a critical occupancy (v, ) in the
region of v= ['0 . For the lowest densities, the carrier dis-
tribution is essentially given by the Boltzmann factor for
the single-particle spin splitting [solid lines in Fig. 3(b)].

The existence of a critical occupancy (v, ) is confirmed
by the temperature studies in Fig. 4. In the lower density
case (v =,'2 ), as the temperature falls the intensity shifts
rapidly to the transition corresponding to the lowest ener-
gy initial state [spin (+)], as expected for a single-
particle system. Above v, the behavior is totally diAer-
ent. There is no observable change in the populations of
the two states, but instead the two transitions change po-
sition continuously with temperature, and by 500 mK
have merged to a single resonance at the mean position.
Measurements at occupancies up to 7 show that even
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FIG. 4. Cyclotron resonance traces are shown as a function
of temperature for occupancies —,', and —,
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when the initial resonance intensities are substantially
different at higher temperatures (e.g. , 2.5 K), the low-
temperature limit of the resonance position is always
close to the mean of the single-particle transitions. This
also holds for occupancies up to 3 where only a single
peak is ever detected, but a temperature shift of the posi-
tion is seen from 2 K to 300 mK which can be almost half
of the single-particle spin splitting.

To understand this behavior we need to ask what the
cyclotron resonance is measuring. Kohn's theorem [11]
tells us that in the limit of a perfect system the long-
wavelength cyclotron excitations come exclusively from
the center-of-mass motion and are insensitive to elec-
tron-electron interactions. Under these conditions the
resonance intensities will monitor the single-particle com-
position of the interacting multielectron ground state.
Disorder effects are known to shift the cyclotron reso-
nance positions and cause splittings [12] due to the remo-
val of translational symmetry. However, it is unlikely
that these could be responsible for the behavior seen here
for three reasons. First, there is a systematic density
dependence of the resonance intensities and positions
which are continuous from one sample to the next, in-
dependent of the spacer layers, illumination states, and
cooldown history. Second, the higher density resonance
positions are strongly temperature dependent. This can-
not be explained with a single-particle localized state pic-
ture. Finally, the low density limit of the resonance posi-
tions corresponds very accurately to the bulk values and
the size of the splitting fits the known bulk spin splitting
which has a characteristic 8 dependence. This is very
well fitted up to fields as high as 90 T, where carrier den-
sity dependent spin splittings have been observed at tem-
peratures of 20 K and similar occupancies [13]. Kohn's
theorem also breaks down when more than one carrier
type is present with diA'erent masses. This may or may
not lead to mixing of the diAerent transitions, depending
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FIG. 5. A schematic phase diagram of the 2DES in the low
occupancy region, showing the expected Wigner solid regime,
the FQHL, the region of single-particle behavior, and the in-

teracting doublet region. The circled symbols indicate the pos-
sible spin configuration of the system in each region.

on the interactions present. Calculations by MacDonald
and Kallin [14] suggest that electrons from two different
Landau levels will mix and give a single excitation mode,
but diff'erent spin states of the same Landau level will act
independently at zero k vector. This is similar to the con-
clusions of earlier works [15], where it was shown that
strong electron-electron interactions could mix even reso-
nances from diAerent subbands. Experimental searches
[16] for the spin splitting at occupancies between 1 and 2
have shown that only a single transition can be observed
in high purity GaAs/GaA1As heterojunctions, to an accu-
racy of better than 10% of the expected splitting. The
present results suggest that it is only in the extreme quan-
tum limit that electron interaction eAects are weak
enough to allow both spin transitions to be observed.

The above data suggest that we can draw up a sche-
matic phase diagram for the 2DES as shown in Fig. 5.
At low temperatures and occupancies, WS formation
occurs close to the classical WS melting temperature T,
(typically 200-400 mK for the samples studied here) as
suggested from the earlier work [1-6]. At low densities
(v ( i'& ) and higher temperatures is the gas phase, where
the carrier population is essentially single-particle-like.
As the occupancy rises we enter the region where the
FQHL forms, and our measurements show that this is a
mixture of diA'erent spin states. A "doublet region" ex-
ists, approximately from v= i'0 to 6, in which two reso-
nances are observed whose intensities and positions are
strongly temperature and occupancy dependent, but
which should also form the WS at low temperatures
(which our present results suggest may not always be
completely spin polarized). Although the high density re-
gion (v) —,', ) gives only a single peak, the temperature
dependence of its position suggests that it is also not al-
ways a single-particle transition, but is a coupled reso-
nance as seen for the integral occupancy region 1 & v & 2
[16]. The strong temperature dependence of the reso-
nance positions and the minimum in the splitting at equal
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spin occupancy suggest that the ground state may involve
some spin pairing or realignment in the liquid phases.
The low-temperature limit of the resonance positions cor-
responds to a transition energy to which there is no spin
contribution, i.e., to either an S =0, an S, =0, or a
many-particle state in which the electron spins are
aligned in the plane of the 2DES. The continuous nature
of the transition with temperature suggests that a pro-
gressive spin realignment is taking place, with a canted
spin alignment at intermediate temperatures. The forma-
tion of a mixed spin ground state is already well known
for the case of certain FQHL states, specifically that at
—,', where it was both calculated [17] and shown experi-
mentally [18] at very low fields that the ground state of
the system could be spin unpolarized. It is also possible
that even in the doublet region the second "spin ( —)"
resonance may not come from a pure spin state, but from
one which is only partially polarized.

We now discuss possible origins of this new behavior.
There is strong evidence for the existence of the WS
phase at low temperature and calculations of the phase
diagram [19,20] suggest that once the solid has melted, a
region will exist in which short-range orientational order
may persist as a hexatic liquid-crystal phase, up to a
higher temperature T„above which no ordering re-
mains. Electrical measurements are in general unable to
access the very low occupancies studied here due to the
formation of the insulating phase [1-3]. Luminescence
measurements [6,21] report the observation of two criti-
cal temperatures, interpreted as due either to the pres-
ence of an intermediate hexatic phase [19,20] or a two-
component mixture in which microcrystallites of solid
coexist with liquid phase up to temperatures of order 2 K.
The small domains of solid may be primarily the spin
(+ ) state thought to dominate the WS phase, while the
liquid regions will give the hybridized resonances which
dominate at higher densities. These pictures do not, how-
ever, include the spin degeneracy explicitly. This has
been included recently in a calculation by Moulopoulos
and Ashcroft [22] in which they suggest that the ground
state of a 3D WS may be a paired electron crystal of
S=0 spin-singlet pairs, due to the intrapair exchange
forces, and that this will be more favored for a 2D sys-
tem. Our results would seem to provide strong evidence
that spin pairing occurs in 2D systems. More radical sug-
gestions might include spin paired arrangements such as
are seen in the textured states of liquid He [23] or as has
been suggested for the high field vortex state of type-II
2D superconductors [24]. These would then involve the
formation of triplet spin pairs, possibly leading to a pref-
erential spin alignment in the plane of the 2DES.

In conclusion we may state that we have provided clear
evidence for the existence of a gas-liquid phase boundary
in the 2DES at high fields and for the important role
played by spin degeneracy of the lowest Landau level.
This leads to the observation of spin-split cyclotron reso-
nance in the extreme quantum limit. We interpret the

behavior of the resonance positions and amplitudes as evi-
dence for a novel phase of the 2DES, in which spin pair-
ing occurs.
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