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Magnetization Instability in a Two-Dimensional System
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The spin magnetization of a system of fermions confined to two dimensions, and subject to a strong
magnetic field, has been predicted to exhibit a first-order phase transition as a function of its Zeeman
energy. We present strong experimental evidence that such a paramagnetic to ferromagnetic phase tran-
sition occurs at Landau level filling = 4 in the two-dimensional hole gas. We demonstrate that our
data are not explained by perturbative effects such as Landau level anticrossing, and show that exchange
coefficients measured at odd filling factors are consistent with the predicted size of the gap 4t
[S0031-9007(97)04681-4]
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The ground state of a two-dimensional system (2DS¥kpin-density wave instability which might be expected
of fermions exhibiting the integral quantum Hall effect is from consideration of the magnetoexciton [3,5].
determined by the interplay between the contributions to The variation of the Zeeman energy at fixedmay
the total energy from the strong magnetic field and thébe realized experimentally by tilting the sample with
interparticle interactions. As the single-particle energiesespect to the magnetic field, because the cyclotron
are varied, the system can undergo a phase transition emergy Zwc depends onB,, while the spin splitting
a spin-polarized state driven by the Coulomb exchangeepends on all components Bf Despite clear theoretical
interaction. predictions, an unambiguous experimental observation of

In the quantum Hall effect, the single-particle energythe phase transition has not been reported. One reason
spectrum of an ideal, zero-thickness, 2DS is quantizeds that disorder, which has been shown to inhibit the
into highly degenerate Landau levels by the componentransition [4], confines the search to small even filling
of magnetic field B, perpendicular to the plane of factors. The lowg factor and effective mass of electrons
confinement. The energy gaps at odd filling facters in GaAsAlGaAs heterostructures, which represent the
wherew is the ratio of the density to the degeneracy of acleanest experimental system currently available, require
spin-split Landau level, have been shown to be increasedery large tilt angles (from perpendicular) and therefore
above the Zeeman enerdy by the exchange interaction prohibitively high magnetic fields. The high effective
[1,2] which arises from the Pauli exclusion principle. This
prevents parallel-spin fermions from approaching one -

another, thus reducing their Coulomb interaction energy NS P

compared with that of opposite-spin fermions. < N7 < /\
Figures 1(a) and 1(b) show the dependence of the non-

interacting Landau levels on the total magnetic fiBlébr 0 B 0 B

a system at constant even and odd filling factors, respec- ‘(a) v=even ﬁ (b) v=0dd

tively. At v = odd the two Landau levels that approach

each other are empty, whereas at even filling factors one
is unoccupied but the other is full. This difference is cru-
cial, because in the latter case, the system has the opportu-
nity to lower its energy of interaction by promoting all of
the particles in the highest occupied Landau level into the
nearest unoccupied Landau level of opposite spin. This

process dramatically lowers the Coulomb interaction en- V
ergy of the system, by the exchange mechanism, because >
it increases the total number of particles of the same spin. B=B| B=B|
The noninteracting energy cost of this transfer may be Total B
tuned using the Zeeman energy until it is outweighed by
the reduction in the total interaction energy. The systenf!G. 1. (a) Plot of the Landau levels againstfor fixed B,

then undergoes a first-order paramagnetic-ferromagnetf » = even, in the absence of interactions. The chemical

h t iti . hich th tizati - E’Ié)tential u is represented by the dashed line. The arrows
phase transition (in whic € magnetizauon Increase present the spins of the levels. Inset: the variation of gap

discontinuously)beforethe energy gap to single-particle A with B, for the noninteracting (solid line) and interacting
excitations reaches zero [3,4]. This effect preempts #&dashed line) cases. (b) Same as (a) but for odd filling factors.
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mass ang factor of holes in GaAs eliminate this problem data presented here, although at 12 T, the two terms be-
while retaining a low level of disorder. come comparable. The temperature of the sample was

In the quantum Hall regime, the energy gaps whichmeasured using a calibrated Ge thermometer at zero
occur at integral filling factors lead to zeros in the magnetic field and a carbon resistor, of known magneto-
diagonal resistivityp,,. Experimental evidence that the resistance, at nonze®. Standard four-terminal ac mea-
minimum inp,, atv = 2 failed to vanish as a function of surements were performed using a current of 35 nA to
E7, indicating that the energy gap did not fall to zero, hasmaximize the measured signal, without causing heating
been presented for electrons in the INGAA® system effects.

[6]. Although the authors were unable to measure the At integral filling factors, the chemical potential lies
magnitude of the gap, it was shown that the higher evemidway between the peaks in the density of states, which
filling factor energy gaps did vanish and that samples ofire separated by an enerdy [see Figs. 1(a) and 1(b)].
low mobility did not show the effect. The energy gap fronu to the upper peak in the density of

Although such evidence is a necessary consequence sfates may be measured using an activation energy method
the phase transition, it does not demonstrate its occurrencie. which it is assumed thad,, « exp(—A, /2kgT). This
In particular, the failure of two opposite-spin Landau lev-relationship strictly holds only whekyT <« A, disorder
els to cross can arise because of mixing between them, fas small, ando,, < py,.
example, by the spin-orbit interaction [7]. This explana- Figure 2 is a plot of Ip,, versus1/T, for filling
tion is also consistent with the disappearance of the energwactors 3, 4, and 5 at a particular angle of tilt. The
gap in low quality samples and at higher filling factors. data presented in Fig. 2 were obtained by sweeping the

In this Letter, we report on the energy gaps, determinednagnetic field back and forth over a particular integral
from transport measurements, at fixed even and odflling factor, while the sample temperature was reduced
filling factors in a very high mobility two-dimensional slowly. Data were also taken by sweeping the magnetic
hole gas (2DHG) as the total magnetic field is variedfield at stable temperatures; no systematic difference was
At v = 4, we shall argue that the dependence of thedetected between the two sets of data. The measurement
gap onB is entirely inconsistent with an anticrossing of resistance below () is hampered by noise and voltage
explanation and that the evidence strongly favors the firsteffsets which can distort the data. The solid lines in Fig. 2
order phase transition described above. The dependentepresent linear least-squares fits to the portions of the
of the odd gaps, which are not predicted to exhibit acurves betweer6 < In(p,./kQ) < —3. The data show
phase transition, can, however, be explained by a picturthat the S-dH minima exhibit clear activated behavior, and
in which the Landau levels do, in fact, anticross. Weallow us to deducé , /2 from the gradients of the graphs.
extract coefficients from these data which characterize the The dependence oB expected for the energy gaps at
exchange interactions and show that they are consistestzen and odd filling factors, in a system lacking both
with the size of the energy gap at which the phase
transition occurs fow = 4.

The two-dimensional hole gas used in this study was
grown by molecular beam epitaxy on the (311)A surface
of a semi-insulating GaAs substrate. The hole gas is
confined to a 200 A quantum well that is symmetrically
modulation doped using Si acceptors. The confinement
potential is thought to be close to symmetric, because
the low-field Shubnikov—de Haas (S-dH) oscillations
exhibit no beating [8]. Devices were fabricated into
Hall bars using standard lithographic techniques, and
were contacted using annealed AuBe Ohmic contacts.
Hall bars of this wafer have a carrier concentration of
1.8 X 10> m~2 and a very high mobility in excess of
120 m*V~!s! at temperatures below 1.5 K.

Measurements were performed irflde cryostat (with
a base temperature of 280 mK) designed for ithesitu [
rotation of the sample with respect to the magnetic . A &
field. The angle of tilt was determined from the pe- 1 1.5 2 2.5 3
riodicity of the Shubnikov—de Haas oscillations, which 1/T (K'l)
in an ideal 2DS depends oR; only. Real samples o
have a thickness characterized bywhich is half the FIG- 2. Inpy versus1/T measured at filing factors =

width of the component of the wave function perpendicu-:*> and at an angle o = 51°. The low temperature

. ) [ﬁortions of the curves have been least squares fitted to straight
lar to_the plane. The system remains essentially 20ines, which are plotted. Inset is a diagram indicating the

for \/i/eB = t. This condition holds for most of the sample’s orientation to the magnetic field.
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interactions and Landau level mixing, is represented byhe nonzero Fermi wave vector of the hole gas and the
the solid lines in the insets to Figs. 1(a) and 1(b). Theapplication of the magnetic field mix the light and heavy
measured energy gags, for even and odd filling factors hole states. The Zeeman energy then takes the form

are plotted againstotal magnetic fieldB in Figs. 3(a) g, — /(gﬁBﬁ + g2 B%), which is only linear in totald
and 3(b), respectively. The dependencedafon total i, the isotropic caseg|| = g .

B exhibits a clear turning point at a critical field. = The lack of curvature at lowB in the » = 4 data

9.13 T and a critical gap\¢ = 3.5 = 0.1 K. The curve  jpgicates that the factor is isotropic and therefore that

is close to linear on either side of the transition, althoughz, gepends on the total magnetic field. The solid line
the gradients are different. Limited data are available folperimposed upon the = 4 data in Fig. 3(a) is a

v = 6; these are plotted using open symbols in Fig. 3(@)inear best fit line forB < 7 T. Its gradient suggests
but are less reliable because their gaps are small comparght theg factor of the system ig.1 = 0.05. The solid

to the cryostat base temperature. In contrast, the odétraight lines which are superimposed upon shedata in
energy gaps exhibit highly nonlinear characteristicss  Fig. 3(b), at high and lowB, have the same gradient and
increases at lows, and exhibits a smooth turning point demonstrate that the factors atr = 4 and 5 are similar.

at 5.7 T. Az shows qualitatively similar behavior ths,  However, theA; dependence cannot be described using
although the data are truncated by the limited magneti¢his ¢ factor. The possibility that the large slope is a
field available, and the initial gradient is much greater. consequence of strong anisotropy is rejected because the

It will be argued that the distinct differences betweeny = 4 data are linear.
the odd and even filling factor data may be explained A pair of Landau levels that are mixed by some
by the occurrence of a paramagnetic-ferromagnetic phasgateraction do not cross. In simple perturbation theory, the
transition at the sharp turning point in the= 4 plot.  levels anticross according to an equation of the férns
Before this, the peculiarities of the band structure of the A2(B — By)? + 531 wheres represents the energy gap
2DHG are addressed. In general, thactor of @ 2DHG  paqyeen the interacting levels. The essential properties of
is anisotropic, because the holes are subject to a weliyis equation are that, for(B — Bo) > 8y, the variation
defined axis of symmetry perpendicular to their plangs jinear and its extrapolation passes througi- 0 at
of confinement. At thel’ point of the Brillouin zone, p _ p = |nthe vicinity of this anticrossing, however, the
there exists very little mixing Qf the light and heavy dependence is expected to be curved.
holes and the parallg factor g is zero [9]. However, The A, dependence presented in Fig. 3(a) is not ac-
counted for by the anticrossing picture. The extrapola-
tion of the low-field data reaches thk, = 0 axis at a
much higher field than the turning point. Furthermore,
the dependence is close to linear for®ll Thus we argue
that at the sharp turning point ef = 4, a paramagnetic-
ferromagnetic phase transition occurs in which charge
transfers between approaching Landau levels.

Figure 1(b) shows that av = 5, the approaching
levels are either both full (for energies less tharor both
empty (energy more thap). Thus, a phase transition is
not possible and the levels will anticross through mixing.
The curvature evident for the = 5 data in Fig. 3(b)
confirms this anticrossing interpretation. The maximum
value of A is close tofiwc = eB, /m* wherem® is the

12} {® 112

AEven (K)
D PPOy

4v=3 hole effective mass which takes values betweém, and
2r ° 1 vv=5 12 0.3my in this system. The energy difference between the
o point of intersection of the two solid lines in Fig. 3(b)
0 2 L 1 Ll and the actual data at that field demonstrates that the
0 S 10 0 s 10 anticrossing gap, is approximatelyl.6 * 0.1 K, and is
Total B (T) more than a factor of 2 smaller thak-. The source

of this Landau level mixing is likely to be the spin-

FIG. 3. (a) Filled symbols show the energy gaps measured o : sy . . .
v = 4 as a function of the total magnetic field applied to theaé;?gnlgéeézllﬁzon' which is of particular importance in the

sample. A4 drops linearly to a gap df.5 = 0.1 K at its turning AT o
In the limit of strong magnetic field iwc > Ex),

point at 9.13 T. The solid line is a fit to th&, data below
7.2 T with the slope corresponding togafactor of 1.1. Open the characteristic energiiy of the exchange interaction
at integer filling factors ise?/4meeyly, Wheree is the

symbols show similar data for = 6. (b) The energy gapa;

and As at odd filling factors. As exhibits distinct curvature . g — . .
near to its turning point at 5.7 T. The solid lines have the saméj'eleCtrIC Con_Stam,andB Y _(ﬁ/eBi), '_S the magnetic
gradients as the line in (a), and demonstrate that away from 6 ¥ength. In this regime there is no mixing of the Landau
the data are consistent with tlgefactor measured at = 4. levels by the Coulomb interaction, which is therefore
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unscreened. However, for > 1, the 2DHG enters a directly measured valuAc = 3.5 = 0.1 K is good. An
different regime because of the large effective massindication that the magnitude of the exchange energy
which is not well defined but takes values betw®ehn, is reasonable may be found by including screening
and0.3mgy. Using these values, we finty exceeddiwc  in the Thomas-Fermi approximation. In this simple
by a factor of 5 to 8. Consequently, strong Landau levebpproximation, the coefficientdy,, are reduced from
mixing by the Coulomb interaction is expected, whichtheir unscreened values by an order of magnitude, so that
should screen the interparticle Coulomb potential [10]. they are comparable with, but larger than, the measured
The size of the screened exchange interaction, and igap. The inclusion of the effect of the finite width of
consistency with the value & measured at = 4, may the system, which softens the Coulomb interaction, should
be extracted from the data at odd filling factors. In thelower the calculated energy gap further.
strong magnetic field limit, the Hartree-Fock eneeglyof The difference in gradients measured before and after
a particle may be written as the transition atv = 4 and the observation that the initial
- - slope atr = 3 is much larger than the factor consistent
ey = hoc(N +1/2) + ogpupB = ZuAwunii. (1) yith the data atv = 4 and 5 are not explained by this
whereN is the Landau level index and is the spin [1]. mean-field picture. A more complicated theory, possibly
In the third term,ny; represents the occupancy of Lan- incorporating spin textures, may be required.
dau level(M, o). The coefficientsiyy, represent the ex-  In conclusion, we have measured energy gaps at even
change corrections due to interactions between particles @d odd filling factors in a very strongly interacting
the same spin in Landau levels and M. In the strong fermion liquid. We observe evidence of a first-order
field limit, they take values calculated elsewhere [1], thephase transition from a paramagnetic to a ferromagnetic
most familiar of which isAgy = \/77-_/2EX_ To account State. We can explain most features of the transition using
for the strong Landau level mixing in the 2DHG, we gen-a phenomenological model, the parameters of which are
eralize Eq. (1) by treating théy, as phenomenological estimated from the odd energy gaps. These observations
parameters to be deduced from the data. highlight the utility of low-dimensional hole systems for
The magnetic field at which the phase transition occurghe study of interactions and should stimulate further work
may be determined by equating the total energy of thdo guantify the predictions in the limit of large interaction
system in the paramagnetic and ferromagnetic phaseg€nergies.
The ferromagnetic phase is obtained by transferring all We thank C.H.W. Barnes for useful discussions. This
the particles with spin down from Landau levsl = 1  work was supported by the EPSRC. One of us (D.A.R.)
to the spin-up Landau leveV = 2. The energy gap at acknowledges support from the Toshiba Cambridge
v = 4 at this field can be shown to l§d;; + Ax)/2. Research Centre.
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