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We have studied the effects of hydrostatic pressure on a high-quality two-dimensional electron system under
high magnetic field. The=2/5 and 3/7 fractional quantum Hall effe@QHE) states dramatically vanish and
then subsequently reappear with increasing pressure. In the high-pressaiffestate, tilting of the magnetic
field away from the normal is found to suppress the FQHE state. These results suggest that the high-pressure
v=2/5 FQHE state is spin unpolarized with the spin transition being driven by reduction of Igafaizor
experienced by electrons due to application of pres§&@163-18207)50444-9

The composite fermion picture of the fractional quantumg,B,..,,, compared to the orbital cyclotron energyew.,

Hall effect (FQHE) provides a unified approach to under- opens a possibility of spin reversals at little or no energetic
standing the physics of two-dimensional electron systentost. Experiments have shown that rotation of 2DES with
(2DES under high magnetic fieli> Strong electron- respect to perpendicular magnetic field induces transitions
electron interaction in the presence of quantizing magneti¢rom one spin polarization to another in FQHE states such as
field is thought to produce a strange, new quasiparticle calleg=8/5 and 4/3:2-1® Recent angular-dependent transport
the composite fermioriCF), which consists of an electron study of the FQHE states in the vicinity e#=3/2 has pro-
attached to an even number of flux quanta. One of the moﬁosed an explanation in terms of CF’s with spin whose Lan-
remarkable implications of the CF picture is the existence oyjay levels are split into spin levelé.The coincidences of

a Fermi sea of CF's with a WeII-defllned Fermi surface alpese spin levels give rise to the observed spin transitions
Landau level filling fraction ofy=1/2." Because the mag- aroundv=3/2 and the spin polarization of the FQHE states

netic field is incorporated into these particles as attached . jatermined from the number of up and down spin levels
magnetic flux tubes in the CF picture, the CF'siat1/2 for a given magnetic field

behave as if _they are moving under a zero effective magnetic While it would be of much interest to study such spin
field. In particular, an analogy drawn between the regular

electron system in the absence of magnetic field and the CF%?”J'ZUOS]S ? the primary Seres of ';QbHE lstatltes "’?botllf]‘
at half filling has been instrumental in clarifying many of its ©~ ~'¢’ e Zeeman energy experienced by electrons in the
properties. lowest Landau level is deemed sulfficiently large to fully po-

Away from v=1/2 the CF’s experience an effective mag- larize the spins of typica_l 2DES. The _Fermi wave yector of
netic field Bey=Bexema By_12. A series of geometrical CF's aty= 1/23 as determined from various geometrlcal reso-
resonance experiments, which demonstrate the semiclassid¥nce experiments, has reinforced the notion of spin-
motion of the CF's around=1/2, have provided primary Polarized 2DES in the lowest Landau leve?. Only in
evidence in support of CF%.° Just as the integral quantum 2DES’s with extremely low electron density, signatures of
Hall effect occurs as a consequence of the quantization g¥pin transitions have been observed in the2/3 FQHE
electrons into Landau levels, the FQHE is interpreted as restate!®!® Consequently the physics of spin-degenerate 2DES
sulting from the Landau quantization of CF’s. Thus, the in high magnetic fields has not been experimentally acces-
=p/(2p*=1) series of FQHE states around-1/2 can be sible to date, in spite of diverse spin effects predicted in the
viewed asy=p integral quantum Hall states of CF’s. An limit of vanishing Zeeman enerdy:'° However, the possi-
interpretation of the magneto-oscillatory data on the FQHBbility of realizing a 2DES with a vanishingly smadl factor
states in terms of a simple, single-particle Shubnikov—devia application of pressure has been pointed out previddsly.
Haas formalism has provided a measure of the effective magspplication of hydrostatic pressure is thought to produce
of CF's5° The temperature dependence of resistivity atvariation in the band structure and the spin-orbit coupling,
v=1/2 can be understood in terms of scattering ofwhich results in the reduction in the magnitude of the
impurities'® and phononé? factor experienced by electrofisEnhancement of the=4/3

While these findings generally lend support for a systenQHE under pressure was attributed to the pressure-induced
of spin-polarized CF's in FQHE, a modest Largliéactor (g reduction ofg factor in 2DES® Similar enhancement of
=-0.44) in GaAs necessitates proper accounting of the spirtertain FQHE states in the lowest Landau level has been
of 2DES. The relative smallness of the Zeeman energyreported recentl{?

0163-1829/97/5@0)/127764)/$10.00 56 R12 776 © 1997 The American Physical Society



RAPID COMMUNICATIONS

56 EVIDENCE FOR A SPIN TRANSITION IN THEV:§. .. R12 777

N
o
~ (e

1
3

N =
m N
w
oW
N =
~N W
arliny
W=

-
3

\\9_245 °
ke:zm ©
km.s ©
MIZ.S °
«&ilt 0=0°

| L |

10 12
Perpendicular Magnetic Field, B.(T)

R (kQ)

XX

==

aN
\J
\
)
M
/]

oot =S

I EREE
BN

=
=
=
=
=

’\/\ 13.8kbar /]

6 10 12
Normalized Magnetic Field(T)

S
(DN,

FIG. 1. Magnetoresistance of two-dimensional electron systems |G 2. Magnetoresistance of two-dimensional electron systems

at a temperature of 40 mK for various pressures. Magnetoresistanggder 13.8 kbar of pressure for different tilt angles as a function of
traces have been normalized to the resistance value B2 at 13.8  perpendicular magnetic fielB, =B cosd. Fractions at the top of

kbar of pressure. The magnetic field for different traces has beethe figure indicate the Landau level filling factor.

normalized to the magnetoresistance data at 13.8 kbar for the sake

of comparison. Fractions at the top of the figure indicate the Landau Figure 1 shows the magnetoresistance of a high-quality
level filling factor. 2DES at a temperature of 40 mK for the range of pressure
. . ... between 10 and 13.8 kbar and filling fractions frem1/3 to

In this paper we report on our study of high mobility v=1. Because of pressure-induced reduction in the density of

GaAs/ALGa _,As heterostructures up to 14 kbar of pres- e :

; electrons, the magnetic field scale at different pressures has
sure. Thev=2/5 and 3/7 FQHE states gradually disappear, o ) :
and then subsequently reappear under increasing pressure. en normalized to the data obtained at the highest pressure

: - 13.8 kbar in the figure. In the region of pressure shown in
ressures slightly above the critical pressure necessary f .

{)he collapse,ga rgentrant behavior in Ft)i7|92/5 FQHE mayy 1€ figure, the .F.QHE state_s at.=1/3, 2/3, and 3/5 appear
be induced by rotating the sample relative to the externaYrtually unmodified by application of pressure. In addition,
magnetic field. These results imply a transition from a spiniransport features near=1/2 remain identical for all the
polarized ground state at low pressures to a spin-unpolarizegf€Ssures. In contrast, the FQHE states-a2/5 and 3/7
one at high pressures. This transition appears to be driven [gxhibit dramatic variation with pressure as magnetoresis-
reduction in the Zeeman energy experienced by electrons 48nce minima turn into maxima with increasing pressure. At
a result of decrease in the magnitudegofactor that occurs  »=2/5 the broad minimum seen at 10 kbar gradually narrows
as a result of application of hydrostatic pressure on thavith pressure and turns into a weak doublet at 13.5 kbar of
GaAs/AlLGa, _,As heterostructure. The observed reentrantpressure. Addition of about 0.3 kbar of pressure is found to
behavior of v=2/5 and 3/7 FQHE states is consistent with dramatically restore the FQHE stateiat2/5. A similar be-
the crossing and uncrossing of the CF spin levels arountiavior albeit at a lower pressure can be seen forith8/7
v=1/2. FQHE. The initial magnetoresistance minimum becomes a

The experiments were performed on a high-qualitymaximum and then back to a minimum under increasing
GaAs/ALGa,_,As heterostructure with an electron density pressure. The reentrant FQHE at2/5 under 13.8 kbar of
of n=3.5x 10" cm~2 and mobility of u=2.4x1C° cn?/V  pressure was further studied by rotating the sample with re-
s. Eight symmetrically placed indium contacts were diffusedspect to the perpendicular magnetic field.
around the edge of the sample. Hydrostatic pressure was gen- Figure 2 shows the magnetoresistance under 13.8 kbar of
erated using a miniature pressure clamp made of berylliumpressure at different tilt angles. The tilt angle was determined
copper with a flourinated solvent as the pressure-transmittinffom the shift in the transport features of the data and the
medium. The smallness of the pressure cell limited theperpendicular magnetic field is given By =Bcosd. Similar
sample sizes to less thanx2 mn?. A small light-emitting  to the data on Fig. 1, addition of parallel magnetic field has
diode(LED) chip placed inside the pressure cell was used tao effect on the various FQHE states exceptaR/5. The
illuminate the sample at low temperatures. Compactness ahagnetoresistance minimum of the=2/5 FQHE state be-
the pressure cell allowed it to be immersed inside the mixinggomes progressively weaker and nearly disappears by the
chamber of a top-loading dilution refrigerator. An situ  maximum tilt angle of 24.5°. Unfortunately, the maximum
rotating mechanism was used to rotate the pressure cell. Apilt angle was limited to~25° due to restricted space inside
plication of pressure resulted in a roughly linear decrease ithe mixing chamber and it was not possible to track the
the electron density of 1.4510'° cm™2/kbar in the region of  evolution of ther=2/5 state to higher tilt angles. Nonethe-
accessible pressure. less, the collapse of the=2/5 state with increasing parallel
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magnetic field is reminiscent of previous studies of FQHE 0.8 T ' T 3
states under tilted magnetic fieltfs® These studies have ——
shown that various FQHE states suchvas8/5, 4/3, and 2/3 |
often exhibit reentrant spin transitions under rotating mag- 3 3
netic field upon entering one spin polarization from another. 0.6 F ]
The evolution of thev=2/5 FQHE state to both pressure
and tilting strongly suggests that the observed transition in-
volves the spin of 2DES. While no direct determination of
the spin polarization can be made in the present experiment,
circumstantial evidence strongly suggests that the2/5
state below 13.5 kbar of pressure is spin polarized and that it
becomes spin unpolarized at higher pressures. With a larger {
Zeeman energy favoring a spin-polarized ground state over a
spin-unpolarized state, destruction of the2/5 FQHE from
rotation of the sample over a relatively small range of angles {
shows that the FQHE state under 13.8 kbar of pressure prior {
to the collapse is highly sensitive to small increases in the
Zeeman energy. Such sensitivity to tilting is expected from o-0% " - S
the proximity of the spin transition, and the FQHE state B(tesla)
above 13.5 kbar is likely to be spin unpolarized. It also fol-
lows that they=2/5 state below 13.5 kbar of pressure is spin  FIG. 3. Energy gap of the=2/5 fractional quantum Hall effect
polarized. The gradual weakening of the2/5 andv=3/7 under pressure vs magnetic field. Each data point corresponds to
FQHE states under pressure is consistent with the reducatifferent pressures. Variation in magnetic field occurs as a result of
strength of the spin-polarized ground state from decrease ighange in the electron density brought on by increasing hydrostatic
the Zeeman energy experienced by electrons. Such a redugessure. Inset: Representative Arrhenius plot of magnetoresistivi-
tion in the Zeeman energy is highly indicative of a smagjer tity at »=2/5 vs inverse temperature. The data correspond to the
factor under hydrostatic pressure. highest and the lowest magnetic field shown in the figure.
Tilted-field experiments of the FQHE statesat8/5, 4/3,
2/3, and 3/5 have provided evidence suggestive of a trans
tion from partially polarized or unpolarized FQHE states to
polarized ground states at higher total magnetic fitd&In
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}i_ng of these levels is assumed to be determined by the total
external magnetic field. As the total magnetic field is in-
creased while the effective in-plane magnetic field is held

particular the FQHE at=8/5, as an electron-hole analog of 1Xed. the spin levels from different Landau levels cross one
v=2/5 (8/5=2—2/5), demonstrates a striking reentrant be- anothe_r as the spin splitting Increases. When these spin I_ev-
havior under rotation of the sample away from the nofal €IS coincide, the energy gap disappears and a compressible
and provided evidence suggestive of the predicted spin stafiate may be found. Such a coincidence of CF spin Ievel§
at »=2/5181° Our findings provide convincing evidence of prowdes an elegant explanation for the observed spin transi-
such a spin transition in the=2/5 FQHE state. The splitting 110NS I FQHE. o

of magnetoresistance at2/5, as shown in the magnetore- Extending such a level crossing picturexss 2/5, the ob-

sistance data for 13.5 kbar of pressure in Fig. 1, has beeﬁerved transition seen in both pressure and rotation then may
previously observed for the case ot8/5 (Ref 13 and be viewed as arising from the coincidence of the upper spin

_ ; ; . level of the lowest CF level with the lower spin level of the
=2/3 (Ref. 16 when both the spin-polarized and spin-
Enpolar(ized F(?HE states are weakpest.p P second CF level. The reappearance of the2/5 FQHE

The original theoretical description of FQHE assumed gbove 1_3'5 kbar occurs from occupation of both up and
complete spin polarization and treated the electrons as beirff V" SPin levels of the lowest CF level. Below 13.5 kbar of
“spinless.” Based on the smallness of Zeeman energy i essure, the Zeeman energy is greater than the CYCIOUO”
GaAs/ALGa,_,As heterostructure, the possibility of spin- ;anerlgy'o_f CFS. ar;]d two spm—dovx;nr:i/glls are OCCUD'e.d' A
reversed Hall states at low magnetic fields was initially pro- ocal minimum in the energy gap of t 5 .FQHE state 1
posed for thev=2/5 FQHE stat&® Comparison of the spin- expected as a consequence of such evolution of the spin lev-

polarized and unpolarized=2/5 Hall states revealed that the ©IS:

unpolarized state has a lower potential energy than the po-. F19uré 3 shows the energy gap of the 2/5 FQHE state

larized ground state. In the limit of vanishing Zeeman en-at different magnetic fields. Assuming that magnetoresis-
«exp(—A/2T), the energy gap or

ergy, numerical diagonalization of small systems indicated2NCePxx Is activatedpyy . S
hat they—[2/(2n+1)](2.2,2 reunpolarized. whil equivalently the energy required to create a quasiparticle-
that ther=[2/( )I(5,5.,7, .. .) areunpolarized, while o 7qihole pair at the=2/5 FQHE state may be determined.

the primary Laughlin states=[1/(2n+1)](3,,...) are  Each data point was obtained at different pressures and con-
fully polarized!® Other FQHE states such ds %, ands:  sequently corresponds to a differgnvalue. The energy gap
have been proposed to be partially polarized. at the highest and lowest magnetic fields shown correspond

Recent angular-dependent transport study has proposéd 11.2 and 14.2 kbar of pressure, respectively. The inset of
spin splitting of CF levels to interpret the FQHE statesthe figure shows the representative Arrhenius plot of the
around »=3/21" While the Landau level splitting is deter- magnetoresistance at these pressures. A minimum in the en-
mined by the effective in-plane magnetic field, the spin split-ergy gap is found arouh8 T of magnetic field, which cor-
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responds to 13.8 kbar of pressure. Such a behavior of thgoint it remains unclear what are the relative contributions of
energy gap is consistent with the competition between théhe bareg factor under pressure and the exchange enhance-
spin-polarized and spin-unpolarized ground states as the totalent in the the obtained value ofg=0.21. .
Zeeman energy is varied. Since the Coulomb eneagfg,, Turning to the transition seen at the=3/7 FQHE, a simi-
wherel, is the magnetic length, is proportional t®B and lar but somewhat more complicated behavior is expected due
the Zeeman energy varies linearly with the magnetic field {0 the presence of three spin levels. In the current study, only
the major variation in the energy gap near the spin transitioN€ SPin transition is observed at 11.2 kbar. A second tran-
is expected to come from the contribution from the ZeemarSition is expected at a somewhat lower pressure. In addition,
energy. Variation in the energy gap from the changes in thtudy of thev=2/3 state at low pressurés-6 kbay shows
density of the electrons due to application of pressure is ex3Plitting ?2 the magnetoresistance minimum  reported
pected to be small. previously. , _

With the appearance of the spin-unpolarized2/5 state In summary, we have observed evidence for a spin tran-

under hydrostatic pressure, a question arises as to the val§iion at thev=2/5 FQHE under hydrostatic pressure. Sensi-
of the g factor under pressure. We may deduce ghiactor tivity of the »=2/5 state to both tilting and pressure suggests

from the condition for coincidence of the spin levels whenStrongly that the reentrance seenvat2/s involves the spin

the Zeeman energy of CF’s equals its cyclotron energy: of electrons. Reduction in the magmtudeg)ﬂ‘actor under
pressure appears to be largely responsible for the emergence

OugBiota= 1€ Ber/M* (1)  of the spin transition in the=2/5 FQHE state.
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