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Abstract. Transport measurements on a series of high-mobility, Aigh-catrier-density (1.0 x
10M < pg < 1.6 x 10" em™2) 20 hole systems in figlds up to 30 T and temperatures down to
30 mK show transitions into a very-high-resistance state at a range of Landau level filling factors
{v) near 2/7. The insulating state shows clear voltage threshold behaviour and strong temperature
dependence consistent with a strongly pinned Wigner solid. We aiso present measurements on a
gated 2D hole gas which enabled the systematic variation of the carrter density near the Wigner
solid phase boundary.

As the carrier density (n,) of a low-disorder two-dimensional (2D) conducter is lowered
one expects, at sufficiently low temperatures, to see a transition to an insulating Wigner
solid (Ws). Such a transition was first observed for 2D electrons on the surface of helium
{1]l. During the last ten years interest has been concentrated upon 2D electron systems
(2DES) formed in GaAs—(Ga,Al)As heterostructures. For 2D systems in zero magnetic fiekd
the onset of the Ws is expected to occur at a critical value of the carrier separation &, in
units of the Bohr radius, ¢g. The calculated critical value of the ratio r; = a/ap is >~ 37
[2, 31. The parameter r, is proportional to the carrier effective mass m* and inversely
proportional to 4/n,. To obtain such values of r; would require unobtainably low densities
in the low-mass n-type heterostructures. However it has recently been claimed that such a
zero-field transition has been observed in the higher-mass n-type MOSFETs for which ry o~ 10,
much smaller than the zero-field critical value [4]. In high magnetic fields in the extreme
quantum limit when carriers are confined to the lowest Landau level the criterion for the
formation of a ws is different. In the limit of low r, one expects the transition to occur
for a critical Landau level filling factor of v, ~ 1/6.5 . Electrical transport, optical and RF
absorption studies of GaAs—(Ga,Al)As 2DES [5], for which r; ~~ 2, seem to indicate that such
a transition may occur for v; less than and just greater than 1/5 but that at 1/5 the ground
state is the fractional quantum Hall (FQH) state. Advances in the growth of high-quality 2D
hole systems (2DHS) on the (311)A plane of GaAs provide a system of much larger mass
and hence larger r,, providing the prospect of observing the wW§ phase transition at larger v,
than for equivalent 2DES. ,

Recent reports of insulating phase transitions near v ~ 1/3 in 2DHS {8, 9, 10] identical
in form to those attributed to the formation of the W3 in two-dimensional electron systems,
add weight to the argument that there exists a well-defined phase boundary between the
normal carrier gas, the FQH liquid and the WS in an r;—v phase space [11, 12, 13]. In this
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work we present observations of insulating transitions in a series of high-mobility 2DHS
samples covering a range of carrier densities from 1.0 x 10" em2 to 1.6 x 10" cm™2,
the highest-density samples so far to exhibit such behaviour. Table 1 gives details of the
devices studied.

Table 1. Experimental values for some parameters of the devices studied.

Sample Dopant Carrier density Mobility (T =50 mK)

{em™) {em? V=i s~ £5%)
A Si 1.0 x 109 210000 10.2
B Si 1.4 x fo! 200 000 9.8
c Be 1.6 x 1071 150 000 8.7
il Si 10-14x10!" 500000 9-10

Transport measurements at low currents (=~ 1 nA) and low frequencies (< 10 Hz) were
performed in a hybrid magnet and dilution refrigerator. Temperatures down to 40 mK were
achieved and for a period of a few minutes ~ 30 mK could be obtained. We estimate
that the hole temperatures may be in the region of 20 mK higher than that of the mixing
chamber. The measured resistances in the insulating phase are corrected for the effective
input impedance of the measuring system (>~ 50 M)

In figure 1 we show a typical longitudinal resistance (R ) and Hall resistance (Ry,) as a
function of magnetic field for sample € at =~ 35 mK. The high quality of the sample is clearly
indicated by the range of FQH minima observed and the well-quantized Hall resistance.
Figure 2 shows the high-field transport {(}3 T < B < 30 T) for the three samples A, B and
C. We see a dramatic insulating transition near to the 2/7 filling fraction with the resistance
approaching two orders of magnitude larger than at low field for all three samples. It can be
seen in figure 1 that the insulating state coliapses rapidly as the temperature increases and
has almost completely disappeared by 260 m¥. In the lowest-density sample (4) we are
able to see the emergence of the 1/5 fractional state at the higher temperatures [14] . The
inset to figure 1 shows an enlarged section of the temperature dependence around the 2/7
fraction. It can clearly be seen that the resistance peak between 2/7 and 1/3 also displays
temperature dependence which is not observed for lower-field R,,. We attribute this to a
weak re-entrance of the Wigner solid above v = 2/7. The re-entrant behaviour is not clearly
displayed in the other samples contrary to expectation with their lower carrier densities [9].
We believe this reflects a longer scattering time for sample C than the zero-field mobility
would seem to indicate. This is corroborated by a better defined set of fractional minima
in Ry, for sample C than for the other samples with nominally higher zero-ficld mobility.

Only a limited study of the temperature dependence of the insulating phase could be
performed due to the time constraints in using a hybrid magnet system. We plot the
activation data for sample C in figure 3(a). The data seem to indicate the existence of two
linear regions corresponding to a high- and a low-temperature activation energy. This is
similar to that observed by Goldman et af {15] who liken this behaviour to that of samples
showing fixed and variable range hopping. The figure 3(&) shows the activation energy AE,
obtained from the low-temperature region of the activation piot, against filling factor. It is
predicted that this should have the general form AE(v) = kgTo(l — v/v.) [16] close to the
insulating transition. The diagram shows a linear dependence and clearly points towards the
region near v = (.29 as being the critical filling factor; however, it fails to distinguish an
ordering of this critical value with carrier density. This may again be due to the differing
mobilities of the samples studied. We find that the prefactor T is about twice the classical
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Figure 1. The magnetoresistances R.y and Ryy for sample C up to 30 T. The R, trace below
20 T is enlarged by a factor of 30. The highest-field data show the temperature dependence of
the insulating state. The inset is an enlarged section of the Ry, temperature dependence around
the 2/7 FQH minimum.

melting temperature, which for our samples is ~ 650 mK. Experiment and calculation on
2DESs yield similar values for Ty [16]. In the limit of » tending to zero, AE{v) should
deviate from this linear dependence and tend to the classical value,

In order to examine the pinning of the insulating state the AC differential resistances of
the samples were measured as a function of applied DC bias. Measurements were performed
with an AC excitation current of 1 nA with the bC bias applied across the AC voltage contacts.
The results are shown in figure 4. The series of full curves are for sample A taken at fixed
magnetic field (B = 17.25 T, v = 0.240) where R, shows strong insulating behaviour,
It can be seen that as one reduces the temperature a strong non-linearity develops. A
platean appears at the lowest temperatures prior to the onset of breakdown of the insulating
state at an electric field of ~ 70 V m™!. Similar behaviour is observed for sample C at
50 mK (broken curves) and sample B at 40 mK (chain curves) which have breakdown
fields of ~ 50 V m~! and =~ 75 V m~! respectively. The development of the dip at zero
bias for sample C, also seen at 70 mK for sample A, is due to the input impedance of the
measurement/bias system which provides a high-impedance parallel current path. The effect
is quite small when the DC bias is applied across the AC voltage contacts but becomes more
pronounced when applied across the AC current contacts. Razin er al [17] calculate the
threshold field for an electron ws pinned by background donors and acceptors. They find
that the charged acceptors give the dominant contribution to the strength of the pinning.
We infer that in the case of a hole, ws charged donors would dominate. Substituting the
background charged donor density Np for the charged acceptor density we then estimate
the threshold field from

En = (0.35e/€}(Np/n)/?)(In(S x 0.68Np/nl/2)~172



L452 Letter to the Editor

1000

800

600

kQo 1)

%
2 400

200

OM‘ b, L i [ P

10 15 20 25 30
B(T)

Figure 2. The insulating transition in Ryy at 40 mK for samples A, B and C. The strengthening
of the 2/7 FGH minimum can be seen immediately prior to the insulating transition.

where S is the sample area (~ 10™% m?). Measurements on samples grown in our MBE
machine give typical room temperature values of Np ~ 10%° to 10 m~3 (see [18] for
example: note that Si is incorporated as an acceptor on the (311)A plane). This gives
values of Ey =~ 4010 350 V m~! for our samples. The observed breakdown fields are
therefore consistent with those expected for a Ws.

Measurementis on a gated 2DHS (sample D) enabled the systematic variation of the carrier
density near the Wigner solid phase boundary. An evaporated Au front gate was applied over
a I um thick layer of polyimide providing a gate isolation of better than 10'* Q. Figure 5
shows the longitudinal resistance R, against filling factor as the carrier density is reduced.
Measurements on an identical sample at 300 mK indicate that the mobility of the sample is
unaffected by the gate bias within the range of biases used. The 2/7 fraction weakens with
decreasing carrier density whilst the transition into the insulating phase appears to move to
larger v. This behaviour is consistent with that of the equivalent fixed camier densities for
. samples A, B and C (figure 2). It is not clear whether the weakening of the 2/7 minimum
is related to an increase in the critical filling factor associated with the insulating phase or a
weakening of the FQH state due to a reduction in the magnitude of the magnetic field. Both
processes may be occurring simultaneously as might also be the case with the deepening of
the 2/7 states seen in figure 2.

That the 2DHG should show a much larger v, than the 2DEG is not surprising because
the carrier effective mass, m", and thus the Landau level mixing is very much greater. Such
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Figure 3. The temperature dependence In{Ry ) for sample C is shown in figure 3(a). Trace A
is at the resistance maximum between filling factors 2/5 and 1/3. Trace B is at the resistance
maximum between filling factors 1/3 and 2/7. The other curves are for filling factors 0.221 (s),
0.224 (o), 0.232 (1), 0.236 (&), 0.245 (A), 0.250 (¥}, 0.255 (¢), 0.260 (¢) and 0.265 (+).
Figure 3(b) shows the approximate activation energy A £ determined from the low-temperature
activation data plotted against filling factor.

mixing can lower the energy of the ws with respect to the normal or FQH state [13]. At high
fields the competition between normal carrier state and Ws is best thought of as dependent
upon A, the ratio of the Coulombic energy to the cyclotron energy. Similarly the FQH/WS
transition should occur at a critical value of A, the ratio of the FQH energy gap to the
cyclotron energy. However, A = rv and Ay = r;v'/2, so for a given value of v both phase
boundaries will occur at a critical value of ;. Thus it seems possible to construct a phase
diagram in an r;—v phase space. Platzman er al[11] indicate the form one might expect for
the normal-carrier-state FQH/WS phase diagram in an r.—v phase space. Recent calculations
of the phase boundaries {3, 12, 13, 19] predict that v, should be significantly increased for
rs = 10 and that the effects of both disorder and finite temperature will further increase v,

The dispersion relationships for the confined holes on the (311)A plane have recently
been caleulated and measured [20, 21]. The lowest sub-band is essentialty isotropic but
shows strong non-parabolicity. The cyclotron mass has been determined to high accuracy
in our material [22} and shows the expected strong field dependence of m*. At B =4.67 T,
which is close to the insulating transition of Santos et al [8,9], m* = 0.304m, in agreement
with their value [8]. By 18.2 T, however, this has risen to 0.389m, and extrapolation to
B = 22 T gives m* =~ 0.40m.. This gives values of r; of ~8-10 for our samples. Previous
work on the 2DEGs has only investigated a small range of values around r; =~ 2 for which
ve =~ 0.22. Santos et al [9] have found v, =~ 2/7 to > 1/3 for samples with r; ~ 9-15
(when calculated from our measured masses). It thus seems highly plausible that a Wigner



L1454 Letter to the Editor

700

600

500

400

300

Rxx(kQ O 1)

200 ¢

100

i

0 N A N i o 1 " ;
-250 -150 -50 o0 150 250

d.c. bias {Vm)

Figure 4. The aC differential resistance Ry, as a function of applied pc electric field for samples
A (full curve, v = 0.240. T = 70 mK), B (broken curve, v = 0.253, T = 40 mK) and € (chain
curve, v = 0.231, T = 40 mK). Also shown is the temperature dependence of the pinning for
sample A for 70, 100, 125 and 250 mK.

transition should occur in our samples at a value intermediate between those observed for
low-density 2DHSs and low-mass 2DESs.

To conclude we observe a strong insulating transition in the longitudinal resistance
in each of our samples ranging in density from 1.0 x 10" ¢cm~2 to 1.6 x 10" cm™2.
The transitions consistently group near the 2/7th filling factor irrespective of mobility or
absolute magnetic field strength with one sample indicating a weak re-entrance of the
insulating state around the 2/7 fraction. The insulating states show a very strong temperature
dependence which is similar to that expected for Wigner crystallization and that seen in 2DES.
Differential resistance measurements show clear non-linear behaviour with threshold fields
of ~ 60 V m~'. This is again consistent with theory and similar to the behaviour taken to
indicate the occurrence of a Wigner solid in 2DES. The overall non-sample-specific behaviour
would be highly unlikely if the insulating transition were the result of simple single-particle
magnetic localization of the carriers. It can, however, be explained consistently in terms of
the theory of the formation of the Wigner solid in a high-mass system,
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Figure 5. Ry. magnetoresistance for the gated sample T against filling factor at 40 mK. The
v = 2/T minima weakens as the carrier density is reduced linearly from 1.4 x 10" em2 (o
1.0 % 10" em2,

References

[1] Grimes C C and Adams G 1979 Phys. Rev. Lert. 42 795
[2] Tanatar B and Ceperley D M 1989 Phys. Rev. B 39 5005
[3} Chui 8 T and Esfarjani K 1991 Europhys. Lett. 14 4 361
[4] Pudalov V M, D'lorio M, Kravchenko § V and Campbell } W 1993 Phys. Rev. Lett. 70 1866
[5] See the extensive references of [6], [7] and [8].
[6] Buhmann H, Joss W, von Klitzing K, Kukushkin I V, Plaut A §, Martinez G, Ploog K and Timofeev V B
1991 Phys. Rev. Letr. 66 926
[7] Williams F I B, Wright P A, Clark R G, Andrei E Y, Deville G, Glattli P C, Probst O, Etienne B, Dorlin C,
Foxon C T and Harris J J 1991 Phys. Rev. Lett. 66 3285
[8] Santos M B, Suen Y W, Shayegan M, Li Y P, Engel L W and Tsui D C 1992 Phys. Rev. Letz. 68 1188
[9} Santos M B, Jo J, Suen Y W, Engel L W and Shayegan M 1992 Phys. Rev. B 46 12630
[10] Rodgers P J, Langerak C J G M, Gallagher B L, Barraclough R J, Henini M, Foster T J, Hill G, Wiegers SAJ
and Perenboom J A A J 1993 Physica B 184 95
[1t) Platzman P M, He S and Price R 1992 J. Low Temp. Phys. 89 239
[12] Zhu Xuejen and Louie S G 1993 Phys, Rev. Lerr. 70 335



L4356 Letter to the Editor

{13} Price R, Plazman P M and Song He 1993 Phys, Rev. Lett, 70 339

[14] Recent studies of our samples in pulsed magnetic fields up to 52 T at temperatures down to 300 mK confirm
the observation of the 1/5 FQH state in sample .4 and indicate that this state is also present for the other
samples. These measurements also indicate that the contacts o these devices show no sign of magnetic
freeze out to these very high fields.

{151 Goldman V J, Wang J K, Bo Su, Shayegan M 1993 Phys. Rev. Leit, 70 647

[16) Chui 8 T and Esfarjani K 1991 Phys. Rev. B 44 11498

{171 Razin I M, Marianer S and Shklovskii B I 1992 Phys. Rev. B 46 3999

[18] Stanaway M B, Grimes R T, Halliday D P, Chambetlain J M, Henini M, Hughes O M, Davies M and Hill G
1989 Shallow lmpurities In Semiconductors, Proc. 3rd Int. Conf. (Linkdping, Sweden, 1988) (inst. Phys.
Conf. Ser, 95) p 195 -

[19] Platzman P M and Price R 1993 Phys. Rev. Lett, 70 3487

[20] Valadares E C 1992 Phys. Rev. B 46 3935

[21] Hayden R K, Valadares E C, Henini M, Eaves L, Maude D K and Portal J C 1993 Physica B 184 285

[22] Hawksworth S D, Hill §, Janssen T J B M, Chamberlain J M, Singleton J, Ekenberg U, Summers G M,
Davies G A, Nictiolas R §, Valadares E C, Henini M and Perenboom § A A 1 1993 Semicond. Sci. Technol.
B 1465 '



