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Carrier behavior of HgTe under high pressure revealed
by Hall effect measurement”
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We investigate the carrier behavior of HgTe under high pressures up to 23 GPa using in situ Hall effect measurements.
As the phase transitions from zinc blende to cinnabar, then to rock salt, and finally to Cmcm occur, all the parameters
change discontinuously. The conductivity variation under compression is described by the carrier parameters. For the zinc
blende phase, both the decrease of carrier concentration and the increase of mobility indicate the overlapped valence band
and conduction band separates with pressure. Pressure causes an increase in the hole concentration of HgTe in the cinnabar
phase, which leads to the carrier-type inversion and the lowest mobility at 5.6 GPa. In the phase transition process from
zinc blende to rock salt, Te atoms are the major ones in atomic movements in the pressure regions of 1.0-1.5 GPa and
1.8-3.1 GPa, whereas Hg atoms are the major ones in the pressure regions of 1.5-1.8 GPa and 3.1-7.7 GPa. The polar
optical scattering of the rock salt phase decreases with pressure.
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1. Introduction

HgTe is a typical II-VI semiconductor. Because of many
technical applications in infrared optics and telecommunica-
tion devices, it has attracted broad attention.!'=3] Under high
pressure, HgTe undergoes three structural phase transitions,
i.e., from zinc blende to cinnabar,* then to rock salt,[8-10]
and finally to Cmem %131 gt about 1.2, 8.3, and 12 GPa, re-
spectively. In addition, a distorted-tetrahedral structure with
C222; symmetry was discovered in the transition zone from

zinc blende to cinnabar. !4

1 At each of these phase transitions,
the electrical property and carrier behavior also display abrupt
changes.

In 1982, Ohtani et al.!'% studied the resistivity of HgTe
They ob-

served that the resistivity changes abruptly at about 1.0, 8.0,

under high pressure by an octahedral apparatus.

and 12.0 GPa, related to the corresponding structural phase
transitions of HgTe. According to p = 1/(enpt) (n is the carrier
concentration, and p is mobility), resistivity is determined by
the carrier concentration and mobility. Ohtani ez al.['91 gave
a detailed description on how HgTe electrical resistivity was
affected by compression. However, the physical cause of the
resistivity variation was unknown. To further understand the
physical origin, we feel that it is necessary to study the carrier
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behavior under high pressure.
At ambient conditions, HgTe is stable in the zinc blende

15-171 Under compres-

phase with an inverted band structure.
sion, the overlap of the valence band (I'g state) and conduction
band (I) decreases and the two bands, as shown by theoretical
calculations, separate completely at 0.85 GPa.!'>] These band
structure variations would naturally lead to changes in the car-
rier behavior. At the same time, pressure also induces atomic
displacements from their equilibrium positions, which leads to
the creations of vacancies and defect energy levels, and finally
leads to changes in the carrier behavior. Therefore, the carrier
behavior under high pressure can reflect the atom movements
and band structure variations. As a low-cost and very efficient
atomic probe, the Hall effect measurement is very effective
in detecting the charge carrier behavior variation under high

[18-21

pressure. I Therefore, we decided to carry out Hall effect

measurement under high pressure to further our investigation.

2. Experimental section

Our in situ Hall effect measurements of HgTe under
high pressure were conducted on a diamond anvil cell (DAC),
which is made of nonmagnetic titanium alloy. A piece of non-
magnetic thenium was used as the gasket. A rhenium flake
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was preindented to about 50 pm in thickness. A hole with
about 120 um in diameter was drilled at the center of the in-
dentation. The diamond culet face was 400 um in diameter
with a beveled angle of 10°. The circuit fabricated by the
photolithography method has a regular shape, good symmetry,
a fixed contact area with the sample and remains unchanged
under high pressure, which is necessary for conducting accu-
rate Hall effect measurement in DAC. We chose molybdenum
(Mo) as the electrodes and alumina as their protecting layer.
The microcircuit was arranged according to the van der Pauw
method.[??! After the Mo thin film was sputtered on a diamond
anvil, the coated Mo thin film was overlaid with a van der
Pauw circuit. The Al,O3 layer was sputtered after complet-
ing the Mo thin film circuit and the Al,O3 layer was removed
to allow required exposure. The detailed fabrication process of
the microcircuit was reported previously.!?>~2°! The final mi-
crocircuit and the profile of our designed DAC are shown in
Fig. 1. The electrical current used in this study was 0.1 mA,
which was supplied by a Keithley 2400 current source. The
voltage was measured by a Keithley 2700 multimeter. The
magnetic flux density was measured by a Lakeshore 420 Gauss
meter. All instruments were connected to a computer via a
Keithley Kusb-488 interface adapter and general purpose in-
terface bus. The measurement process was automatically per-
formed. The HgTe powder sample was purchased from the
Alfa Aesar Co. with a purity of 99.999% and compressed up
to 23 GPa. Pressure was measured using ruby fluorescence.
No pressure medium was used in this study. The magnetic
flux density applied to the sample was 6.00 kG.

Fig. 1. Completed microcircuit on diamond anvil (left) and DAC con-
figuration for Hall effect measurement (right). 1: Mo, 2: alumina layer,
3: sample chamber, 4: ruby. A, B, C, and D are the contact ends of the
microcircuit.

3. Results and discussion

Figures 2 and 3 show the pressure dependence of Hall co-
efficient, carrier concentration, mobility and conductivity of
HgTe. It can be seen that Hall coefficient and carrier concen-
tration change discontinuously at 1.0, 1.5, 1.8, 3.1, 5.6, 7.7,
and 17.7 GPa. The mobility changes discontinuously at 1.0,
1.5, 3.1, 5.6, 7.7, and 17.7 GPa. The conductivity changes
discontinuously at 1.0, 3.1, 5.6, 7.7, and 17.7 GPa.

Before 1.0 GPa, HgTe is stable in the zinc blende phase
and its Hall coefficient is negative, which indicates that the

electronic conduction is the dominant transport process for
the zinc blende phase of HgTe. The carrier concentration de-
creases by 55.2% and the mobility increases by 58.5% as the
pressure increases from ambient condition to 1.0 GPa, leading
to a decrease of conductivity by 29%.
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Fig. 2. (a) Hall coefficient, (b) carrier concentration, (c) mobility of HgTe
under high pressure.
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Fig. 3. Conductivity of HgTe under high pressure.
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At about 1.0 GPa, the first discontinuity in the plots of the
pressure dependence of the Hall coefficient and carrier con-
centration is associated with the emergence of the cinnabar
phase in HgTe.l*! In the pressure range from 1.0 to 3.1 GPa,
the Hall coefficient experiences steep changes. The Hall coef-
ficient changes to positive at 1.0 GPa and increases with pres-
sure in the pressure region from 1.0 to 1.5 GPa. The abrupt
decrease of Hall coefficient at 1.5 GPa is related to the ap-
pearance of C222; structure.!'* The decreasing trend of the
Hall coefficient remains up to 1.8 GPa, at which point the Hall
coefficient changes from positive to negative. Above 1.8 GPa,
the decrease of the Hall coefficient absolute value is associated
with the gradual disappearance of zinc blende and the C222,
structure with pressure in the mixed phase region.

After 3.1 GPa, the Hall coefficient becomes stable and
The Hall
coefficient changes from negative to positive at 5.6 GPa, in-

the sample becomes a single phase of cinnabar.

dicating that the dominant transport process of the cinnabar
phase changes from electron to hole conduction. Both the car-
rier concentration and mobility decrease with pressure until
5.6 GPa and then start to increase with pressure, leading to
corresponding variations in the conductivity of the cinnabar
phase.

With increasing pressure, another two discontinuities
were found in all the parameters at 7.7 GPa and 17.7 GPa,
which corresponds respectively to the phase transitions of

t,18-101 and to the Cmem

HgTe from cinnabar to rock sal
phase.['%13] The Hall coefficients of rock salt and Cmcm
phases are positive, indicating that hole conduction is the pri-
mary transport process. The mobility of the rock salt phase
remains practically constant with increasing pressure. Hence,
the conductivity increase of the rock salt phase is mainly due
to the increase of carrier concentration. For the Cmcm phase,
the carrier concentration increases and the mobility decreases
with pressure. Therefore, the increase of the conductivity re-
sults from the increase of carrier concentration.

In the zinc blende phase, HgTe has an inverted band
structure at ambient pressure.!'>"!7l The decrease of car-
rier concentration indicates that the overlapped valence band
(Ig state) and conduction band (I state) gradually separate
under pressure, consistent with the conclusion of theoreti-

(15.17] Under high pressure, the structure of

cal calculations.
HgTe changes from zinc blende through cinnabar and C222,
structure to rock salt.[*1%14] The cinnabar and C222; struc-
ture have always been considered as intermediate phases be-
tween the zinc blende and the rock salt structures.!”-!%27]
With the pressure increasing, the coordination number of
HgTe increases from 4 (zinc blende structure) to 6 (rock salt

[4-10.141 The increase of coordination number re-

structure).
quires relative movements of atoms. If a Hg atom moves with

increasing pressure, a Hg vacancy will generate and the hole

concentration will increase.?8-311 On the other hand, if a Te
atom moves, the Te vacancy will generate and the electron
concentration will increase.?®!

At around 1.0 GPa, the Hall coefficient changes from neg-
ative to positive, indicating the dominant carrier changes from
electron to hole. This suggests that the Hg vacancies are gener-
ated and Hg is the dominant one in atomic movements. From
1.0 to 1.5 GPa, the decrease of the hole concentration indicates
an increase in Te vacancies, and Te becomes the dominant one
in atomic movements. From 1.5 to 1.8 GPa, both the content of
C222 structure in the mixed phase and the hole concentration
increase with pressure, indicating the C222; structure leads
to a generation of Hg vacancies. At 1.8 GPa, the dominant
carrier returns to an electron and then increases with pressure
until 3.1 GPa, which indicates that Te now becomes the major
one in atomic movements. For the cinnabar phase (from 3.1 to
7.7 GPa), the electron decreases in the region of 3.1-5.6 GPa
and the dominant carrier changes to the hole at 5.6 GPa, then
the carrier concentration (hole) increases from 5.6 to 7.7 GPa.
It is reasonable to conclude that under compression, the Hg
vacancies increase and the Hg is the dominant one in atomic
movements from 3.1 to 7.7 GPa.

For HgTe, the mobility is mainly limited by ionized impu-
rity scattering and polar optical scattering.!3>331 The resultant
mobility can be expressed as[*¥

1 1 1
=, (1)
K Hpo Mo

where Upo and yy represent the mobility due to polar optical

and ionized impurity scattering. gy can be expressed as!33-3!

27(2m) 1/ (e80)2 (ks T)?/2
Z22m /2
1 1
X 7 7 7 X =
In(1+p2)=B2/(1+B2)] M

where M is the ionized impurity concentration. From Eq. (2),

Hn =

@

it can be seen that the larger the Ny, the smaller the ;.

At ambient pressure, due to the inverted band structure
of HgTe, the interband resonant processes of conduction and
valence in optical phonon scattering give an important contri-

32371 For the zinc blende phase,

bution to the total scattering. !
the increase of mobility with pressure means the interband
resonant scattering decreases. From this, one can infer that
the overlapped valence band (Ig state) and conduction band
(I¢ state) of HgTe separates with pressure, consistent with the
above conclusion obtained from the carrier concentration anal-
ysis.

The sharp decrease of mobility at 1.0 GPa indicates the in-
crease of ionized impurity concentration related to the appear-
ance of the cinnabar phase.[4‘9] After 1.0 GPa, the increase
of mobility with pressure means further weakening of the in-
terband resonance. The abrupt decrease of Hall mobility at
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1.5 GPa is associated with the appearance of the C222; struc-
ture in the mixed phase.!'*) Above 1.5 GPa, due to the sepa-
ration of the valence band and conduction band with pressure,
the interband resonant scattering reduces and has a positive
contribution to the mobility. As the mobility decreases with
pressure, it indicates the ionized impurity scattering becomes
the dominant contributor and leads to the conclusion that the
ionized impurity concentration increases with pressure.

For the cinnabar phase of HgTe, the electron concentra-
tion is close to the hole concentration, so the mobility can be
expressed as 334!

_ |pwg —nd|

, 3
pln +nile ©

Uy
where p is the concentration of holes, 7 is the concentration of
electrons, uy, is the mobility of holes, and y. is the mobility
of electrons. At 5.6 GPa, the dominant carrier changes from
electron to hole, which leads to the lowest value of mobility.

For the rock salt phase, the ionized impurity concen-
tration increases with pressure (the mercury vacancy can be
seen as a kind of impurity). This would lead to a decrease
of mobility with pressure, different to what was actually ob-
served. Consequently, the polar optical scattering of the rock
salt phase must decrease with pressure. For the Cmcm phase
of HgTe, the mobility decreases with increasing pressure.

4. Conclusions

In conclusion, in situ Hall effect measurements of HgTe
were conducted up to 23 GPa. As the phase transites from
zinc blende to cinnabar, then to rock salt, and finally to Cmcm
occur, all the parameters change discontinuously. The evo-
lution of conductivity with pressure was explained based on
the variation of carrier behavior. For the zinc blende phase,
the variations of carrier concentration and Hall mobility indi-
cate the overlapped valence band and conduction band sepa-
rates under pressure. The hole concentration increases with
pressure and the dominant carrier changes from electron to
hole, which leads to the decrease of mobility of the cinnabar
phase up to 5.6 GPa and the subsequent increase with pres-
sure. The phase transition process from zinc blende to a rock
salt structure was described by the pressure-induced atomic
movements. In the rock salt phase, the polar optical scattering

decreases with pressure.
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