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Abstract: When electrons in a solid are excited to a higher
energy band they leave behind a vacancy in the original band.
Such holes behave like positively charged particles. We pre-
dict that holes can spontaneously order into a regular lattice
in semiconductors with sufficiently flat valence bands. The
critical hole to electron effective mass ratio required for this
phase transition is found to be of the order of80 in three di-
mensions and30 in two dimensions. A unified phase diagram
of Coulomb crystals in two-component systems is derived and
verified by first-principe path-integral Monte Carlo simula-
tions (submitted to [1]).

Two component Coulomb crystal

Crystallization appears to be a fundamental property common
to all charged particle systems. The necessary condition for
the existence of a crystal in one-component plasmas (OCP) is
that the mean Coulomb interaction energy, strongly exceeds
the mean kinetic energy. The vast majority of Coulomb mat-
ter in the Universe, however, exists in the form of neutral plas-
mas, containing (at least) two oppositely charged components
(two-component plasma, TCP). Here we analyze the crystal-
lization conditions in a TCP.

Fig. 1. Location of the two-component Wigner crystals in the density-

temperature plane (qualitative picture). Astrophysical ion crystals in

White Dwarf stars and neutron stars are embedded into an extremely

dense quantum electron gas and span the parameter rangeM =

10, 000, . . . , 100, 000, Z = 6, . . . , 23 (carbon to iron) andΘ = 1, . . . , 100.

Crystals in neutral or complex plasmas are surrounded by a dilute classi-

cal electron gas andM andZ may reach1012 and105 , respectively. The

predicted hole crystals in semiconductors exist in the presence of quantum

electrons, they haveZ = Θ = 1, andM has to exceed the critical value.

1 Analytical estimations

Condition for ion (hole) crystal in a TCP:

1)Γ ≥ Γcr, rsh ≥ rcr
sh (1)

2) absence of electron-ion bound states

rse = re/aB > rcr
s

This is fulfilled if electrons can tunnel out of the atom (pres-
sure ionization of atoms, Mott effect),
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, rMott(Te) ' 1.2 10%

M ≥ Mcr(Te) =
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Z4/3rMott(Te)
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which exists in a finite electron density range between
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3

4π
(
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and

n(2)(Te) = n(1)(Te)(
M + 1

M (cr)(Te) + 1
)3 (5)

and below the temperatureT ∗, which is estimated by the
crossing point of the classical and quantum asymptotics of
an OCP crystal

T ?
e = 2d

Z2Θ(M + 1)

Γcrrcr
s

. (6)

whereEB = Ze2

4πεoεr

1
2aB

and aB = ~2

mr

4πεoεr

Ze2 [εr and [mr]
are the back-ground dielectric constant and the reduced mass,
[mr = m−1

h (1 + M)], yielding the requirementZ4/3(M +
1)rse > rcr

s .

Example : 3D (2D) e-h plasma withΘ = τ = 1, Γcr = 83(31).

Fig. 2. Phase diagram of the two-component plasma in the vicinity of the

hole crystal. The blue line indicates the boundary of the Coulomb bound

state phase given byrMott(Te) ' 1.2,and the dotted black line divides the

holes into classical and quantum ones. The red line marks the bound-

ary of the hole crystal for the case ofM = 200, Z = Θ = 1, , with the

asymptotics (dashed green lines),Te = T 2
e andn = n2

e, Eq. (7) where

K = (M + 1)/(M cr + 1) . The dashed red line corresponds toM = 100.

2 Model and simulation idea

• Binary mixture ofNe quantum electrons andNh quantum
holes at temperatureTe = Th.

•DPIMC simulations of electron-hole plasma [2, 3, 4]with
Kelbg potential for Coulomb particles

3 Fraction of e-h bound states

Fig. 3. Electron-hole bound state fraction (including excitons and bi-

excitons) in a3d semiconductor(Z = Θ = 1,M = 40) versus density

for characteristic temperatures given inside the figure.

4 Typical snapshots

M = 1 M = 5

M = 12 M = 50

M = 100 M = 800

Fig. 4. Snapshots of an electron-hole system atT = 0.096 andre = 0.63

for different mass ratio. Blue (yellow) dots represent the fully delocalised

electrons with spin up (down), clouds of red (pink) dots denote holes with

spin up (down). Grey lines indicate the main simulation box in space

which is periodically repeated in all directions.

5 Pair distribution functions and fluc-
tuations
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Fig. 5. Electron-electron (blue, dash-dots), hole-hole (black, full line)

and electron-hole (red, dotted line) pair distribution functions for differ-

ent mass ratios andT = 0.096, rs = 0.63
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Fig. 6. Mean square relative hole-hole distance fluctuations (normal-

ized to the mean inter-particle distance) as a function of mass ratio for

Te = 0.096 andre = 0.63.

6 DPIMC phase diagram

Notation of the the next Fig. 7 are the following: Points: 1 - liquid, 2 -

crystal forM = 800,me = 1, ε = 1 ; 3 - liquid, 4 - crystal -4 forM =

100,me = 1, ε = 1; 5 - liquid, 6 - crystal forM = 800,me = 1, ε = 1; 7 -

liquid for for M = 400,me = 2.1, ε = 25. Lines: 8 - melting line crystal

- liquid; 9 - melting line glass - liquid forM = 100,me = 2.1, ε = 25; 9 -

e-h bound states fraction50%, 10 - e-h bound states fraction10%.

In [5] thermodynamic properties of the condensed excitonic
phase of the intermediate valent systemTmSe0.45Te0.55 have
been measured between 1.5 K and 300 K and high pressure,
as a first experiment of its kind. Fig. 1 shows the temperature-
pressure diagram of the condensed excitonic phase. Tran-
sition between excitonic phase and semi-metallic phase has
been predicted by Mott and Kohn [6, 7].

Fig. 8 Excitonic phase diagram ofTmSe0.45Te0.55 taken from [5]. Exper-

imental points designated by symbols. ”Isobars” in the semi-conducting

and semi-metallic phase are shown as dotted lines, whereas an ”isobar”

entering the excitonic phase is shown by a full line. In the lower abscissa

the energy gap∆E is plotted (negative values refer to the metallic state).
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