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A phonon-roton dispersion relation is proposed for the elementary excitations of a quantum
biexcitonic liquid in semiconductors. The proposed dispersion relation is used as a starting point
for a calculation of the photoluminescence spectrum of the liquid and an analysis of its behaviour
under variation of the temperature and density of the biexcitonic liquid. The parameters of the
dispersion curve of elementary excitations of the quantum biexcitonic liquid are evaluated by fitting
the calculated photoluminescence spectrum to the experimental spectrum of the biexcitonic liquid
of semiconducting 3-7ZnP; crystals. Experimental studies of how the photoluminescence spectrum of
a biexcitonic liquid in £-ZnP> depends on the temperature and the intensity of the laser excitation
confirm the initial theoretical model. The dependence of the temperature of the crystals on the
excitation intensity is measured, and for some of the samples an anomalous dependence is found:
the temperature of the crystal decreases as the excitation intensity increases. This effect is probably
a consequence of the giant thermal conductivity of the superfluid biexcitonic liquid in 3-ZnP»
crystals.
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I. INTRODUCTION

For a long time the phenomenon of superfluidity was
observed exclusively in liquid *He at temperatures be-
low 2.17 K. It is well known that the dispersion relation
for elementary excitations in superfluid He II is char-
acterized by the so-called roton gap. A dispersion rela-
tion of this sort was first proposed by Landau [1] and
later investigated theoretically by Feynman [2], and it
was subsequently confirmed in neutron scattering exper-
iments [3]. Among the Bose liquids, *He is unique in
that it remains liquid at atmospheric pressure down to
the lowest temperatures. Other Bose liquids crystallize
at temperatures above those at which superfluidity can
arise. Crystallization sets in because the energy of the in-
termolecular interaction is greater than the vibrational
energy at temperatures above the temperature of the on-
set of superfluidity. Since the vibrational energy goes as
hewyipe o m—1/2 (m is the mass of the molecule), super-
fluidity is more likely to arise in liquid molecular hydro-
gen than in other liquids. However, even in the case of
liquid Hs the energy of the intermolecular interaction is
too large, and crystallization sets in before superfluidity
as the temperature is lowered.

The analogy between Wannier-Mott excitons in semi-
conductors and atomic hydrogen is well known. This
analogy extends to excitonic molecules (EMs or biex-
citons) and to the hydrogen molecule. The problem of
Bose condensation and superfluidity in a system of ex-
citons has been very popular in semiconductor physics
for the past 20-25 years (see, e. g., Refs. [4]- [6]). The
possibility of superfluidity of excitons in a strong mag-
netic field was pointed out in Ref. [5]. An unusual ballis-
tic solitonlike regime of exciton motion in CuyO crystals
was observed in Ref. [6]. This effect was interpreted as
evidence of superfluidity of Bose-condensed excitons.
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Guided by the analogy between excitonic molecules
and hydrogen molecules, one can analyze the possibility
for superfluidity to arise in such a biexcitonic (molecular)
liquid. The existence of a biexcitonic liquid in semicon-
ductors was first considered in Ref. [7]. As we have said,
superfluidity is not observed in liquid hydrogen because
of the earlier onset of crystallization. However, the effec-
tive mass of excitonic molecules is 2-3 orders of magni-
tude smaller than that of the H, molecule, and crystal-
lization of a biexcitonic liquid probably should not occur
at all. Therefore, at sufficiently low temperatures a biex-
citonic liquid can go into a superfluid state. However, as
it turns out, the formation of a biexcitonic liquid itself 1s
extremely problematic. Keldysh [8] and later Brinkman
and Rice [9] pointed out two important differences be-
tween Hs molecules and EMs in typical semiconductors.
First, since the effective masses of the electron and hole
are often of the same order, the binding energy of the
excitonic molecule, measured in units of the binding en-
ergy of the exciton (atom), should be much less than 0.35
for the hydrogen molecule. Secondly, the contribution of
the energy of zero-point motion is considerably larger
in a system of biexcitons because of the small mass of
a biexciton. For these two reasons, as experiments have
shown, in typical semiconductors (Si, Ge, and a number
of others) at high excitation intensities an electron-hole
Fermi liquid is formed. One, therefore, expects that the
formation of a biexcitonic Bose liquid can occur only in
crystals in which the effective masses of the electron and
hole are sufficiently different. Furthermore, the mass of
the EM should be sufficiently large that the contribu-
tion of the zero-point motion is sufficiently small and it
becomes possible for a molecular liquid to form. At the
same time, the mass of the EM must be small enough
that “early” crystallization cannot occur.

Crystals of monoclinic zinc diphosphide (5-ZnPs)
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meet the stated requirements. This crystal i1s charac-
terized by an appreciable difference of the electron and
hole effective masses (¢ = me/mp = 0.06), a rather
large value of the translational mass of the biexciton
Mpex = 3mg (mg is the free electron mass), and a very
strong anisotropy of the effective masses of the carriers.
For example, the anisotropy parameter v = p/pL is
equal to 0.19 (g and py are the values of the reduced
masses of an exciton in the directions parallel to and per-
pendicular to the 7 (¢) axis of the crystal). As we know,
the anisotropy leads to an increase in the binding en-
ergy of free electron-hole complexes, 1. e., excitons, biex-
citons, and their condensates. Therefore, the excitonic
molecule in B-ZnPs has a rather high binding energy
EP_ =6.7meV =0.15E2,.

The excitonic state with the lowest energy in this crys-
tal is the dipole-forbidden 1S state of the orthoexci-
ton [10]. This makes it rather easy to create an apprecia-
ble concentration of excitons and, hence, biexcitons un-
der laser excitation. Studies by the authors have shown
that the condensation of biexcitons in 3-ZnP, crystals
occurs via a hydrogenlike scenario, i. e., unlike the case
of typical semiconductors, a liquid of the molecular (in-
sulator) type forms in them. In the photoluminescence
(PL) spectrum of these crystals one observes the so-
called C' line, which is due to two-photon annihilation
of biexcitions condensed into a molecular (insulator) lig-
uid [11-13]. Note, that at two-photon annihilation there
1s no recoil particle that could take an appreciable part of
the momentum of the annihilating EM. For this reason,
since the photon momentum is very small, momentum
conservation allows two-photon decay only for an EM
with k & 0, 1. e., the two-photon PL line should be very
narrow [14]. In two-electron (one-photon) transitions, in
which only one exciton of a molecule annihilates, the
second, surviving exciton can take an arbitrary quasimo-
mentum, 1. e., the one-photon PL lines are rather wide.
This makes 1t possible to distinguish the two-photon PL
lines of free biexcitons and of a biexcitonic liquid, unlike
the case of the one-photon PL lines. In Refs. [12] and [13]
the phase diagram of a biexcitonic liquid was measured
and 1ts critical parameters were determined: T = 4.9
K, nhex,c = 4.1 x 10™® em™3 (rpex.c & 63 A = 4.2ax,
where aey is the excitonic Bohr radius).

In this paper we propose a model for the quantum
biexcitonic Bose liquid and calculate its emission spec-
trum. In the framework of this model we analyze the
experimentally observed features of the fine structure of
the emission line of a biexcitonic liquid in §-ZnPs (the
C' line) as the temperature and the intensity of the laser
excitation of the crystal are varied.

II. DISPERSION RELATION FOR
ELEMENTARY EXCITATIONS OF A QUANTUM
BIEXCITONIC LIQUID

Thus we assume that the biexcitonic liquid does not
crystallize down to the temperatures at which quantum
effects become important. What sorts of elementary ex-

citations can exist in a quantum biexcitonic Bose li-
quid? It is logical to assume that, first, there are acoustic
phonons. Their dispersion relation is given as

E(k) = huk (1)

where u 1s the sound velocity, and & is the wave vec-
tor. Second, we assume that owing to the intermolecu-
lar interaction in the liquid a collectivization of the in-
tramolecular excitations can occur in it. Since the lowest-
energy excited state of an excitonic molecule is a ro-
tational state [15], these collectivized molecular exci-
tations can be rotational excitations of the molecules.
Here, following Landau [1], these collectivized excita-
tions/quasiparticles will be called rotons. Rotons in a
biexcitonic (molecular) liquid can be regarded as molec-
ular Frenkel excitons. The excitation energy of the
molecule in the presence of phase correlation between
the molecules in the liquid can be written as

AE = AEy+ D + 2M cos[(k — ky)a)], (2)

where A FE) is the excitation energy of a free molecule; D
is the change of the interaction energy of a given molecule
with its neighbours under its excitation, M is the matrix
element for the transfer of the energy of excitation from
the excited molecule to a neighbour being in the ground
state, a is the average distance between these molecules,
and k is the wave vector of a Frenkel exciton, 1. e., in our
case the roton. The last term in Eq. (2) describes the
dispersion relation of rotons and is physically meaning-
ful for |Ak| = |k — k{| < 7/2a. Thus the photon-roton
dispersion relation for elementary excitations of a biex-
citonic liquid can be written as

E(k) = huk at 0 < k < k{, — 7/2a (3)
and k > k{, + 7/2a;
E(k) = huk — v cos[(k — k{)a)]

at k) — m/2a < k <k +7/2a,

where v = —2M . For small |Ak| the second relation of
system (3) can be written in the form

B (k — ko)?

2m,

B (k)= A+ (4)

Equation (4) is exactly the same as the equation pro-
posed by Landau [1] for describing the dispersion rela-
tion of rotons in superfluid He II. Thus our choice of
the term “roton” is not arbitrary but is based on the
similarity of the dispersion relations of rotons in helium
and the collectivized molecular excitations of a biexci-
tonic liquid. In Eq. (4) we have introduced the follow-
ing notation: m, = —h?/2Ma? is the roton effective
mass, ko = ki — m,u/h is the wave vector correspond-
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ing to the roton minimum of the dispersion relation, and
A = huko+2M 4+ m,u?/2 is the energy gap in the spec-
trum of elementary excitations of the biexcitonic liquid.

6.0 K|

20K

15K

1.15K

Intensity

00 02 04 06 08 1.0 1.2

Energy (meV)

Fig. 1. Evolution with temperature of the calculated pho-
toluminescence spectrum of a quantum biexcitonic liquid
with a phonon-roton dispersion relation for the elementary
excitations. The arrow labeled ! indicates the low-energy (1)
component of the spectrum, and the arrow h the high-energy
(h) component.
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Fig. 2. Evolution of the theoretical PL spectrum of a quan-
tum biexcitonic liquid under variation of the square of the ex-
citation intensity (density of the liquid): n o I2.. The curves
are labeled with the value of IZ, in arbitrary units.
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Starting from the dispersion relation (3) for a quan-
tum biexcitonic liquid, let us calculate the PL spec-
trum for such a liquid. The spectrum we are looking
for can be obtained by convolution of the slit function
and the function I(E) = Iyp(E) f(F), where Iy = const,
p(E) = pok?(E)(dk(E)/dE) is the density of states
of the liquid, which is determined from the dispersion
relation for the elementary excitations (pg = const);
F(E) = 1/[exp(E/kpT) — 1] is the distribution func-
tion for the excitations/quasiparticles of the liquid (the
Bose-Einstein distribution function). The zero of energy
E is taken as the value corresponding to the radiative
transition from the state with & = 0. For the parame-
ters of the dispersion curve we used the values obtained
from a best fit of the calculated luminescence spectrum
to the experimental PL spectrum of a biexcitonic liquid,
recorded for a §-ZnP, crystal of high purity. Figures 1
and 2 show an evolution of the calculated PL spectra
of a quantum biexcitonic liquid at variation of temper-
ature and density of liquid, respectively (the density of
the biexcitonic liquid is proportional to 2 ). It is seen
that the PL spectrum of a biexcitonic liquid should have
a two-component structure. In the proposed model it is
assumed that the shape and parameters of the dispersion
curve do not depend on temperature and depend only on
the density of the liquid . The density of the liquid in-
fluences the shape of the dispersion curve and, through
it, the shape of the PL spectrum. We used the following
proportionalities relating the parameters of the disper-
sion curve and the density of the liquid (which is propor-
tional to the square of the excitation intensity): average

intermolecular distance a oc n™1/3 Ie_xz/?’, sound veloc-
ity v o< nl/? o Iy, kja = const, and the modulus of
the matrix element for the excitation transfer between
molecules of the liquid |[M| o< a3 o IZ..

Concluding this Section we must mention the follow-
ing. A short-range order should be established in the sys-
tem of biexcitons due to the substantial interaction be-
tween them; however, there 1s apparently no long-range
order. The presence of short-range order ensures that re-
lation (2) will apply at least in a qualitative way.

III. BIEXCITONIC LIQUID IN p-ZNP»
CRYSTALS. EXPERIMENTAL
RESULTS AND DISCUSSION

At excitation intensities above 1 kW /cm? and temper-
atures below 5 K the PL spectrum of §-ZnP; crystals, as
we have said, contains an emission line of the biexcitonic
liquid (the C line, henceforth called the C' spectrum).
As we see from Figs. 3, 4, and 5, the C' spectrum has a
two-component form, as was predicted by the model set
forth above. Using the dispersion relation of elementary
excitations of a biexcitonic liquid (3) we fit the exper-
imental PL spectrum of the biexcitonic liquid (Fig. 3),
which was obtained for a sample of high purity (excita-
tion energy 3 kW/cm?). This made it possible to deter-
mine the parameters of the dispersion curve of the ele-
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mentary excitations: A = 0.49 meV, ko = 9.8x10%cm™1,

u = 1.4 x 105 ecm/s, and m, = 2.2mg (mp is the free
electron mass), and also the value of the intermolecular
distance in the liquid @ = 92 A = 6.1acy and the temper-
ature of the crystal at the point of excitation, T'= 1.5 K.
The values obtained are physically reasonable, the fact
which, in our view, tends to confirm that the proposed
theoretical model is correct. Further evidence of this is
the good agreement of the experimental and theoretical
spectra, in view of the approximate, model character of
the dispersion curve given by Eqs. (3).

Sample 5Q Energy (meV)
A109
- 0.6
A=049 meV
k = 9.8x10°cm’*
0.3 u=1.4x10° cmisec
N\ a=92A
m=22m,
a ; T=15K b
1 1 n 1 " 1 " " 1 n 1 n 1 n 1
0 3 6 9 12
. 6 -1
Intensity Wave vector (10" cm™)

Fig. 3. Experimental PL spectrum of a biexcitonic liquid
in a 3-ZnP; crystal (solid curve) and its approximation by the
theoretical spectrum (dashed curve) (a); the dispersion curve
for the elementary excitations of the quantum biexcitonic lig-
uid with the parameters obtained by fitting the theoretical
PL spectrum to the experimental spectrum (b). Excitation
intensity is 3 kW /cm?.

The evolution of the shape of the C' spectrum under
variation of temperature and of the square of the excita-
tion intensity are shown in Figs. 4, and 5. The behaviour
of the experimental spectrum under variation of temper-
ature (Fig. 4) is similar to that of the theoretical spec-
trum (Fig. 1). Analysis of the C' spectrum under varia-
tion of the excitation intensity is made difficult by the
fact that simultaneously with the variation of excitation
intensity there is also a variation of temperature, which
has a definite effect on the shape of the spectrum. We
can conclude that the change in the C' spectrum at mod-
erate levels of excitation is probably due mainly to the
influence of temperature (the rise in temperature with in-
creasing Ilexc), while at higher excitation intensities the
evolution of the shape of the C spectrum occurs mainly
on account of the increase in the density of the liquid
with increasing I.x.. What we have said agrees with the
intensity dependence of the temperature of the crystal
at the point of excitation, shown in Fig. 6. Thus the
experiment is described by the theory in a completely
satisfactory way. The shape of the C' spectrum can differ
substantially for different samples. This is due to the fact
that at the same values of the excitation intensity and
crystal temperature, a liquid of higher density should
arise in more pure samples than in less pure samples.

Consequently, the shape of the PL spectrum of the lig-
uid varies with 1ts density.
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Fig. 4. Evolution of the experimental PL spectrum of a
biexcitonic liquid in a 3-ZnP»> crystal under variation of tem-
perature of the sample at the point of excitation. Excitation
intensity is 4.8 kW /cm?.
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Fig. 5. Evolution of the experimental PL spectrum of a
biexcitonic liquid in a $8-ZnP2 crystal under variation of the
square of the excitation intensity. The curves are labeled by

the value of 12, in (kW /cm?)?.

The results presented above suggest that a quantum
biexcitonic liquid characterized by a phonon-roton dis-
persion relation for the elementary excitations can form
in B-ZnPs crystals under certain conditions. This sort
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of dispersion relation, as we know, is evidence that su-
perfluidity can arise in a Bose liquid, in particular, in
liquid *He. Is it possible that superfluidity can arise
in a biexcitonic liquid in a B-ZnP, crystal? To an-
swer this question we performed the following exper-
iments. For some of the samples (Fig. 6) we studied
the temperature of the crystal at the point of exci-
tation as a function of the intensity of the excitation.
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Fig. 6. Temperature of the crystal versus the square of the
excitation energy for different samples: Z2J09-9 (1), ZJ09-14
(2), and ZD99-1 (3).

The normal situation is for the temperature of the crys-
tal to increase with increasing of the excitation inten-
sity. Besides the normal monotonically increasing be-
haviour of T'(I%) (curve I), for several samples we also
obtained anomalous T'(I2) curves: decreasing (curve 2)
or nonmonotonic (curve 3). We think that the anoma-
lous T'(IZ,) dependences can be explained by an anoma-
lously large (giant) thermal conductivity, which accom-
panies the appearance of the superfluid (s) component in

a quantum liquid below the superfluid transition. Such
an effect is well known for superfluid He II. We propose
the following explanation for the anomalous behaviours
observed. At a certain excitation intensity the density
of the liquid reaches values sufficient for a transition of
the liquid to the superfluid state. Upon further increase
in Iexe the density of the liquid increases, with the re-
sult that the temperature of the superfluid transition in-
creases and, with it, the fraction of the s component. This
can increase the thermal conductivity, 1. e., the thermal
energy should be removed more efficiently from the ex-
citation region of the crystal, and so the temperature of
the crystal should decrease with increasing excitation in-
tensity. Apparently those crystals with a monotonically
decreasing T'(1%,) curve (curve 2in Fig. 6) are the purest
and most perfect: they have a low concentration of lat-
tice defects, and therefore a biexcitonic liquid is formed
in them with a sufficiently high density for the onset of
superfluidity and the corresponding giant thermal con-
ductivity. Those crystals with a nonmonotonic T'(12,)
curve (curve Jin Fig. 6) would be less pure. The liquid
formed in them is of a lower density but is nevertheless
sufficient for the appearance of the s component. How-
ever, this component represents a smaller fraction than
in the perfect crystals, and the giant thermal conduc-
tivity provides a sufficiently effective heat removal only
up to certain values of the incoming laser power. When
the power is increased further, the temperature of the
crystal begins to grow. In those crystals with a mono-
tonically increasing T'(I%) dependence (curve I in Fig.
6) the concentration of defects is rather high, and there-
fore the density of the liquid in them does not reach the
values necessary for a transition to the superfluid state
and the resulting onset of giant thermal conductivity. As
a result, the temperature of the crystal at the point of
excitation increases with increasing excitation intensity.
This study was supported in part by the Foundation
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KBAHTOBA BIEKCUTOHHA PITUHA Y KPUCTAJII 3-ZnP,

I. C. I'opbanb, O. A. €umenko, 1. M. Imurpyk, M. M. Binnii
Dizuunut paxyasvmem, Kuiscoxudi naytonarvnuti ynicepcumem imens Tapaca Illesuenxa,
npocn. axad. Laywxosa, 6, Kuis, 03127

3amporoHoBaHO (POTOH-POTOHHE IUCIIEPCIiiHe CIIBBIIHOIIEHHS JIA eJIeMeHTapHUX 30y KeHb KBaHTOBOI OleK-
CATOHHOI PIAMHMA B HaIMBIpoBimHMKax. lle crmiBBIigHONIEHHA BUKOPHUCTAHO AK BHUXIITHUA IYHKT 1A OOYMCITEHH
criekTpa (pOTOTIOMIHICIIEHIT] piauHn i aHa i3y #oro MOBEmIHKM HpW 3MIiHI TeMIepaTypH Ta T'YCTHHH OleKCHTOH-
Hol pimuau. [TapaMerpu mucnepciiiHol KpHBoi 1A ejleMeHTapHUX 30yIKeHb /151 KBaHTOBOl GIeKCUTOHHOI PlIMHEA
OITIHEHO TIPU MOPIBHAHHI 00YMCIEHOTO CHeKTpa hOTOTIOMIHICIIEHIN] I eKCIlepIMeHTaIBHOTO CleKTpa 61eKCUTOHHOI
PIOMHE HAINBIIPOBITHUKOBOTO KpucTasia 3-ZnPs. ExcriepuMmeHTa bl JOCTIKEHHA 3aIe3KHOCTH CIIEKTPa poToITIo-
MiHIcIeHIi biekcuToHHOl pinuan v 3-7ZnPs2 Big reMmmeparyp i IHTEHCUBHOCTH JIa3€PHOIO 30y K EeHHS MMITBEPIKY-
OTh BHXIIHY TEOPETHUHY MOIe b. BUMIpAHO 3a/IeKHICTD TeMIIepaTypyu KpUcTasia Bl IHTEHCUBHOCTH 30YIIKeHHA
i OJIs KUTBKOX 3pa3KiB 3HaAlIeHO aHOMAJIbHY 3aJIeKHICTH: TeMIlepaTypa KPUCTAJIa 3MEHITYEThCH, KOJIU IHTeHCUB-
HicTh 30ymKeHHdA 3poctae. Llell ederr, MabyTh, € HACTIOKOM TIraHTCHKOl TEPMIYHOl MPOBIIHOCTH HaAILTHHHOL

BleKCUTOHHOI piauHu v KpucTasl S-7nPs.
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