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zero field from t = 0 to t = Dt is obtained analyti-
cally from the classical Smoluchowski equation.
For a given time delay, the quantum efficiency
is then obtained by quadrature from Eq. (1). Typ-
ical curves for the quantum efficiency at various
field strengths and thermalization distances x,
are shown in Ref. 8, where the evolution from
g(E) to q(0) is shown as a function of the time
delay.

Fitting the PVK data by this theoretical model
gives the solid lines shown in Fig. 2, with D
-10 "cm'/sec for T = 293 K and D -10 "cm'/
sec for T=373 K. These small values of the dif-
fusion constants mean that in zero applied field
the charge carriers are essentially immobile,
and we are close to the "Anderson limit, "'where
the disorder in the system precludes any diffu-
sion at all. The small values of the mobilities
we deduce from this experiment are perhaps not
inconsistent with the known fact that hole drift
mobilities in PVK are strongly field dependent,
ranging from 10 ' cm'/V sec at 10' V/cm to 10 '
cm'/V sec at 10' V/cm, "although the actual value
at zero field is not known. Nevertheless, it is
difficult to understand why the carriers do not
have a larger diffusion constant in the presence
of their mutual Coulomb field. A possible answer
is that the number of paths available for geminate
recombination to take place at rather small val-
ues of r, (25 A) is severely reduced by the local
disorder, whereas the number of paths available
for dissociation by the external electric field is

not affected to the same extent.
In conclusion, we believe that it is an exciting

development to be able to resolve the photogen-
eration process in some systems by a relatively
simple experimental technique, and that these
preliminary results should stimulate further ex-
perimental and theoretical work in this area.

We would like to thank L. Marks for developing
the computer programs used to evaluate the dis-
tribution function and time-dependent quantum
eff iciency.
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Instability of the Electron-Hole Plasma in Silicon
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It is shown that the electron-phonon interaction in covalent semiconductors drives an
instability in the electron-hole plasma at high temperature. The instability might be the
reason for melting of tetrahedrally bound semiconductors. If this is true, the intrinsic
carrier concentration of silicon at the melting temperature would be of the order of 10
cm 3 instead of the commonly accepted value of 2&&10~~ cm

PACS numbers: 71.38.+i, 63.20.Kr, 64.70.Dv

In the last few years, there has been a large
amount of work' ' induced by the discovery of
laser annealing for ion-implanted semiconductors,
which is a promising technique in microelectron-
ics. However, the actual mechanism responsible
for annealing is still rather controversial. ' ' The

problem is to know if the laser pulse is essential-
ly heating the sample which simply melts or if
the electron-hole (e-h) pairs created by the laser
generate a new fluidlike state. '

Previous work'" on the electron-phonon inter-
action has shown that if a certain fraction & of the
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(u(q, n) =(u, (q)(l —nn/n, ), (2)

where n, =N, /V =5x10" cm ' is the density of Si
atoms. As 4n, is the density of valence-band
electrons, (4n) ' is the fraction of those electrons
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total number n, of valence-band electrons are ex-
cited into the conduction band, then the frequency
of the TA phonon, responsible for the stability of
the crystal, goes to zero and the crystal should
become fluid. This softening of the TA phonon
mode has been used to explain the observed band-

gap variation with temperature.
In this Letter, we want to show that the soften-

ing of the TA phonon mode produces an instability
leading to a first-order phase transition which
can be the one observed in the melting. " The in-
stability temperature T~ depends essentially on

two parameters, the electron and hole (e-h)
masses and the electron-phonon coupling, the
last one being related to the decrease of the gap
with temperature. Unfortunately, these quantities
are unknown at temperatures close to the melting
one, and seem difficult to obtain. With their val-
ues at room temperature, T* is of order 2000 K.

One of the most striking consequences of this
theory is the value of the intrinsic carrier densi-
ty which, up to now, has been believed to be
of order 2&10' cm ' at the melting point by
extrapolation of a well-known formula true only
in the classical limit. If the e-h plasma instabil-
ity is the reason for melting, we predict at the
melting point an intrinsic carrier density as high
as 10" cm '.

One can calculate the variation of T* when an
extra amount of e-h pairs is introduced in the
system. One finds that the radiation beams usual-
ly used in annealing do not create enough e-h
pairs to produce a sizable modification of the in-
stability temperature. This theory also shows
that a tetracoordinated solid with a high plasma
density (say above 10" cm ') is unstable and
therefore cannot exist.

In order to show that the softening of the TA
phonon modes by the e-h pairs leads to a phase
transition, one can consider the free energy + of
a crystal having N, atoms in a volume V, at tem-
perature T, in the presence of + e-h pairs. The
phonon contribution to the free energy has the form

QkT ln(l e" " )-QkT -ln(I1~/kT) (1)

for @~«kT, which is true at large T. The ~ are
the phonon frequencies. For the TA mode, their
variation with the e-h density n =N/V can be writ-
ten as'

e(m, ,„) nuT
BN 1 —nn/no

(4)

If one neglects the Coulomb interaction, negligi-
ble compared to the kinetic part at densities high-
er than 10" cm ', then the e-h pair chemical po-
tential p, =BE/BN is

(5)

where E~, is the band gap (1.17 eV for Si) and p,
and p& are the chemical potentials of a free elec-
tron and hole gas of density n at temperature T.
They are related to n by

n 3)2 A' T

(6)

with

I'(y) = f, dx~x/(e" '+1) (7)

n~ =21t (2mE~ /h')"' =4.5 x 10" cm '

m, * and m„* being the electron and hole effective
masses and g, ~ their degeneracies.

At thermal equilibrium, the e-h pair density
adjusts itself such that the free energy is mini-
mum, i.e., a+/&N = p, =0. y, is negative for low
n as usual but also, because of the softening of
the TA phonon modes, for n & n,/n; so that, at
low T, p =0 for two densities as shown in Fig. 1.
The lowest one, associated with a minimum of E,
corresponds to the well-known intrinsic carrier
density

n(T) n (g g m g3/R g3/2)1/2

x exp[-E~(T)/2kT],

with

EG(T) =E~, —nI2T. (10)

The second zero of p, corresponds to a maximum
of I" and leads to an unstable state.

When T increases, this oscillation of F is
smoothed and finally disappears above a certain

necessary to soften the TA mode. Using (2) in
Eg. (1), one finds that the phonon free energy con-
tains an n-dependent part

~, pI, =N, kT ln(1 —nn/no),

which will contribute to the e-h pair chemical po-
tential, giving an additional term
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FIG. 1. The variation of the free energy E and the e-h pair chemical potential p = BF/BN as a function of the e-h
pair density, above and below the instability temperature T". Inset: the variation of this instability temperature
when an extra, amount of e-h pairs is created by laser radiation.

temperature T*, the equilibrium carrier density
n(T) increasing up to n* such that

sity will be larger than n(T) and is such that

dn/dt =0 =G —n/T(n) +n/T(n(T)). (12)
g(n+, T +) =0 = ay/ani „.r. .

At higher T, there is no longer a stable equilib-
rium density, and the system undergoes a first-
order phase transition at &*. That effect is due
to the decrease of the TA phonon frequency and
n* has to be a sizable fraction of n,/n. o.'can be
related to the variation of the gap via Eq. (10).
Measurements of the temperature variation Eo(T)
have been made up to 400 K,"which is low com-
pared to the Debye temperature of 645 K. The
fit of Eo(T), made at low T, would give & —6.5
for the linear term, but the linear regime is not
yet reached at 400 K, and in the range 1500-1700
K, n could be modified by the expansion of the
crystal. The electron and hole effective masses
are also expected to vary with &, but they have
not been measured at high temperature. A solu-
tion for Eq. (11) is obtained for T*=1 l00 K by
taking a =9.5 and the masses as for T =0 or by
taking n = 7 with the masses having twice their
values at T =0"; the equilibrium carrier density
is found in all cases to be between (1 and 2) & 10"
em, i.e., outside the classical limit where Eq.
(10) is valid (one has g/kT —1).

If the crystal is linked to an e-h source, which
ean be a laser or an electron beam, the system
is no longer isolated and the equilibrium density
is different from the value n(T) given by p =0.
With an e-h generation rate" G, the carrier den-

r(n) is the e-h lifetime, which depends on the
plasma density"; the last term of Eq. (12) de-
scribes the thermal dissociation. Since the e-h
source is a kind of reservoir with a chemical po-
tential p, „„the appropriate free energy one has
to consider is now 5' =E —p, „,N, leading to the
equilibrium condition p(n, T) —p, „,=0. The new
instability temperature T*(G), for a generation
rate G, is obtained when the solution n(G, T) of
Eq. (12) corresponds to the density n*(T) of the
inflection point of E (see Fig. 1). As hn =n*(T)
-n(T) increases when T decreases, the instability
temperature decreases when G increases as ex-
pected. At very low T, the inflection point and
the maximum of I' are very close to n, /o, so that
the instability temperature goes to zero for a
generation rate leading to a carrier density equal
to n,/n. More generally, one expects a sizable
decrease of the instability temperature if the
laser can add to the preexisting plasma a com-
parable amount of e-h pairs, i.e., a few n* more. "
By an expansion of the free energy around (T*,
n*), one finds that the instability temperature as
a function the extra amount of e-h pairs created
by the laser has a horizontal tangent around T*
(see Fig. 1), in contradiction with what one gets
from the Lindemann criterion. ' This is due to
the fact that the Lindemann criterion applies to
a transition temperature, which corresponds to
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a minimum of the free energy, while at the insta-
bility temperature the first and second derivatives
of F cancel.

In summary, we have shown that, because of
electron-phonon coupling, the tetrahedrally co-
ordinated semiconductors undergo a plasma in-
stability at high temperature which could be the
cause of melting. For the case of silicon, we
find that the electron-hole pair density near melt-
ing is much higher than the one predicted by the
classical formula n = (tel, &„)"'exp[- Ea (T )/2k T ].
The creation of a high-density electron-hole plas-
ma by an external source decreases the instabili-
ty temperature so that the crystal will melt at
lower 1'.
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A unified description of solitons in both charge-density-wave (CDW) and spin-density-
wave (SDW) systems is presented within Hartree-Fock theory. Spin-carrying solitons
correspond to a localized SDW region within a CDW ground state or vice versa. Solitons
can have a fractional spin component when the CDW and SDW coexist in the ground state.
In particular, a SDW in an odd-order commensurate system must coexist with a CDW and
solitons have an irrational spin component.
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The ground state of most quasi-one-dimension-
al (1D) conductors is either a charge-density
wave (CDW) or a spin-density wave (SDW).' The
CDW system has been extensively studied and a
variety of nonlinear soliton-type excitations were
found. ' ' The present work extends these theo-
ries to include also a SDW order parameter. In
this scheme the previously known solitons are
naturally manifest and the counting rule'" for
charge or spin is derived by use of derivative ex-
pansions. A table of all passible solitons is pre-
sented; new solitons with an irrational or frac-
tional spin component are found to exist when the

CDW and SDW coexist in the ground state. This
is indeed the case for a SDW with odd-order com-
mensurability.

The system under consideration is that of a
quasi-1D electron gas with nonretarded coupling
constants" g, for backward scattering, g, for
forward scattering, and g, for umklapp scattering
when the electron band is half filled. The system
is studied in the Hartree-Fock scheme' ' which
is a reasonable approximation to the SDW com-
pounds of the (tetramethyl tetraselenafulvalene)P'
family. "

Consider the electron spinor g (x) =(ut (x),
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