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It is shown that if a variable cosmological term in the present Universe
is described by a scalar field with minimal coupling to gravity and with
some phenomenological self-interaction potentialV(w), then this po-
tential can be unambiguously determined from the following observa-
tional data: either from the behavior of density perturbations in dustlike
matter component as a function of redshift~given the Hubble constant
additionally!, or from the luminosity distance as a function of redshift
~given the present density of dustlike matter in terms of the critical
value!. © 1998 American Institute of Physics.
@S0021-3640~98!00122-4#

PACS numbers: 98.80.Cq, 95.35.1d

It has been known for many years that the flat Friedmann–Robertson–W
~FRW! cosmological model with cold dark matter~CDM!, a positive cosmological con
stantL.0 (V01VL51) and an approximately flat~or a Harrison–Zeldovich-like,nS

'1) spectrum of primordial scalar~adiabatic! perturbations fits the observational da
better and has a larger admissible region of the parameters (H0 ,V0) than any other
cosmological model, both with inflationary and noninflationary initial conditions~see,
e.g., Refs. 1 and 2!. HereH0 is the Hubble constant,V058pGrm/3H0

2 includes baryons
and ~mainly! nonbaryonic dark matter,VL[L/3H0

2, and the light velocityc51. This
conclusion was based on the following arguments: a! the relation betweenH0 and the age
of the Universet0, b! the fact that the observed mass/luminosity ratio never lead
values greater thanV0;0.4 up to supercluster scales, c! comparison of the cosmic
microwave background~CMB! temperature anisotropies, the power spectra of den
and velocity matter perturbations, and the present abundance of galaxy cluster
predictions of cosmological models with inflationary initial conditions; d! the observed
values ofrb /rm in rich galaxy clusters taken together with the range for the pre
baryon densityrb admitted by the theory of primordial~Big Bang! nucleosynthesis. I
don’t include gravitational lensing tests~e.g., the number of lensed quasars! here, since
conclusions based on them are less definite at present; however, the most
reconsideration3 has also led to a low valueV0;0.3.

During last year two new pieces of strong evidence forV0,1 have appeared. Th
first ~historically! of them is based on the evolution of the abundance of rich ga
7570021-3640/98/68(10)/7/$15.00 © 1998 American Institute of Physics
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clusters with redshiftz ~Ref. 4; see also the more recent paper by Ekeet al.,5 where the
valueV0'0.560.2 (1s uncertainty! is given!. Still, it should be noted that some doub
have already been cast on the validity of the conclusion thatV051 is really excluded.6

Much better observational data expected in the near future will help to resolve
dilemma unambiguously. The second, completely independent argument
V050.2–0.4 follows from direct observations of supernovae type Ia~SNIa! explosions at
high redshifts up toz;1.7 On the other hand, no direct evidence for a negative spa
curvature of the Universe~i.e., for the open FRW model! has been found. Just th
opposite — the latest CMB constraints~based mainly on the results of the Saskatoon a
CAT experiments!,8 the galaxy abundance at high redshifts,9 and the most recent analys
of the SNIa data in terms of an effective equation of state of a component addingV0 to
unity10 strongly disfavor the open CDM model without a positive cosmological cons
Of course, the possibility of havingboth a positive cosmological constant and spat
curvature of any sign is not yet excluded, but, according to the ‘‘Occam’s razor’’ p
ciple, it would be desirable not to introduce one more basic novel feature of the Uni
~spatial curvature! without conclusive observational evidence. In any case, in spite
many theoretical and experimental attempts to exorcize it, aL term is back again.

It is clear that the introduction of a cosmological constant requires new and
pletely unknown physics in the region of ultralow energies. Solutions with a cosmo
cal constant occur in such fundamental theories as supergravity and M theory. How
this cosmological constant is always negative and very large. As compared to s
basic ‘‘vacuum’’ state, a very small and positive cosmological constant allowed in
present Universe may be thought as corresponding to the energy density«L of a highly
excited~though still very symmetric! ‘‘background’’ state,.so it need not be very ‘‘fun
damental.’’ But then it is natural to omit the assumption that it should be exactly
stant. In this case the name ‘‘a cosmological term’’~or aL term! is more relevant for it,
so I shall use this one below. The principal difference between two kinds of nonbar
dark matter — dustlike CDM and aL term — is that the latter one is not gravitational
clustered up to scales;30 h21 or more~otherwise we would return to the problem wh
V0 observed from gravitational clustering is not equal to unity!. Here h5H0/100
km•s21Mpc21.

On the other hand, there exists a well-known strong argument showing that aL term
cannot change with time as fast as the matter densityrm and the Ricci tensor~i.e.,}t22)
during the matter-dominated stage~for redshiftsz,43104h2). Really, if «L}rm , so that
VL5const, then matter density perturbations in the CDM1baryon component grow as

d[S dr

r D
m

}ta}~11z!23a/2, a5
A25224VL21

6
.

As a consequence, the total growth of perturbationsD since the time of equality of matte
and radiation energy densities up to the present moment is less than in the absenc
L term. If VL!1, thenD(VL)5D(0)(12(6.412 lnh)VL). Since the parameters o
viable cosmological models are so tightly constrained thatD may not be reduced by mor
than about twice, this type of aL term cannot account for more than;0.1 of the critical
energy density~see Ref. 11 for detailed investigation confirming this conclusion!. This,
unfortunately, precludes a natural explanation of the presentL term withVL5(0.5–0.8)
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in terms of ‘‘compensation’’ mechanisms12 or exponential potentials with sufficientl
large exponents;13 in other words, aL term cannot be produced by an exactly ‘‘tracke
field, as was recently proposed in Ref. 14.

A natural and simple description of a variableL term is just that which was so
successively used to construct the simplest versions of the inflationary scenario, na
a scalar field with some interaction potentialV(w) minimally coupled to the Einstein
gravity. Such an approach, though phenomenological, is nevertheless more consist
fundamental than a commonly used attempt to describe aL term by a barotropic idea
fluid with some equation of state. The latter approach cannot be made internally c
tent in the case of negative pressure, which is implied by observations;10 in particular, it
generally leads to imaginary values of the sound velocity. On the contrary, no
problems arise using the scalar field description~this scalar field is called theL field
below!. Of course, its effective massumw

2 u5ud2V/dw2u should be very small to avoid
gravitational clustering of this field in galaxies, clusters, and superclusters. To makL
term slowly varying, we assume thatumwu;H0;10233 eV or less~though this condition
may be relaxed!. Models with a time-dependentL term were introduced more than te
years ago,15 and different potentialsV(w) ~all inspired by inflationary models! have been
considered: exponential,13,16,11,17inverse power-law,18 power-law,19 and cosine.20,17

However, it is clear that since we know essentially nothing about physics at
energies, there exists no preferred theoretical candidate forV(w). In this case, it is more
natural to go from observations to theory, and to determine an effective phenomen
cal potentialV(w) from observational data. The two new tests mentioned above ar
most suitable for this purpose. Indeed, using the cluster abundancen(z) determined from
observations and assuming Gaussian statistics of the initial perturbations~the latter fol-
lows from the paradigm of one-field inflation, and it is in agreement with other obse
tional data!, it is possible to determine alinear density perturbation in the CDM1baryon
dustlike componentd(z) for a fixed comoving scaleR;8(11z)21h21 Mpc up to z
;1, either by using the Press–Schechter approximation or by direct numerical si
tions of nonlinear gravitational instability in the expanding Universe.d(z) can be also
determined from observation of gravitational clustering~in particular, of the galaxy–
galaxy correlation function! as a function ofz. On the other hand, observations of SNe
differentz yield the luminosity distanceDL(z) through the standard astronomical expre
sion m5M15 logDL125, wherem is the observed magnitude,M is the absolute mag
nitude, andDL is measured in Mpc.

The aim of the present letter is to show how to determineV(w) from eitherd(z) or
DL(z), and to investigate what additional information is necessary for an unambig
solution of this problem in both cases. The idea has already been announced by the
in Refs. 21 and 22; now the details are given.

The derivation ofV(w) consists of two steps. First, the Hubble parameterH[ȧ/a
5H(z) is determined. Herea(t) is the FRW scale factor, 11z[a0 /a, the dot means
d/dt and the index 0 denotes the present value of a corresponding quantity~in particular,
H(t0)5H(z50)5H0). In the case of SNe, the first step is almost trivial since
textbook expression forDL reads:

DL~z!5a0~h02h!~11z!, h5E
0

t dt

a~ t !
. ~1!
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Therefore,

H~z!5
da

a2dh
52~a0h8!215F S DL~z!

11z D 8G21

. ~2!

Here and below, a prime denotes the derivative with respect toz. Thus,DL(z) defines
H(z) uniquely.

More calculations are required to findH(z) from d(z). The system of background
equations for the system under consideration is:

H25
8pG

3
S rm1

ẇ2

2
1VD , rm5

3V0H0
2a0

3

8pGa3 , ~3!

ẅ13Hẇ1
dV

dw
50, ~4!

Ḣ524pG~rm1ẇ2!. ~5!

Equation~5! is actually a consequence of the other two equations.

We consider a perturbed FRW background which metric, in the longitudinal g
~LG!, has the form:

ds25~112F!dt22a2~ t !~112C!d lmdxldxm; l ,m51,2,3. ~6!

The system of equations for scalar perturbations reads~the spatial dependence exp(ikl x
l),

klk
l[k2 is assumed!:

F5C5 v̇, ḋ52
k2

a2 v13~ v̈1H v̇1Ḣv !, ~7!

Ḟ1HF54pG~rmv1ẇdw!, ~8!

S 2
k2

a2 14pGẇ2DF54pGS rmd1ẇḋw13Hẇdw1
dV

dw
dw D , ~9!

d̈w13H ḋw1S k2

a2 1
d2V

dw2D dw54ẇḞ22
dV

dw
F. ~10!

Equation~10! is a consequence of the other equations. Herev anddw are, correspond-
ingly, a velocity potential of a dustlike matter peculiar velocity and aL-field perturbation
in LG, andd is a comovingfractional matter density perturbation~in this case, it coin-
cides with (dr/r)m in the synchronous gauge!. In fact, all these perturbed quantities a
gauge-invariant.

Now let us take a comoving wavelengthl5k/a(t) which is much smaller than the
Hubble radiusH21(t) up to redshiftsz;5. This corresponds tol!2000 h21 Mpc at
present. Then, from Eq.~10!,
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dw'
a2

k2S 4ẇḞ22
dV

dw
F D , uẇḋwu;UdV

dw
dwU; a2H4

Gk2 uFu!rmudu. ~11!

Therefore, theL field is practically unclustered at the scale involved. Now the las
Eqs.~7! and Eq.~9! may be simplified to:

ḋ52
k2

a2 v, 2
k2

a2 F54pGrmd. ~12!

Combining this with the first of Eqs.~7!, we return to a well-known equation ford in the
absence of theL field:

d̈12H ḋ24pGrmd50. ~13!

It is not possible to solve this equation analytically for an arbitraryV(w). Remark-
ably, the inverse dynamical problem, i.e., the determination ofH(a) given d(a), is
solvable. After changing the argument in Eq.~13! from t to a @d/dt5aH(d/da)#, we get
a first order linear differential equation forH2(a):

a2
dd

da

dH2

da
12S a2

d2d

da2 13a
dd

daDH25
3V0H0

2a0
3d

a3 . ~14!

The solution is:

H25
3V0H0

2a0
3

a6 S dd

daD 22E
0

a

ad
dd

da
da53V0H0

2 ~11z!2

d82 E
z

`dud8u
11z

dz. ~15!

Puttingz50 in this expression forH, we arrive to the expression ofV0 throughd(z):

V05d82~0!S 3E
0

` dud8u
11z

dzD 21

. ~16!

Of course, observations of gravitational clustering can hardly provide the functiond(z)
for too largez ~say, forz.5). However,d(z) in the integrands in Eqs.~15! and~16! may
be well approximated by itsV051 behavior~i.e., d }(11z)21) already forz.(223).
If massive neutrinos are present, one should use here the expression witha written above
and withVL replaced byVn /V0 ~it is assumed thatrm includes massive neutrinos, too!.

Finally, using Eq.~16!, Eq. ~15! can be represented in a more convenient form:

H2~z!

H2~0!
5

~11z!2d82~0!

d82~z!
23V0

~11z!2

d82~z!
E

0

z dud8u
11z

dz. ~17!

Thus,d(z) uniquely defines the ratioH(z)/H0. Of course, appearance of derivatives
d(z) in these formulas shows that sufficiently clean data are necessary, but one
expect that such data will soon appear. Let us recall also that, forL[const (V(w)
[const), we have

H2~z!5H0
2~12V01V0~11z!3!, q0[211S d ln H

d ln~11z! D
z50

5
3

2
V021, ~18!

whereq0 is the acceleration parameter.
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The second step — the derivation ofV(w) from H(a) — is very simple. One has to
rewrite Eqs.~3! and ~5! in terms ofa and take their linear combinations:

8pGV~w!5aH
dH

da
13H22

3

2
V0H0

2S a0

a D 3

,

4pGa2H2S dw

daD 2

52aH
dH

da
2

3

2
V0H0

2S a0

a D 3

, ~19!

and then excludea from these equations.

Therefore, the model of aL term considered in this paper can account forany
observed forms ofDL(z) andd(z) which, in turn, can be transformed into a correspon
ing effective potentialV(w) of theL field. The only condition is that the functionsH(z)
obtained in these two independent ways should coincide within observational e
DL(z) uniquely determinesV(w) if V0 is given additionally@the latter is required at the
second step, in Eqs.~19!#. d(z) uniquely determinesV(w) up to the factorH0

2, which has
to be given additionally to fix an overall amplitude. Observational tests which can
prove this model do exist. In particular, a contribution to large-angleDT/T CMB tem-
perature anisotropy due to the integrated~or, nonlocal! Sachs–Wolfe effect presents
possibility for distinguishing the model from more complicated models, e.g., with n
minimal coupling of theL field to gravity or to CDM. However, the latter test is not a
easy one, since this contribution is rather small and is partially masked by cosmic
ance.
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Resonance behavior of a K SK S system near the mass
1775 MeV

B. P. Barkov, O. N. Baloshin, N. V. Batalova, V. V. Vladimirski ,
V. K. Grigor’ev, O. N. Erofeeva, Yu. V. Katinov, I. Ya. Korol’kov, V. I. Lisin,
V. N. Luzin, V. N. Nozdrachev, V. V. Sokolovski ,a) G. D. Tikhomirov,
S. A. Uzunyan, and Yu. P. Shkurenko
Institute of Theoretical and Experimental Physics, 117259 Moscow, Russia

~Submitted 13 October 1998!
Pis’ma Zh. Éksp. Teor. Fiz.68, No. 10, 727–731~25 November 1998!

The preliminary results of an investigation of a system of twoKS

mesons in the mass interval 1600–1950 MeV are reported. The events
were obtained on a 6-m magnetic spark spectrometer at ITEP inp2p
interactions at 40 GeV, using a neutral trigger which suppressed both
charged particles andg rays. A peak of width.30 MeV with statistical
significance not lower than six standard deviations is observed with
momentum transfer selectionutu.0.23 GeV2 near the mass 1775 MeV
of theKSKS system. The observed phenomena can be interpreted as the
existence of one resonance with the indicated parameters, or two nar-
rower resonances. In the latter case, their masses are 176861.5 and
178761.5 MeV. The widths of these states are comparable to the mass
resolution of the spectrometer (;5 MeV!. Estimates of the product
s•BR(KSKS) give ;1.5 and 2.5 nb, respectively, for the first and
second states. ©1998 American Institute of Physics.
@S0021-3640~98!00222-9#

PACS numbers: 14.40.Aq, 13.60.Le

A peak centered at 1775 MeV has been observed in the 1600–1950 MeV reg
invariant masses of theKSKS system using the 6-m spectrometer at ITEP. The wi
;30 MeV of this feature is almost an order of magnitude smaller than the typical w
of resonances in this mass range. We investigated theKSKS system with momentum
transfers greater than a certain value, which was fixed during the analysis proces
purpose of such selection was to suppress the dominant contribution of one-pio
change. In previous work, a narrow resonance of widthG,70 MeV was observed in a
system of twoh mesons in the indicated mass interval using a GAMS spectrometer
momentum transfer selection similar to ours.1–4

In the present letter we report the preliminary results of an analysis of a narrow
observed in theKSKS system. It was found that the peak can be described by one sta
two narrower states, the widths of both resonances in the latter case being of the o
the instrumental mass resolution of the spectrometer.

The statistics ofKS-meson pair production, which is investigated in this work on
basis of;30 000 events, was obtained by detecting the reaction
7640021-3640/98/68(10)/6/$15.00 © 1998 American Institute of Physics
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p2p→KSKSn ~1!

using the 6-m magnetic spark spectrometer~MSS! at ITEP at momentum 40 GeV. Th
spectrometer was placed in the beam of the accelerator at the Institute of High-E
Physics~Protvino!. A detailed description of the apparatus and the results of the in
tigation of theKSKS system in the MSS at ITEP is contained in Refs. 5, 6 and 7
respectively. A trigger apparatus was used to detect the reaction~1!. The main element of
the trigger are veto counters, surrounding a liquid-hydrogen target. The counters f
double shielding layer around the target. To suppress not only charged particles bu
g rays emanating from the target, lead converters were placed between the counte
detected events include events for which~their fraction ,20%) a baryon and one o
several pions are produced instead of a neutron at the lower vertex:

p2p→KSKS~np0, . . . ,pp2, . . . !. ~2!

These events are due to the nonideal efficiency of the veto counters and the co
losses of the electronics.

KS mesons are identified from their decay into the pairp1p2. The detection effi-
ciency of theKSKS system for the indicated decay mode in the mass range 1600–19
;40%. The directions of the momenta of thep mesons are measured with an accura
of ;0.3 mrad. The mass width of theKS meson used to calibrate the apparatus is
MeV ~full width at half maximum!. Fitting of the tracks to the intersection at the vertic
of the forks and to the tabulated value of theKSKS meson mass greatly improves th
accuracy of the calculation of the physical parameters. As a result, the error in dete
ing the effective mass of twoKS mesons in the region up to 1800 MeV is no more th
5 MeV.

The kinematic variables used here to analyze a system of twoKS mesons are the
effective massMKK of a pair ofKS mesons, the squared missing massMM2 ~the squared
mass of the particles which are not detected by the spectrometer!, and the modulus of the
squared 4-momentum transferutu.

Figure 1 shows the effective-mass distribution of twoKS mesons witht selection
(0.23,utu,0.60 GeV2) and with the limitation on the squared missing massMM2,8
GeV2. A peak whose statistical significance is higher than six standard deviatio
observed near 1775 MeV: At the maximum there are 110 events, the expected n
being 53 events. The statistical significance here and below was determined fro
estimate of the statistical error according to mass intervals next to the peak. In the p
case one standard deviation was taken to beA53. In what follows, we shall designate th
peak byX(1775). We note that in the mass spectrum there are no statistically signi
deviations in the channel 1775615 MeV for small momentum transfer (utu,0.23 GeV2).

As we have said, along with the reaction~1!, events belonging to the reaction~2! are
detected. The contribution of these processes can be judged from the distributions
number of events over the squared missing massMM2 to the produced pairKSKS .
Figure 2 shows the distribution overMM2 for the regionMKK51600–1950 MeV~the
curve shows events withutu,0.23 GeV2 selection, while the dots with error bars sho
events with 0.23,utu,0.60 GeV2). In the distribution represented by the curve, t
events are concentrated in a region with a width of the order of 2 GeV2 around the
neutron mass. The width is determined mainly by the variance of the beam mome
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For large transfers~dots with error bars! the distribution is shifted in the direction of th
mass of the isobarD(1232). Moreover, an appreciable fraction of events correspon
to heavier missing masses (MM2.3.0 GeV2) is present. For small transfers the numb
of events which do not fit into the neutron peak does not exceed 5% of the total nu
and for large transfers it is about 30%. This fraction can be decreased by introd
strict MM2 selection, but the feature observed in the present work also appears in e
belonging to the reaction~2!. The soft limit which we use on the missing mass (MM2

,8 GeV2) cuts off no more than 5% of the events.

FIG. 1. Distribution of events over the invariant mass of theKSKS system with a 30 MeV step with selection
0.23,utu,0.60 GeV2, MM2,8 GeV2. Inset: Distribution with a 10 MeV step.

FIG. 2. Distributions of the number of events over the squared missing mass to a system of two kaons
effective mass lies in the interval 1600–1950 MeV. The histogram shows events withutu,0.23 GeV2 ~right-
hand scale!; the dots show events withutu.0.23 GeV2 ~left-hand scale!.
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Figure 3 shows theutu dependence of the yield ofKSKS pairs for events whose
effective mass lies in the band 1775615 MeV ~dots with error bars! as well as for events
whose mass lies in the neighboring bands 1600–1760 and 1790–1950 MeV~histogram!.
Comparing the two distributions, it is evident that for 0,utu,0.15 GeV2 their shapes
match well. For larger momentum transfers the distribution for the band 1760–1790
is irregular. Forutu in the range from 0.23 to 0.45 GeV2, as compared with the histogram
~adjacent bands!, this distribution contains an excess of events which within the statis
error is numerically close to the excess of events above background at the peak
MeV ~see Fig. 1!. The lower limit of the excess with respect toutu is determined quite
sharply. The limiting valueutu50.23 GeV2 for utu-selected events is optimal from th
standpoint of the best signal/background ratio. The upper limit of the momentum tra
is unimportant, since fewer than 15% of the events fall into the region of large trans

Figure 4 shows the mass distribution of a system of twoKS mesons with a 5 MeV
step. One can see from this figure that the experimental distribution in the mass in
1760–1790 MeV has a quite complicated structure, which can be described b
resonance or two resonances. To obtain a quantitative answer to the question
number of peaks, the experimental data were fit using the maximum likelihood me
~MLM ! and the least-squares method~LSM!. The background was described by a co
stant, and one or two Gaussian functions were used to describe the resonance be

The functional used in the MLM has the form

E
MKK

e~MKK!F~P,MKK!dMKK2 ln L, ~3!

where

L5)
i 51

N

F~P,MKK
i !

FIG. 3. Distributions of the number of events over the squared momentum transferutu. Histogram — events
whose massMKK lies in the bands 1600–1760 and 1790–1950 MeV~right-hand scale!. Dots — events in the
band 1760–1790 MeV~left-hand scale!.
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is the maximum likelihood function~the product extends over allN events! ande(MKK)
is the detection efficiency for twoKS mesons. The parametersP include the squares o
the background amplitudeA, the amplitudeBk of the production of resonances, and t
parametersMk anddk of the Gaussian function. The probability densityF is given by the
expression

F~P;MKK!5A1 (
k51

2

BkG~Mk ,dk ;MKK!, ~4!

whereG is a Gaussian function.

The parameterx2 was calculated according to the formula

x2522 lnL1const ~5!

using the value ofL obtained by minimizing expression~3! ~see, for example, Ref. 10!.
The constant was chosen so that the MLM and LSM values ofx2 would be the same for
the data described without resonances. The values ofx2 obtained by both methods diffe
from one another by not more than three units. However, the MLM gives a more acc
estimate of the parameters, and it is free of the conventions which are inherent
LSM — the choice of the channel width and the zero point of the reading does not a
the result of the fit. At the same time, the LSM makes it possible to estimate not onl
relative but also the absolute reliability of a particular hypothesis. The fact that the v
of x2 obtained by both methods are close to one another makes it possible to comp
MLM value of x2 with the number of degrees of freedom corresponding to the LSM

The results obtained by fitting the experimental data by the MLM without includ
resonance states, with one resonance, and with two resonances are presented in
The first row of the table gives the value ofx2 for the case without resonances. For t
fit with one resonance the maximum of the solution coincides with the center o
feature~1775 MeV! and embraces the entire phenomenon (d.15 MeV!. The results of

FIG. 4. Results of a maximum likelihood fit of the mass distribution: Dots — experimental data, dashed
— result of a fit with one resonance, solid line — two resonances.
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the fit of the data with two resonances are presented in the last two rows of the tabl
values ofx2 obtained in solutions with resonances do not permit choosing between t

Figure 4 illustrates the solution with one resonance~dashed curve! and two reso-
nances~solid curve!.

Let us summarize the results obtained. A feature of width;30 MeV was observed
near the mass 1775 MeV in a system of twoKS mesons produced in the reactions~1! and
~2! at utu.0.23 GeV2. The statistical significance of the existence of the feature is
lower than six standard deviations. The observed phenomenon can be interpreted
existence of one resonance or two narrower resonances. In the first case the param
the resonance areM5177561.5 MeV, G53067 MeV, ands•BR(KSKS)55.061.0
62.0 nb. For the case of two resonances the masses are 176861.5 and 178761.5 MeV
for the lighter and heavier states. For both of them the estimated widthsG,5.0 MeV are
comparable to the mass resolution of the spectrometer, and the productss•BR(KSKS)
are 1.560.361.0 nb and 2.560.561.5 nb, respectively.

We wish to acknowledge the contribution of our deceased colleagues B
Bolonkin, A. P. Grishin, and V. V. Miller to the results published here. We thank Yu
Kalashnikova, S. P. Kruchinin, A. G. Dolgolenko, and G. A. Leksin for helpful disc
sions and valuable remarks.
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TABLE I.

Type of fit x2/Ndeg. free. Mk , MeV dk , MeV Bk /A

No resonances 44/19 – – 0
With one resonance 28/16 1774.562.0 14.362.0 1.1560.2
With two resonances 15/13 1767.561.7 5.062.5 1.3460.3

1786.760.7 2.560.5 2.3660.8
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Observation of two-step excitation of photoluminescence
in silicon nanostructures

L. A. Golovan’,a) A. A. Goncharov, V. Yu. Timoshenko, A. P. Shkurinov, P.
K. Kashkarov, and N. I. Koroteev
M. V. Lomonosov Moscow State University, Department of Physics, and Internationa
Laser Center, 119899 Moscow, Russia

~Submitted 23 October 1998!
Pis’ma Zh. Éksp. Teor. Fiz.68, No. 10, 732–736~25 November 1998!

Efficient visible-range photoluminescence with photon energy higher
than the photon energy of the exciting radiation is observed in nano-
structures of porous silicon subjected to heat treatment in vacuum. The
photoluminescence intensity is found to be virtually identical for cw
and femtosecond excitation by Ti:sapphire laser radiation with the same
average power. The results can be explained by a two-step cascade
photoluminescence excitation process in which optical passivation of
defects of the dangling silicon bond type occurs. ©1998 American
Institute of Physics.@S0021-3640~98!00322-3#

PACS numbers: 78.66.Vs, 78.55.Ap, 61.46.1w

Electrochemical treatment of a single-crystal silicon wafer in a solution base
hydrofluoric acid produces an up to 100mm thick porous layer on the surface of th
sample. Under certain conditions of formation, the layer of porous silicon~PS! contains
silicon filaments and clusters with 1–5 nm cross sections. As a result of the quantum
effect, the band gapEg in PS is larger than the value characteristic for bulk silic
Eg051.1 eV~at T5300 K!. Efficient visible-range room-temperature photoluminesce
~PL! is observed in such a material~see, for example, the review in Ref. 1!.

Ordinarily, PL is excited in PS by radiation with photon energyhn.Eg . Some
electron–hole pairs produced in the process are bound in excitons, whose radiati
nihilation explains the visible-range PL in unoxidized porous silicon.2 This process com-
petes with nonradiative~or radiative in the IR range! recombination on surface defect
for example, dangling silicon bond type centers.1,2 In as-prepared PS samples these bo
are partially or completely passivated by hydrogen atoms, which results in a low re
bination rate on surface defects.1 Vacuum heating of PS at temperatures above 650
removes the hydrogen from the surface of nanoclusters. This gives rise to a large n
of dangling silicon bonds. Nonradiative recombination of charge carriers on these d
becomes dominant, and for this reason in such PS samples there is virtually no v
range PL.1,2

In the present work it was established experimentally that visible-range PL in
nanostructures with a high density of surface defects by illumination with photons
energyhn,Eg . The observed effect can be explained by a cascade excitation proc
7700021-3640/98/68(10)/5/$15.00 © 1998 American Institute of Physics
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which defects, whose levels lie in the band gap of PS, participate.

The PS samples were obtained by electrochemical etching of single crystal s
wafers in a 1:2 solution of HF in ethanol. The substrate consisted ofp-type silicon,
obtained by the method of zone melting, with~111! orientation and resistivity;1V• cm.
Two types of PS samples were prepared. One type was formed in 6 min with a c
density 30 mA/cm2 and the other in 3 min with current density 120 mA/cm2. The
porosities of the PS layers were;70% and 85%. The porous layers were about 4mm
thick. Immediately after preparation, the PS samples were placed in a vacuum cel
working pressure;1024 Pa. Both as-prepared samples and samples subjected to
treatment in vacuum at 700 K for 45 min were used.

The PL was excited by radiation from a N2 laser (l5337 nm,t510 ns, energy
density per pulse 0.5 mJ/cm2, pulse repetition frequency 100 Hz! and a Ti:sapphire laser
The latter laser operated in the cw mode and a femtosecond pulse mode (t5100 fs! with
a repetition frequency of 100 MHz. The laser could be wavelength-tuned in the r
lexc57552790 nm.3 The Ti:sapphire laser radiation was focused into a spot wit
diameter of the order of 10mm. The intensity of the radiation in both modes could rea
;10 kW/cm2. The PL was detected with monochromators and photomultipl
~MDR-23 and FE´ U-136 with excitation by the N2 laser and MSD-1 and a Hamats
R106UH for excitation by the Ti:sapphire laser!.

We shall now present the experimental results. When freshly prepared sample
illuminated by N2 laser radiation, PL was observed in the range 600–750 nm f
sample with 70% porosity and 500–650 nm for a sample with 85% porosity. In
types of samples the vacuum heat treatment result in complete quenching of th
excited by the N2-laser radiation.

Visible-range PL was observed in PS samples with 70% porosity, both fre
prepared and after heat treatment in vacuum, excited by Ti:sapphire laser radiation.
first case, however, the PL was several orders of magnitude weaker. After the P
heated its PL was visible with the naked eye. For PS with 85% porosity the wea
observed under the same conditions for a freshly prepared sample disappeare
vacuum heat treatment. The PL spectra of PS with 70% porosity excited by Ti:sap
laser radiation are presented in Figs. 1 and 2. They consist of wide bands in the
length interval 500–600 nm. As one can see from Fig. 1, the intensity and spectru
the PL were close for excitation by cw and femtosecond lasing regimes with the
average intensity (I exc57 kW/cm2). At the same time, a strong nonlinear dependence
the PL signal on the average excitation intensity is observed~Fig. 2!. An appreciable PL
signal was detected withI exc above the threshold value 4 kW/cm2 ~inset in Fig. 2!.

It was found that the intensity of the PL of PS depends strongly on the wavele
of the exciting radiation~Fig. 3!. At the same time, the spectral composition of the
changed very little. The PL signal with maximum intensity was recorded for a l
radiation wavelength of 770 nm.

Since intense light fluxes were used to excite PL with the Ti:sapphire laser radia
we shall first estimate the possible thermal effects. The absorption coefficient for
with lexc5755–790 nm in the experimental PS layers does not exceed 102 cm21.1 Since
thin ~4 mm! layers were used, most~up to 96%! of the radiation was absorbed in th
silicon substrate. As shown in Ref. 4, the heating of the surface of a silicon single c
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by ;10 kW/cm2 Ti:sapphire laser radiation did not exceed several degrees. Therefo
heating of the PS layers on the silicon substrate side can be neglected. The tempera
a porous layer which has absorbed laser radiation can be estimated using the t
conductivity of high-porosity PS (1.5531023 W/cm!.5 According to such estimates, th
temperature increase does not exceed 150 K. Therefore the corresponding therma

FIG. 1. The PL spectra of PS samples excited by cw and femtosecond pulse Ti:sapphire laser radiation
same average intensityI exc57 kW/cm2.

FIG. 2. PL spectra of PS excited by cw Ti:sapphire laser radiation at wavelength 770 nm with inten
ranging from 4.2 to 7.6 kW/cm2 ~numbers above the spectra!. Inset: PL intensityI PL at the band maximum
versus the excitation intensityI exc.
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tion cannot make a large contribution to the detected PL signal. An additional argu
against the observed radiation in PS being of a thermal nature is that the position
maximum of the PL band does not depend on the intensity of the exciting radiation~see
Fig. 2!. Moreover, the resonance character of the dependence of the PL intensity o
radiation wavelength does not agree with the assumption of thermal radiation~see Fig. 3!.

Photoluminescence similar to that obtained by excitation of PS with N2-laser radia-
tion has been studied well. It can be explained by radiative annihilation of excitons w
are excited by interband absorption in filament or cluster type silicon nanostructures
transverse dimensions of the order of 1–2 nm.1,6 Quenching of PL as a result of vacuu
heat treatment likewise corresponds well to the published data.1

Obviously, defects due to dangling silicon bonds on the surface of nanoclusters
a large role in the excitation of PL in heat-treated PS samples by Ti:sapphire
radiation. This shows that the PL efficiency is appreciably higher for vacuum-he
samples. We note that under the same heat-treatment conditions the density of da
bonds in PS samples reached 1018 cm23 ~Ref. 7!. Apparently, the presence of defe
levels in the band gap of PS increases the probability of absorption of two laser ph
which results in the appearance of a pair of free nonequilibrium charge carriers.
process is not two-photon absorption, since the intensity of the PL which arises is
ally identical for femtosecond-pulse and cw excitation~see Fig. 1!. Therefore the PL
intensity is determined by the average intensity of the laser radiation and not by its
value in the case of pumping with femtosecond pulses. A two-step cascade proces
a change in the populations of the defect levels in the band gap of PS probably occu
the first stage of the cascade process an electron is excited optically into a defec
and is trapped by this center. At the second stage, excitation of a trapped electron in
conduction band occurs as a result of absorption of the next optical photon.

FIG. 3. PL spectra of PS excited by cw Ti:sapphire laser radiation with various wavelengths: 770 nmI exc

58.2 kW/cm2), 782 nm (I exc58.2 kW/cm2), and 757 nm (I exc56.4 kW/cm2).
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The process of cascade excitation of PL depends on the pump wavelength~see Fig.
3!. This could be due to a resonance mechanism of absorption of optical photons
above-noted absence of PL in high-porosity samples agrees with this supposition. In
as the nanoclusters become smaller, the band gap and the distance between the ba
and the defect level increase.6 Therefore the conditions for resonance absorption are
longer satisfied. Since the optimal wavelength for excitation of PL is known~Fig. 3!, the
energy of a valence band–defect level transition can estimated. We obtain 1.6 eV
maximum in the PL spectrum corresponds tohn.2.3 eV. Assuming the PL to be o
excitonic character, and taking into account the binding energy of an electron and a6

we obtainE6.2.5 eV.

An additional factor determining the high efficiency of PL in heat-treated
samples excited by Ti:sapphire laser radiation is that the rate of nonradiative recom
tion on dangling silicon bond type defects is lower than for excitation by N2-laser radia-
tion (hn.Eg). Probably, the recombination centers on the surface of silicon nanos
tures on which nonradiative recombination with interband absorption occurs are entr
into the cascade process of excitation of PL by radiation withhn,Eg . The substantial
filling of the levels of these defects with electrons in the process of resonance abso
decreases the probability of capture of an electron from the conduction band, and
centers are thereby excluded from the recombination process. A unique kind ofoptical
passivationof recombination centers occurs. The sharp dependence of the PL intens
the pump intensity~inset in Fig. 2! is explained by the simultaneous action of casca
absorption and optical passivation mechanisms.

In summary, it was established experimentally that efficient excitation of visi
range luminescence occurs when vacuum heat-treated PS is illuminated by Ti:sa
laser radiation. The excitation of photoluminescence is most likely due to a two
resonance cascade process with participation of dangling silicon bond type defec
clarify the details of this process it is necessary to perform additional theoretica
experimental investigations, including time-resolved measurements.

The present work was partially supported by the State Science and Techn
Programs ‘‘Surface Atomic Structures’’ and ‘‘Physics of Solid-State Nanostructur
We thank Yu. V. Kopaev for a discussion of the results.

a!e-mail: leo@ofme.phys.msu.su
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Charge transfer states in GeO 2-doped silicate fiber-optic
waveguides and their role in second-harmonic
generation

B. P. Antonyuk,a) V. N. Denisov, and B. N. Mavrin
Institute of Spectroscopy, Russian Academy of Sciences, 142092 Troitsk, Moscow R
Russia

~Submitted 27 October 1997!
Pis’ma Zh. Éksp. Teor. Fiz.68, No. 10, 737–740~25 November 1998!

The concentration dependence of the broad-band luminescence arising
in GeO2-doped silicate fiber-optic waveguides is measured and inter-
preted. The spectra obtained show that electronic excitations of a new
type that are absent in pure silicate glass — charge transfer excitons —
arise in the doped system. Under the action of light an electron can be
transferred both from a Ge center into the host and between Ge centers.
Self-organization of these excitations in the field of a light wave~ori-
entational ordering of their dipole moments! results in the appearance
of a macroscopic electric field that destroys the initial centrosymmetry
of the system and allows second-harmonic generation. ©1998 Ameri-
can Institute of Physics.@S0021-3640~98!00422-8#

PACS numbers: 42.81.Qb, 42.65.Ky, 78.55.Hx

Weak second-harmonic generation~at the level of Raman scattering signals! exists
in all fiber-optic waveguides.1,2 Recent experiments3 have shown that the frequency
doubling efficiency is proportional to the surface area of the waveguide. This mean
weak generation occurs in a surface layer, where the centrosymmetry is broken an
process is allowed. Osterberg and Margulis have observed second-harmonic gen
with ;10% efficiency in a GeO2-doped silicate fiber-optic waveguide after transmiss
of Nd:YAG laser radiation for 5 h.4 Such a high doubling efficiency attests to the fact th
in this case the centrosymmetry was broken in the entire waveguide. This phenom
has attracted the attention of many investigators.5–9 In the first theory5 the idea of order-
ing of defects was advanced. In all other theories the idea of asymmetric photoele
emission from Ge centers was used. These theories use free electron and hole
excited by multiphoton processes, which make it possible to overcome the 8–1
‘‘gap’’ existing in these systems. We performed experiments on Raman and h
Raman scattering of light in silicate fiber-optic waveguides doped with GeO2 to molar
concentrations of 5%, 10%, and 29%, and we compared their spectra with the
sponding spectra of pure silicate glass in order to determine the characteristic fe
that appear when GeO2 is added~self-organization of the system, resulting in secon
harmonic generation, has been observed in just such doped waveguides!. The hyper-
Raman scattering spectra were excited by radiation at the fundamental frequency
7750021-3640/98/68(10)/4/$15.00 © 1998 American Institute of Physics
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Nd:YAG laser (l51064 nm); the Raman scattering spectra were observed with ex
tion by the second harmonic (l5532 nm) and by Ar1-laser lines (l5514.5 nm andl
5488 nm). We observed that GeO2 impurities change only the vibrational spectra
hyper-Raman scattering. This means that the IR linel51064 nm does not excite an
new states in the doped waveguide. However, the linesl5532 nm,l5514.5 nm, and
l5488 nm excite new wide luminescence bands in GeO2-doped fiber-optic waveguide
that are completely absent in the pure silicate glass. We checked that the new sta
excited by a single photon of the monochromatic field of the indicated lines.

The luminescence spectra were recorded with a home-built spectrometer with
monochromatization and a multichannel detector, consisting of an amplifying tube
vidicon. An objective lens (340) focused the laser beam into a fiber-optic wavegu
the entrance end of which could be displaced for adjustment in three mutually pe
dicular directions. All waveguides were 1 m long and had a 12mm in diameter core. The
power of the radiation leaving a waveguide did not exceed 9 mW. The radiation
focused onto the slit of a spectrometer, which made it possible to detect the lumines
spectrum up to 750 nm. Since our detector records simultaneously the spectral
2500– 3000 cm21, we detected the spectrum by parts, matching up their overlap
sections. The change in the spectral sensitivity of the spectrometer was correct
comparing with a band-lamp spectrum with a known intensity distribution. The lumi
cence spectra were normalized to the intensity of the radiation leaving the wavegu

FIG. 1. Luminescence spectra of silicate fiber-optic waveguides doped with GeO2 to molar concentrations of 5
10, and 29%;D — red shift from the exciting linel5488 nm.
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The spectra obtained in the spectral region above 523 nm are shown in Fig. 1
luminescence spectrum below 523 nm overlaps with intense Raman scattering
Luminescence in this region was first observed in Ref. 10 and then in Ref. 11
attribute to second-order processes the 528 nm (1570 cm21) band which is present in al
spectra. As one can see from Fig. 1, additions of GeO2 lead to the appearance of wide
band (;1 eV) luminescence, excited by a single photon of green light (l5488 nm,
hne52.54 eV). Since the ‘‘gap’’ in the silicate glass is 8–10 eV, this luminesce
corresponds to recombination of local electron and hole states. The wide spec
(;1 eV) attests to the fact that the particles make transitions between different pot
wells with different energy levels. Under the monochromatic excitation employed
tronic transitions between the levels of the same trap would give discrete levels that
be broadened by electron-phonon interaction up to;hnD;1022 eV (nD is the Debye
frequency! but by no means not up to the observed width of 1 eV.

As one can see from Fig. 1, the luminescence intensity in the region
,5500 cm21 grows approximately linearly with the GeO2 concentration. This attests t
the fact that the centers participating in this luminescence are independent of one a
It is natural to attribute this luminescence to transitions of an electron from a Ge c
into the host~absorption! and back~recombination with emission of a luminescen
photon!. Comparing the spectra for low~5%! and high~10%, 29%! concentrations re-
veals superlinear growth of the luminescence intensity in the regionn.5500 cm21 as a
function of the concentration. This shows that the centers giving this radiation int
with one another. It is natural to attribute the radiation to transitions between Ge ce
Under excitation an electron is transferred from one Ge center to another and
recombines after relaxation with a Stokes energy shiftA, after which a second relaxatio
follows ~Fig. 2!. In the ground state there is one electron on each Ge center, while i
excited state a localized hole is present on one center and two electrons are pres
another. The Coulomb interactionU of electrons on the same Ge center makes
dominant contribution to the excitation energy~Fig. 2!. This gives the estimateU
'hne'2.54 eV. The experimental energy of a luminescence photon in this ban
hnL'1.67 eV (l5740 nm, the shift of the band from the excitation line is 7000 cm21),
so thatA51/2(hne2hnL)'0.45 eV. SinceA@hnD , in the present case we have stro
electron-phonon coupling, characteristic precisely for charge-transfer excitons to w
energy the Coulomb interaction of the separated electrons and holes, which de

FIG. 2. Photoinduced transitions of an electron between Ge centers: the energy of exciting photohne

'2.54 eV'U, the energy of luminescence photonhnL'1.67 eV, the Stokes shiftA'1/2(hne2hnL)
'0.45 eV, andeF is the Fermi energy.
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strongly on the electron–hole distance~the derivatives of the energy of the state wi
respect to the displacements of the atoms are large!, makes the dominant contribution.

As one can see from Fig. 1, an increase of the GeO2 concentration from 10% to 29%
leads to the appearance of luminescence in the band under discussionn.5500 cm21.
Apparently, at such concentrations electron and hole migration along Ge centers
result of which relaxation of the excitation energy occurs, becomes important. In
case, less energy is released on recombination and the released energy can be ca
by phonons. This activates nonradiative recombination, which decreases the qu
yield of luminescence.

The excited charge transfer states, which are excited by a single photon of
light, play a special role in the theory of self-organization in fiber-optic wavegui
leading to second-harmonic generation.11 Orientational ordering of their dipole momen
leads to the appearance of macroscopic polarization and therefore a macroscopic
field, which allows second-harmonic generation. The states observed in the presen
serve as the basis of a new approach to the problem of self-organization. The
arising employs only localized electron and hole states and only single-phonon trans
between them.

Our preliminary investigations show that it is possible to explain on the basis of
approach all the rich experimental data accumulated over 12 years of investigation
never adequately explained on the basis of the models mentioned above.
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Processes occurring in cluster plasmas and cluster
beams

B. M. Smirnov
Institute for High Temperatures, Russian Academy of Sciences, 127412 Moscow, Ru

~Submitted 6 October 1998!
Pis’ma Zh. Éksp. Teor. Fiz.68, No. 10, 741–746~25 November 1998!

A method of generating a cluster beam of a refractory metal is ana-
lyzed. Clusters are formed in a high-pressure arc discharge plasma in
which the refractory metal is an additive to the buffer gas. The condi-
tions for cluster formation to occur in the intermediate region of the
discharge are found, and the cluster instability, as a result of which all
of the refractory metal collects in the form of clusters in this zone of the
discharge, is studied. The processes studied are the basis for of a
method of generating intense cluster beams. ©1998 American Insti-
tute of Physics.@S0021-3640~98!00522-2#

PACS numbers: 39.10.1j, 36.40.2c, 52.80.Mg

A cluster plasma is a unique physical object, consisting of a dense buffer-gas p
and trace impurity of a refractory metal whose atoms form clusters. It is convenient t
for the plasma medium the positive column of a high-pressure arc discharge.1 The metal
can be introduced into such a plasma in the form of a chemical compound. The
pounds of the metal and its vapor can be spatially separated over the cross section
discharge because of the high temperature gradients and the weakness of the tr
processes~on account of the high density of the buffer gas!, which prevents mixing of the
different components of the metal. However, even though the transport process
slow, the metal atoms can escape to the walls of the discharge tube. A proce
chemical regeneration2–5 of the refractory metal is used to prevent the attachmen
atoms and clusters to the walls. Then, the buffer gas contains, along with the me
halogen as an additive, so that the gas component MXk ~M and X are atoms of the meta
and halogen! forms near the walls, while the metal in the hot region of the discha
exists in the form of clusters or atomic vapor.6 In what follows, we shall study the
processes occurring in such a gas-discharge plasma.

Under the conditions considered, exchange between clusters and the gas com
of the metal occurs as a result of diffusion of the components through a transitional
separating the region containing clusters from the region containing the gas comp
In parallel with this, clusters grow and vaporize efficiently in the region where they fo
The characteristic cluster size can be determined by the competition between thes
cesses. However, as clusters increase in size, cluster growth accelerates, while th
sion process leading to the displacement of the clusters slows down. This resu
instability, as a result of which the clusters remain stuck in the region where they g
while the characteristic cluster size increases with time. As a result, the refractory
7790021-3640/98/68(10)/6/$15.00 © 1998 American Institute of Physics
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collects in the form of growing clusters in the cluster region of the arc discharge.

The cluster plasma under study can be used to generate an intense cluster
Ordinarily, cluster beams are obtained by allowing atomic vapor to expand throu
nozzle.7,8 The clusters grow in the beam as a result atoms attaching to them, whil
beam is cooled as a result of expansion. The buffer gas in an expanding beam is u
convert the atomic vapor completely into clusters, while additional charging of the
ters makes it possible to control the beam. In a cluster plasma the process leading
formation of charged clusters occurs automatically, so that charged clusters can
tracted from the plasma in the form of a beam. We shall assume that the plas
allowed to escape from the cluster zone of the discharge through an opening, after
an electric field separates the charged clusters in the form of an autonomous beam
the plasma. A cluster beam thereby form as a result of a collection of processes occ
in the cluster plasma and the plasma flow. On account of the nonequilibrium natu
these processes, the possibility of formation of a cluster beam in the scheme cons
depends on various parameters of the system. In this letter these processes are a
and the conditions for realizing the proposed scheme for generating a cluster bea
determined.

METAL CLUSTERS IN AN ARC PLASMA

Let us consider a plasma in the positive column of a high-pressure arc disc
with a small addition of a refractory metal. This metal is introduced into the plasma in
form of the compound MXk , where M is the metal atom, X is a halogen atom, andk is
the number of halogen atoms in the molecule. The refractory metal exists in the fo
these molecules in the cold region of the discharge near the walls, while clusters fo
the intermediate region of the discharge. In the central hot region of the discharg
clusters decay, and the refractory metal is found there in the form of atomic vapor

The equilibrium between the metal atoms and their gaseous component is
mined by the processes

M1kX↔MX k . ~1!

These processes compete with equilibrium processes with the participation of clus

Mn211M↔Mn . ~2!

Let k«X be the total binding energy of the atoms in the molecule MXk , so that«X is the
average binding energy in a molecule per halogen atom, and«M is the binding energy pe
atom of the macroscopic metal. We have the following criterion for the existence o
molecules MXk at low temperatures:

«M,k«X ~3!

Next, on the basis of the equilibrium~1! we have the following relation between th
densities of atoms and molecules as a function of temperatureT:

@M#@X#k

@MX k#
;N0

k expS 2
k«X

T D , ~4!

where@A# is the density of the atomic particlesA and the densityN0 is of the order of an
atomic quantity. Similarly, the relation
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@M#@Mn21#

@Mn#
;N0 expS 2

«M

T D ~5!

follows from the equilibrium of clusters and atomic vapor. Another version of this e
librium leads to the relation

@M#@Mn21#

@Mn#
;Nsat~T!, ~6!

whereNsat(T);N0exp(2«M /T) is the density of atoms in the saturated metal vapor
fixed temperature.

The characteristic temperatureT1 at which these molecules decay into atom
(@M#;@MX k#) can be estimated from the chemical equilibrium of the molecules Mk ,
while the characteristic temperatureT2 at which the clusters transform into atoms can
found from the chemical equilibrium of the clusters. These estimates have the form

T15
«X

ln~N0 /@X# !
and T25

«M

ln~N0 /@M# !
. ~7!

Here @X# is the total density of free and bound halogen atoms, while@M# is the total
density of the metal atoms. Evidently, clusters exist in the temperature range

T1,T,T2 . ~8!

Hence we find that in the presence of excess halogen atoms@X#@@M# clusters can exist
in the given system if

«X,«M . ~9!

Combining the criteria~3! and~9! we obtain a condition under which clusters can exist
the intermediate region of the discharge, while in the cold region the refractory me
bound in the molecules MXk :

«X,«M,k«X. ~10!

It is obvious that because of their stability the molecules MXk have a closed structure
Therefore, in practice, these can be molecules of the type MX4 or MX6. The table
contains data for such an equilibrium for some molecules of this type. The values o
parameters«X and«M in the table are taken from handbooks,9–11 The data in the table
refer to a total density of free and bound metal atoms@M#51015 cm23 and a total density
of halogen atoms@X#51016 cm23. The parameters«M and«X were determined on the
basis of the Gibbs potentials for vapor and compounds.

Expression~7! were used to find the temperaturesT1 andT2 , and the temperature
T3 follows from the relation~6! @M#5Nsat(T3). Evidently, the temperaturesT2 andT3

must be identical, so that the degree to which they are identical attests to the accur
the data. We also note that the binding energy of atoms in a cluster is somewhat
than in a macroscopic system. For example, in the case of tungsten clusters wn
51000 atoms the difference of the binding energies of an atom for a macroscopic s
and a cluster is 0.3 eV, which decreases the temperatureT2 by approximately 100 K
compared with the tabulated data. It follows from the data in the table and the cr
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obtained that clusters do not form when the molecules TiF4 , ZrF4 , Cl4 , and UF6 are
introduced into an arc discharge, while for other examples in the table clusters do e
the indicated range of discharge temperatures.

CLUSTER GROWTH AND TRANSPORT IN AN ARC PLASMA

Let us study the kinetics of cluster growth in an arc plasma. It is determined b
processes~2! leading to the attachment of atoms to a cluster and vaporization of clu
as well as by diffusion transport of clusters. For large clusters in the cluster growth
vaporization is negligible and the balance equation has the form

dn

dt
5Nkn , ~11!

wheren is the number of atoms in a cluster,N is the total density of free and bound atom
of the metal, andkn is the rate constant of the attachment of atoms to a cluster, whic
a large cluster, assuming its surface to be similar to that of a macroscopic drop, is

kn5k0~T!jn2/3. ~12!

Herej is the probability of attachment of an atom to the surface of a cluster as a r
of atom–cluster contact. In what follows we assumej51, as is the case for a tungste
surface; the rate constantk05A8T/pmpr W

2 , wherem is the mass of a metal atom an
r W is the Wigner–Seitz radius. Table I contains values ofk0 for the average temperatur
of the cluster zone. The equation~11! makes it possible to estimate the characteris
cluster size in the cluster region. We shall assume that the displacements of the c
are determined by their diffusion in the buffer gas, so that the relation between
distancex to which a cluster is displaced in timet is given by the relationx252Dnt,
whereDn is the diffusion coefficient of clusters in the buffer gas. Since the cross se
of a cluster varies with the cluster size as;n2/3, in the liquid-drop model of a cluste
Dn5D0n22/3, where the diameterD0 is independent of the cluster size. Then Eq.~11!
assumes the form

dn

dx2
5

Nk0

D0
n4/3. ~13!

The solution of this equation for displacements of a cluster whose size varies durin
growth process from the initial valuen0 up to the running valuen has the form

x25
3D0

Nk0
~n0

21/32n21/3!. ~14!

Hence it follows that if the initial distancex0 of a cluster from the boundary of the clust
region, where cluster formation is thermodynamically favored, satisfies

x0.A 3D0

Nk0n0
1/3

, ~15!

then the growing cluster cannot leave the cluster region, since as the cluster increa
size, the rate of displacements drops rapidly.
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Thus, the processes considered above lead to a cluster instability, as a re
which metal collects in the growing clusters located in the intermediate region of th
discharge, while the density of the metal vapor and the molecules present in it dec
with time. Since the concentration of the metal in the buffer gas is very low, process
which atoms and clusters of the metal participate have no effect on the properties
discharge. For this reason, the characteristic cluster size is determined only by th
time of the plasma or the residence time of the metal in the plasma. If the system
study is used to generate a cluster beam, it is convenient to extract plasma fro
region of the discharge where clusters accumulate. The simplest method is to allow
this region of the discharge through an opening. Since the clusters are charged, a b
clusters is easily separated from the plasma by an electric field. This beam can th
controlled by external fields and can be used for deposition on a substrate by the st
method.7,8

The characteristic cluster size in a beam obtained in this manner depends o
growth time of the clusters in the gas-discharge plasma. Specifically, the table co
for the examples studied the characteristic numbern* of atoms in a cluster for the cas
that the density of free atoms of the metal in the plasma is 1015 cm23 and the residence
time of the clusters in the plasma for 1023 s. It should be noted that the characteris
cluster size depends sharply on these parameters. This means that the paramete
cluster beam are highly sensitive to the parameters of the cluster plasma. In additio
note that the charge of the clusters decreases as the plasma cools, and at low temp
the clusters become negatively charged. This transition from positive to negative c
of the clusters depends on the electron density. Specifically, for tungsten clusters
n51000 atoms the transition occurs at temperatureT52600 K if the electron density is
1012 cm23, at temperatureT52900 K if the electron density is 1013 cm23, and at tem-
peratureT53290 K if electron density is 1014 cm23. The cluster charge affects th
character of the control of the cluster beam.

In summary, as a result of instability in the cluster region of a high-pressure
discharge, the state of the system becomes unstable and the clusters grow with
picking up most of the mass of the refractory metal. This can be the basis for gene

TABLE I. Parameters of refractory-metal compounds.

Compound «X , eV «M , eV T1 , 103 K T2 , 103 K T3 , 103 K k0,10211 cm3/s n*
TiF4 6.1 4.9 3.5 2.5 2.3 - -
TiCl4 4.7 4.9 2.7 2.5 2.3 - -
TiBr4 3.8 4.9 2.2 2.5 2.3 7.8 1.8•104

ZrF4 6.7 6.1 3.8 3.1 3.1 - -
ZrCl4 5.1 6.1 2.9 3.1 3.1 2.6 650
ZrBr4 4.4 6.1 2.5 3.1 3.1 2.5 580
MoF6 4.4 6.4 2.5 3.2 3.2 2.5 580
WF6 5.4 8.5 3.0 4.3 4.0 2.0 300
WCl6 3.4 8.5 1.9 4.3 4.0 1.8 220
WBr6 3.0 8.5 1.7 4.3 4.0 1.8 220
IrF6 1.9 6.5 1.1 3.2 3.1 1.5 120
UF6 5.2 4.9 2.9 2.5 2.8 - -
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of intense cluster beams. According to the analysis performed above, the charac
cluster size is sensitive to the density of free and bound metal atoms as well as
residence time of the metal atoms in the plasma and to the parameters of the plasm
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Quadrupolar forces and aggregation of nematic droplets
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The electrostatic quadrupolar interaction between spherical nematic
droplets in an isotropic~and nonconducting! liquid is calculated. It is
found to have an anisotropic formUq}1/R5, whereR is the distance
between droplets, with repulsion for droplets having parallel orientation
of the quadrupole moments and attraction at oblique angles around the
orthogonal orientation. In an external magnetic field aligning the orien-
tations of the quadrupole moments, a competition of the quadrupolar
repulsion and van der Waals attraction (UvdW}1/R6) leads to a specific
spatial organization of droplets which is in fact often reported in ex-
perimental observations~see the monograph by P. Drzaic,Liquid Crys-
tal Dispersions, World Scientific, Singapore~1995! and references
cited therein!. © 1998 American Institute of Physics.
@S0021-3640~98!00622-7#

PACS numbers: 61.30.2v, 41.20.Cv, 47.55.Dz

1. A nematic liquid crystal is uniform in its ground state, which, however, is v
rarely attained in practice. The structure and properties of suspensions~in particular,
nematic droplets in an isotropic liquid matrix! pose a number of theoretical and expe
mental questions which are interesting both from the standpoint of practical applica
of liquid crystals and also because phenomena of this kind are of fundamental inte
their own right.

There is one rather evident consequence of nematic ordering that nevertheless
as we know, has never been considered before. As is well known,2 the nematic order
parameter is a second-order tensor and has all the properties of the quadrupole mo
a charge distribution. Therefore generally nematics are quadrupolar ferroelectrics~and
their isotropic phase is accordingly a quadrupolar paraelectric in which the nem
fluctuations enhance the quadrupolar susceptibility!. In spite of this fairly strong state
ment, in the general case for large~ideally infinite! systems it does not lead to an
directly observable predictions, primarily because quadrupolar forces are not very
7850021-3640/98/68(10)/7/$15.00 © 1998 American Institute of Physics
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ranged. They are proportional to 1/R5, and for large systems this contribution to th
energy can be represented~in terms of a Fourier expansion! as being proportional toq2

~actually to a certain anisotropic combination ofqiqj ), and therefore the quadrupola
interactions in principle give some corrections to the bare contributions to the tota
energy of the system which scale asq2 ~e.g., compressibility or orientational deforma
tions!. From the standpoint of translational symmetry, however, nematics are equiv
to isotropic liquids and must therefore have isotropic (}q2) compressibility. Thus the
anisotropic quadrupolar contribution to the compressibility in nematics should by de
tion be zero. The only consequence of quadrupolar forces for bulk nematics is a
malization of the Frank elastic moduli, which can be represented in the
Kii 5Kii

0 1Kii
Q , whereKii

0 is the bare value related to forces more short-ranged than
quadrupolar forces, e.g., steric forces, andKii

Q is the contribution from the quadrupola
interactions. It is clear that such a separation has no relevant physical meaning, a
will not discuss it further in this paper.

The above statement does not necessarily hold for small~mesoscopic! systems,
where quadrupolar forces can lead to fairly pronounced phenomena. For a nematic
let the director distribution field inside the droplet depends on the strength of su
anchoring, the elastic constants, and the droplet size. In the next section some pa
configurations having quadrupolar symmetry of the director field will be presented
such configurations the total orientational quadrupole moment of a droplet is nonzer
the other hand, in the general case~when the chemical bonds in the material are n
purely covalent, and actually they never are 100% covalent — see, e.g., Ref. 3
more recent monograph4! the droplets should also have an electrostatic quadrupole
ment ~recall that nematic liquid crystals are quadrupolar ferroelectrics!. Therefore an
orientational quadrupole moment of the droplet will inevitably lead to an electros
quadrupole moment. The latter can create an observable~and not extremely small! elec-
tric field around such a droplet~for a droplet radius of the order of 1024 cm it can be as
large as 1 V/cm; see the estimates below!.

Nevertheless, even for mesoscopic objects the director distribution inside a d
~and the shape of the droplet itself! is determined mainly by its surface tension a
anchoring energy~and, of course, the nematic elastic moduli! and not by the electrostati
quadrupolar energy. Indeed, the electric field created by a quadrupole moment
droplet surface scales asEQ}(D0 /L4), whereL is the droplet radius andD0 is the total
quadrupole moment, which can be estimated asD05d0N, whered0 is the molecular
quadrupole moment andN is the number of molecules in the droplet, i.e
N5(4pL3/3a2l ). It is customarily believed that for most thermotropic nematics
molecules can be represented as hard rods having a well-defined lengthl and diametera.
Therefore the quadrupolar contribution to the energy is

FsQ.E E2d3r .
d0

2

a4l 2
L. ~1!

This should be compared to the conventional anchoring and surface energy of the
atic droplet,Fs.WL2, whereW}T/a2 if it is a typical surface energy or}T/ l 2 for the
anchoring energy. Thus in any case for
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L.
d0

2

a4l 2W
. l b ~2!

~where the so-called Bjerrum lengthl b ~see, e.g., Ref. 5! is usually of the order of 10 Å,
and therefore the condition~2! is always satisfied for any real nematic droplet w
L.105– 104 Å), and the shape~and director distribution! of the nematic droplet is de
termined mainly by the conventional surface energy.

However, let us stress once again that the quadrupolar forces~though they give only
small corrections to the thermodynamic properties! are not negligible. For example, usin
the rough estimates given above, one can find that for a droplet withL.1024 cm the
quadrupolar electric field around it will be aboutEQ.1 V/cm.

2. From what we have said above it is clear that under the condition~2! the director
distribution in a nematic droplet can be found in the standard way2 by minimization of
the Frank elastic energy with suitable boundary conditions. In fact, a simple qualit
analysis of possible director configurations shows that for a spherical droplet with
boundary condition~the only exception being an infinitely strong radial anchoring!, the
director distributions always have quadrupolar symmetry. We might mention, for
ample, bipolar structures with two surface point defects~so-called boojums!, which can
be realized for tangential boundary conditions, or more-sophisticated~but also possessing
quadrupolar symmetry! structures which arise in the case of tilted orientation of
director on the droplet surface and which correspond to two boojums, one hedgeho
one disclination ring~see Ref. 6!. All these configurations can be characterized by
quadrupolar preferred directionm[2m ~e.g., for the bipolar structurem is a unit vector
along the direction between two poles!. Thus the quadrupole moment of such a config
ration can be represented in the form

Dik5D̃0S mimk2
1

3
d ikD , ~3!

and the only difference between different quadrupolar configurations is the num
coefficient~of the order of 1/10) which relatesD̃0 andD0 . We henceforth neglect this
difference, or, more accurately, consider this numerical factor to be included in
definition of D̃0 .

The quadrupole–quadrupole pair interaction between droplets having quadr
momentsD̂ (1) andD̂ (2) for distancesR larger than the size of each droplet can be fou
easily for the case when the droplets have no charge and no dipole moment:7

F int5
1

12
Dab

~2!
]

]xa

]

]xb
FDgd

~1!
ngnd

R3 G , ~4!

wheren is a unit vector alongR. Using ~3! and performing the calculations, we find

F int5
D̃0

~1!D̃0
~2!

12R5 F ~m1•m2!2220~n•m1!~n•m2!~m1•m2!25@~n•m1!21~n•m2!2#

135~m1•n!2~n•m2!21
4

3G . ~5!
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In the general caseF int is a function of three angular variables:u1 , u2 , and w12w2

~whereu i andw i are, respectively, the polar and azimuthal angles betweenmi andn).

Although the complete investigation of this function can be done only numeric
some particular configurations of relevance to us can rather easily be calculated a
cally. Namely, one can show that attraction takes place only for nearly orthog
orientationsa! of m1 andm2 , while for nearly parallel vectorsmi we have always repul-
sion. Expression~5! has a zero average over a sphere, as it should for quadru
symmetry.

Obviously F int(R,u1 ,u2 ,w12w2) is a noncentral potential, and the force on t
nematic droplet has both radial and angular~torque! components. Therefore when w
have many droplets interacting with each other in many different directions, and al
a result of Brownian motion, these droplets will always find a way towards the gl
angular minimum. This implies that the droplets would tend to organize themselves
chains with alternating orthogonal orientations of the quadrupole moments of neig
ing droplets. One can consider organization of this type as an analogy of ferroel
domains for quadrupolar ferroelectrics.

It is easy to estimate the characteristic time for chain formation controlled by
Stokes friction force 6phLu, whereh is the viscosity of the liquid andu is the velocity
of a droplet. The interdroplet distanceR is proportional tof21/3L, wheref is the droplet
concentration. Therefore using expression~5! for quadrupolar attraction and equating th
frictional and quadrupolar forces, one can estimate the characteristic time as

t.
ha4l 2

d0
2

L2f27/3. ~6!

Here~as well as later on! we ignore the entropy of mixing of the droplets, treating the
as macroscopic objects, and, of course, the estimate~6! is valid only for smallf, when
R@L.

Interesting phenomena can appear when we apply an external magnetic field
system. Recall that the droplets are not only quadrupolar ferroelectrics but also co
tional nematics having a diamagnetic anisotropyxa . Therefore a sufficiently strong
magnetic field can provide alignment of the droplet quadrupole moments. The nece
condition for this alignment is

xa
2H2L3.

D̃2

R5
, ~7!

i.e., the magnetic energy must overcome the quadrupolar attraction. From~7! we find the
critical field

Hc5
d0

Axaa2l

1

L
~8!

~we have assumed here thatR.L). Natural estimates of the parameters appearing in~8!
give Hc.103– 104 G.
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However to avoid director deformations inside a droplet~and the consequent reduc
tion of the droplet quadrupole moments! under the influence of this field, it must b
smaller than the critical field for the Fre´edericksz transition2,9

HF5AK

xa

1

L
. ~9!

Comparing~8! and ~9!, we get the condition

d0,AKa2l . ~10!

EstimatingK asT/ l , we conclude that the condition~10! is equivalent to the condition

l b, l S l

aD ,

which can be satisfied for real nematics.

Under these conditions~namely in an external magnetic fieldHc,H,HF) the
quadrupolar forces give repulsion between droplets~as can be easily seen from~5!!, and
the chain structure will therefore be broken. To find the structure which will arise
result of this quadrupolar repulsion (}1/R5) one has to take into account the others forc
acting in such a system. The most relevant among these are the van der Waals
These forces lead primarily to a certain contribution to the internal energy of each
let. This internal contribution can be calculated using the general method elaborat
Dzyaloshinskii, Lifshitz, and Pitaevskii~see, e.g., Ref. 10; some features of this con
bution which are specific to nematics and which give, in particular, a renormalizatio
the Frank moduli, have been studied in Ref. 11!.

For us it is more relevant that the van der Waals forces lead to attraction bet
droplets. This attraction is anisotropic; in any case, however, the average over a sp
nonzero. Thus we have a rather unusual situation: a system of particles with, say, ‘
range’’ (1/R5) repulsion and ‘‘short-range’’ (1/R6) attraction.

The detailed calculation of all possible configurations for such systems would
dress a very complicated kinetic~and statistical! problem which is beyond the scope o
our paper. A more modest aim we have is to describe qualitatively the consequen
quadrupolar forces. At this level it is clear that in the presence of both forces~the
quadrupolar and van der Waals! the droplet distribution can be characterized by a cert
specific length scaleL. The above discussion of the forces assumed 1/R5 or 1/R6 laws
for the interactions between isolated molecules. To find the total interactions betwee
mesoscopic spheres one has to sum of all individual interactions. This reduces to
ation of the following integral:

I 5E d3r 1E d3r 2

1

Sa
, ~11!

where

S25@~R12L2r 2 cosu22r 1 cosu1!21~r 2 sinu22r 1 sinu1!2#, ~12!

and the exponenta53 for the van der Waals interactions anda55/2 for the quadrupolar
interactions. In the simplest caseR!L it follows from ~11!–~12! that
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I vdW}
L

R
, I Q} ln

L

R
.

Now we are in position to estimate the characteristic cluster scale as the scale at
the van der Waals attraction is of the same order as the quadrupolar repulsion. P
together all dimensional factors, we get

L.
hna0

2a4l 2

d0
2

ln
L

l
,

wherea0 is the electronic polarizability andn is a characteristic frequency that can
identified with the first ionization potential of the molecules, which usually falls in
ultraviolet region~the meaning of all the others parameters has been explained abo!.

3. We calculated the electrostatic quadrupolar interaction between spherical ne
droplets in an isotropic~and nonconducting! liquid. It has an anisotropic form
Uq}1/R5, whereR is the distance between droplets, with repulsion for droplets ha
parallel orientation of the quadrupole moments and with attraction at oblique a
around the orthogonal orientation. In an external magnetic field ordering the orienta
of the quadrupole moments, a competition of the quadrupolar repulsion and va
Waals attraction (UvdW}1/R6) leads to a specific spatial aggregation of droplets that
in fact been reported often in experimental observations~see, e.g., Refs. 1, 8, 9, 12, 4, an
13!. Results analogous to those given above should be applicable as well to co
suspensions of quadrupolar polarizable particles in a less-polarizable noncond
fluid.

Obviously the above description is rather simplistic and does not include any
welcome effects, namely:

i! Charge screening. To neglect this effect we assumed that the isotropic liqu
ideally nonconducting.

ii ! Depletion.14,13 It leads only to a short-range attraction between spheres wi
characteristic scale of the order ofl .

iii ! Coarsening and coalescence. Neglecting these processes is a good approx
at a sufficiently small droplet concentration.

iv! Flexoelectric polarization. Flexoelectricity in nematic liquid crystals is a p
nomenon that has been studied in many publications for over a decade~see, e.g., Refs. 2
and 8!. It is known2 that deformations of the director field in nematics can creat
polarization

Pf5e1~n¹•n!1e3~¹3n!3n,

which involves two coefficients with dimensions of electric potential. In the case
molecules which are very asymmetric in shape and carry a strong electric dipole mo
md the flexoelectric coefficients might reach values of ordermd / l 2. In all other cases~and
in particular in the case under consideration, when the molecules do not have a p
nent dipole moment! they will be smaller. Rough estimates of these coefficients base
calculations of the fraction of the molecules which achieve the necessary ordering o
dipoles to ensure the maximum packing density give8
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e}N1/3/T,

whereN is the number of molecules per unit volume. Thus the corresponding ele
field ~proportional toN1/3) will be small in comparison to the quadrupolar field, which
proportional toN. Note also the following difference between the two kinds of polari
tions. The quadrupolar polarization~at least in principle! can be nonzero even fo
n5const, while the flexoelectric polarization is proportional to gradients ofn.

The research described in this publication was made possible in part by R
Grants. E. K. thanks Prof. M. Vallade of the Laboratoire de Spectrome´trie Physique,
UniversitéJoseph Fourier, Grenoble-1 for supporting his stay at that laboratory.

a!The angular interval in which attraction takes place can be characterized by a certain angle betweenn and one
of the vectorsm, which is varied from arccosA(4/15) to arccosA(2/3), and the maximum is achieved fo
precisely orthogonal orientations.
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The mechanism of oscillations of the half-width and intensity of the
cyclotron resonance~CR! line of electrons in a semimetal quantum well
based on an InAs/AlSb/GaSb heterostructure is investigated experimen-
tally and theoretically. It is shown that the oscillations of the CR spec-
trum are due to mixing of states of the spatially separated two-
dimensional electrons and holes. ©1998 American Institute of
Physics.@S0021-3640~98!00722-1#

PACS numbers: 76.40.1b, 73.61.Ey

The GaSb valence-band top in an InAs/AlSb/GaSb semiconductor heterostru
lies approximately 150 meV above the InAs conduction-band bottom. The uniquene
such structures lies in the fact that spatially separated two-dimensional electron
holes with overlapping energy spectra can coexist in them.1,2 The investigation of cyclo-
tron resonances~CRs! in such structures has shown that the absorption spectrum
sesses a number of characteristic features, specifically, a strong oscillatory magnet
dependence of the half-width and intensity of the CR line is observed. In the first p
cations such oscillations were interpreted as being a manifestation of the depende
the efficiency of the screening of a chaotic scattering potential on the filling factor o
Landau levels.3 However, recent investigations of CRs in InAs/AlxGa12xSb quantum
wells4 have shown that the oscillations are observed only in semimetal-type sam
(x,0.3), i.e., where electrons and holes are present. This fact enabled the auth
Ref. 4 to infer that the observed features in the CR spectra are due to the Co
interaction between electrons and holes. In theoretical work5 the characteristic behavio
of the shape of the cyclotron resonance line in InAs/GaSb quantum wells was attri
to the characteristic features of the band structure in the energy range correspond
overlapping of the InAs conduction band and the GaSb valence band.

Our objective in the present work is to investigate experimentally and theoreti
7920021-3640/98/68(10)/7/$15.00 © 1998 American Institute of Physics
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the mechanisms leading to oscillations of the half-width and intensity of the CR line
InAs/AlSb/GaSb heterostructure.

Samples grown by molecular beam epitaxy were used in the experiment.
samples consisted of 200 Å wide InAs quantum wells, separated from the GaSb m
by AlSb barriers. A series of structures with barrier thicknesses 0, 6, 20, 100, and
Å was investigated. Charge carriers in InAs quantum wells accumulate without
tional doping. The main sources of the carriers are surface states with energy close
center of the gapEg in GaSb and states in the valence band of GaSb. The transitio
electrons from states into the quantum well results in the appearance of a self-con
quantum well for holes in GaSb~Fig. 1b!. The CR spectra of the electrons in InA
quantum wells were investigated in magnetic fields ranging from 2 to 13 T at temper
T52.2 K. The measurements were performed with a Bruker IFS-113v Fourier spe
meter in a fixed magnetic field. The probe radiation was detected with a Si bolomete
spectra were normalized to the spectrum obtained without a magnetic field. The m
totransport measurements were performed in order to estimate the electron density,
was varied by illuminating the samples with light from a red LED.

The main experimental problem was to study the transformation of the CR sp
with increasing width of the AlSb barrier separating electrons and holes. The prese
holes in all experimental samples was confirmed by observing the CR line correspo
to an effective cyclotron massm* '0.3m0. The CR of electrons in a sample with 6
barriers~Fig. 2a! shows strong oscillations of the half-width and intensity of the abso
tion peak, similar to the results obtained in Ref. 3 on InAs/GaSb quantum wells wit
a barrier. The oscillations are periodic in 1/B, and the maximum half-widths of the CR
line correspond to the minimum amplitudes of the line. Such a magnetic-field depen
of the CR line shape was also observed in a sample without an AlSb barrier. This a
to the fact that the appearance of oscillations is not associated with the properties

FIG. 1. Band diagram of the experimental structure. The wave function of a hybrid electron–hole state is
schematically.
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interface separating electron and hole layers. As the barrier thickness increases to
the cyclotron absorption spectrum as a function of the magnetic field changes rad
Figure 2b shows the CR spectra of a sample with 20 Å barriers. Instead of s
oscillations of the half-width and intensity of the absorption line as a function of
magnetic field, splitting of the CR line is observed in certain magnetic fields. A deta
description of this phenomenon will be presented in subsequent publications. He
would like to discuss the physical reasons for the behavior of the CR in these stru
accompanying a transition from GaSb barriers to AlSb barriers. The basic idea o
experimental part of this work is that this transition is made not by changing th
fraction in the barrier material, as done in Ref. 4, but by increasing the barrier thick
starting with the lowest value at which the AlSb unit cell remains (;6 Å!. The experi-
mental results showed that the oscillations of the half-width and intensity of the CR
vanish as the AlSb barrier thickness increases from 6 to 20 Å .

To analyze the experimental results obtained, it is first necessary to investiga
effect of hole states from GaSb on the spectrum and wave functions of electrons in
For this, we shall employ a four-band Kane model. The wave function of the carrier
be represented as

c5Uus&1Vup&, ~1!

where us& and up&5$uX&,uY&,uZ&% are s- and p-type Bloch functions with angular mo
mentum 0 and 1, respectively;U(r ) and V(r )5$Vx(r ),Vy(r ),Vz(r )% are smooth enve-

FIG. 2. Absorption spectrum of an InAs/AlSb/GaSb quantum well for different values of the magnetic
AlSb barrier thicknesses: a! b56 Å , b! b520 Å .
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lopes of the Bloch functions, which are spinors. Near theG point the system of equation
for the envelopes in a spherical approximation in the presence of a magnetic field h
form6

~Ec2m•H2E!U1gK̂•V50,

gK̂U1S Ev2d2m•H2~ g̃122g̃2!
\2

2m
K̂22EDV

2g̃2

3\2

m
K̂~K̂•V!1 id@s3V#50. ~2!

Hereg is the Kane matrix element,g̃1 andg̃25g̃3 are generalized Luttinger paramete
d5Dso/3, Dso is the spin–orbit splitting constant,Ec andEv are, respectively, the ener
gies of the conduction-band bottom and valence-band top (Eg5Ec2Ev), m is the mass
of a free electron,s5$sx ,sy ,sz% are Pauli matrices,m52 1

2g0mBs is the magnetic
moment of the electron,H is the magnetic field intensity (H5$0,0,H%), mB is the Bohr
magneton,g0 is the g factor of a free electron,K̂52 i“2(e/c\)A is the generalized
wave vector of a particle (k̂[K̂z ,k̂z[2 i (]/]x)), A is the vector potential of the field
(A5$2yH,0,0%). The wave function of the stateN↑ has the form

c
N↑

5S a1↑1b1↓â1

a2↑â11b2↓~ â1!2

a3↑â1b3↓

a4↑1b4↓â1

D w
kx

~x!x
N
~y! f k~z!, ~3!

wherewkx
(x)}exp(ikxx), xN(y) are harmonic oscillator functions, and the functionf k(z)

satisfiesk̂2f k(z)5k2f k(z). In expression~3!, for convenience, a transition was mad
from the basis vectorsuX&,uY& to the basis vectorsup2&,up1&, respectively, according to
the rulesup2&5221/2(uX&2 i uY&) and up1&52221/2(uX&1 i uY&); in addition, creation
and annihilation operatorsâ152221/2aH(K̂x1 i K̂y) and â52221/2aH(K̂x2 i K̂y),
whereaH5A\c/ueuH is the magnetic length, are used. The components of the sp
a i↑5(0

a i) andb i↓5(b i

0 ) can contain the operatork̂. The state (N11)↓ also possesses

wave function of the same general form~3!. Therefore mixing of the statesN↑ and (N
11)↓ occurs in the quantum well.

The boundary conditions formulated in Ref. 6 were used to find the spectrum o
carriers in the quantum well.

To analyze the hybridization of the states of the conduction band of InAs and
states of the valence band of GaSb, it is important to establish the selection rul
resonance tunneling of charge carriers through an AlSb barrier. Taking into accou
mixing of the states at the heterointerface, we find that only the following matrix
ments of resonance tunneling are nonzero:

^c
N↑
e uc

N↑
h &, ^c

N↑
e uc

~N11!↓
h &,

^c
N↓
e uc

N↓
h &, ^c

N↓
e uc

~N21!↑
h &. ~4!
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The selection rules~4! reflect the fact that the Hamiltonian computes with the opera

ĵ 5â1â1 l̂ z1 ŝ, ~5!

where l̂ z is the projection operator of the orbital angular momentum of a particle o
the z axis, andŝ5 1

2sz is the projection operator of the spin of a free electron onto thz

axis. Using the form of the wave function~3!, we find the eigenvalues of the operatorĵ

ĵ cNs
5~N1s!cNs

, ~6!

wheres561/2, while the quantum numberN is a sum of the eigenvalues of the oper
tors l̂ z and n̂[â1â: N5n1l z . For electronsl z50, and therefore the numbers of th
Landau levels are the same as the eigenvalues of the operatorn̂. For carriers in the
valence band in a magnetic field mixing of states of heavy (l z561), light and spin-
split-off (l z50) holes mix, and for this reason the Landau levels for holes canno
enumerated with the quantum numbern.

Since the operatorĵ does not depend on the coordinatez, the quantityj 5N1s is an
invariant for resonance tunneling of carriers through a barrier. For tunneling with
servation of the orientation of the electron spin, the tunneling matrix element ca
accurately represented as

^cN↑
e ucN↑

h &'AN

ac

kh

kh
21¸e

2

g

aHEg
e2¸eb coskea, ~7!

whereb is the width of the AlSb barrier,a andc are, respectively, the half-widths of th
electron and hole quantum wells~for simplicity, we approximated the self-consistent ho
quantum well by a square well!, ke and kh are, respectively, thez components of the
electron and hole quasimomenta, and¸e

21 is the characteristic decay length of an electr
wave function under the AlSb barrier. The matrix element of the tunneling transition
spin flip has the same exponential dependence on the barrier thickness~see Eq.~7!!.

The wave function of carriers in an InAs/GaSb heterostructure is a superpositi
electron and hole states. However, the mixing of these states is substantial only wh
conditions for resonance tunneling of carriers between electron and hole wells are
fied ~see the selection rules~4!!. It is obvious that the admixing of hole states to electr
states will have a large effect on the shape of the electronic CR line, since the mobi
the holes is much lower than that of the electrons. The stronger this admixture, the
the cyclotron absorption line is. Therefore the broadening occurs for values of the
netic field for which the energies of the Landau levels of the electron and hole sys
coupled by the selection rules determined above are the same. In Fig. 3 the arrow
the computed values of the magnetic field for which resonance tunneling of ch
carriers through the AlSb barrier occurs. The solid arrows correspond to tunneling
out spin flip, while the broken arrows correspond to tunneling with spin flip. The widt
the hole well and the quantitygh2ge , wherege andgh are, respectively, the electron an
heavy-holeg factors, were used as adjustable parameters. The degree of hybridizat
the ‘‘interacting’’ levels, as follows from Eq.~3!, depends exponentially on the thickne
of the AlSb layer. As the thickness of the AlSb barrier increases from 6 to 20 Å,
probability of electron tunneling through the barrier decreases by an order of magn



ount

line,
filling

half-
ion
10%
r-

ift is
-

nged.
as a

um
n and

with
e-

e solid
arrows

797JETP Lett., Vol. 68, No. 10, 25 Nov. 1998 Suchalkin et al.
and the oscillations of the half-width and intensity of the CR line practically vanish~Fig.
2!. It is obvious that the change in the electron–hole distance by such a small am
cannot qualitatively influence the long-range Coulomb interaction.7

It should be noted that the oscillations of the half-width and intensity of the CR
in contrast to the Shubnikov–de Haas oscillations, are not determined by the
factors of the Landau levels. Figure 3 shows the magnetic-field dependence of the
width of the CR line in a sample with a fixed 6-Å barrier before and after illuminat
with by an LED, which decreased the electron density in the well by approximately
~negative frozen photoconductivity effect8!. The triangles mark the magnetic fields co
responding to integral values of the filling factor before~open triangles! and after~filled
triangles! illumination of the sample. One can see that even though a clear sh
observed in the Shubnikov–de Haas oscillations~Fig. 3!, the magnetic fields correspond
ing to the extremal values of the half-width of the electron CR peak remain uncha
This is explained by the fact that the period of the oscillations of the CR line shape
function of the reciprocal of the magnetic field in InAs/GaSb ‘‘semimetal’’ quant
wells is determined not by the Fermi energy but by the energy between the electro
hole size-quantization subbands, which depends weakly on the carrier density.

This work was supported by the Russian Fund for Fundamental Research.
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FIG. 3. Half-width of the CR line versus the magnetic field in an InAs/AlSb/GaSb quantum well
6-Å barriers before (s) and after (d) illumination with an LED. The triangles mark magnetic fields corr
sponding to definite values of the filling factor before (n) and after (m) illumination. The arrows mark the
computed values of the magnetic field for which the broadening of the CR line is assumed to occur. Th
arrows correspond to resonance tunneling with conservation of spin orientation, while the broken
correspond to tunneling with spin flip.
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On the stability of a moving charged helium film

V. B. Shikina)

Institute of Solid State Physics, Russian Academy of Sciences, 142432 Chernogolovk
Moscow Region, Russia

~Submitted 17 September 1998; resubmitted 15 October 1998!
Pis’ma Zh. Éksp. Teor. Fiz.68, No. 10, 759–762~25 November 1998!

The problem of the stability of a massive, charged helium film is stud-
ied with allowance for the possible motion of the film relative to the
electron system localized on its surface. Here a peculiar sort of Doppler
effect is intertwined with processes that cause the charged helium sur-
face to become unstable, affecting its critical characteristics. ©1998
American Institute of Physics.@S0021-3640~98!00822-6#

PACS numbers: 67.70.1n

Research on the properties of two-dimensional~2D! charged systems moving rela
tive to a liquid substrate has become increasingly active in recent years. This trend
displayed in various attempts to investigate the properties of an electron crystal s
along a liquid substrate~see, e.g., Refs. 1–3!. As is well known, a stationary electro
lattice deforms a liquid substrate, forming craters under each of the electrons localiz
lattice sites. The dynamical properties of an electron crystal on a liquid substrat
largely determined by this deformation.4 However, if the crystal moves with a definit
velocity relative to the liquid surface, there is not enough time for craters to appea
the crystal acquires new properties.

Another interesting problem involving the relative motion between electrons a
liquid substrate arises from ‘‘hydrodynamic’’ considerations. It is well known that s
tary waves~solitons! can propagate along a neutral channel of finite depth.5 The appear-
ance of a finite charge density on a liquid surface should seriously modify the prop
of the hydrodynamic soliton. More generally, there is the problem of finite-amplit
third-sound on a moving charged helium film, including the effect of the motion of
film on its stability criterion.

Existing attempts to force the electron system to slide as a whole relative to a l
substrate are ineffective. Here the problem is to use electric forces1 or Lorentz forces2

along the helium surface. Of course, these forces displace the electrons relative
substrate, but sliding is spatially extremely nonuniform and appears only in a thre
manner. As a result, the observed effects are difficult to interpret.

In the present letter, attention is called to a comparatively simple, alternative p
bility of obtaining uniform motion of an electron system relative to helium without us
perturbing electric forces. The problem is to produce conditions under which the l
helium film is forced to flow along a solid substrate. The superfluid nature of the he
makes it possible to accomplish this. As a result, the electronic component on a
7990021-3640/98/68(10)/5/$15.00 © 1998 American Institute of Physics
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surface of a helium film remains stationary in the laboratory coordinate system. The
however, flows relative to the solid substrate and therefore relative to the electron sy
The stability of a mobile charged helium film is investigated below on the basis of
scenario.

1. Let us consider the cell shown schematically in Fig. 1. The electrons are loca
on a special pedestal, which is raised relative to the level of the bulk helium to heigh.
This makes it possible to regulate the thicknessd of the film on the pedestal:4

d215S 1

d0
3

1
2pe2ns

2

f D 1/3

and d05S f

rghD 1/3

, ~1!

whereg andr are the acceleration of gravity and density of liquid helium,f is the van der
Waals constant, andns is the equilibrium density of the surface electrons. In addition
definite differentialdh of the heights of the bulk helium to the left and right of th
pedestal is provided. This differential allows superfluid flow of helium from left to ri
or vice versa, depending on the sign ofdh, with velocity u<uc , whereuc is the critical
velocity of the superfluid flow along the film and is given by

uc5
2\

m4d
ln~d/a!, ~2!

where m4 is the mass of a helium atom anda is the interatomic distance. Fo
d;1021 cm, uc;0.62 cm/s.

The position of the electrons of densityns on the pedestal is controlled by the field
produced by a flat-plate capacitor that holds the electrons on the liquid substrate
distribution is, on the average, stationary relative to the rises and therefore it is in m
relative to the liquid film.

2. The dispersion relation of a capillary wave exp(iqx2ivt) on the surface of a
moving charged helium film under saturation conditions~the electric field above the film
is zero! is

v65qu6F uqu
r

~rg* 1aq224ps2uqu!G1/2

, ~3!

g* 5g13 f /rd4, q.d,

FIG. 1. Diagram of the preparation of a 2D electron system on a moving substrate.
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wheres5ens anda is the surface tension of liquid helium. Including the contribution
van der Waals forces in the definition ofg* makes it possible to use the dispersi
relation ~3! for quite thin helium films.

To obtain the obvious result~3! ~Doppler effect in the problem of ripplon oscilla
tions! it is necessary not only to modify the boundary condition for the hydrodyna
potentialf

]f

]t
5u

dj

dx
1

dj

dt

(j is the displacement of the liquid boundary from the equilibrium position! but also to
take into account a correction linear inf to the general pressure balance on the mob
boundary as a result of the Bernoulli pressure, which is a quadratic function o
velocity of the liquid.

Formula~3! is interesting from several standpoints. In the first place, in the lin
approximation the stability of the film does not react to the velocityu. Indeed, the
stability criterion is determined by the condition that the radicand in expression~3!
vanish. This gives

s
*
4 5k2a2, q* 52ps

*
2 /a, k25rg/a, ~4!

a result known from Ref. 6 for a liquid which is stationary on average.

In the second place, the frequencies from Eq.~3! are sensitive to the sign of th
productqu, so that actually the dispersion relation in dimensionless form is

v6
j 5 jqu6@q31q222d2q2#1/2, j 56. ~5!

Hereu andq are dimensionless moduli of the velocity and wave number. Moreove

q5q/k, k25rg/a, u5u~k/g!1/2, and d5s/s* , ~6!

wheres* is given in Eq.~4!.

The frequenciesv1
1(q) or v2

2(q) have a constant sign for allq. For example, the
modev1

1(q) given by

v1
1~q,u,d!51qu1@q31q222d2q2#1/2, v1

1~1,u,1!51u ~7!

is presented in Fig. 2~top! for u50.1 and two values ofd: d50.96 and 1.00. The set o
these lines is labeled with a general plus sign. The analogous modev2

2(q) in the lower
half of the figure is labeled with a minus sign.

The combinationsv1
2(q) andv2

1(q) are sign-variable. The function

v1
2~q,d!52qu1@q31q222d2q2#1/2, v1

2~1,u,1!52u ~8!

for the same numbers as in Eq.~5b! is displayed in Fig. 3 with the signs (12). The
(21) mode is also present here. It is obtained from Eq.~8! by making the sign change
1→2.

It is obvious that the degeneracy of the sign-variable modes should be lifted a
crossing points of the spectrum. But this is now a problem of the nonlinear theo
oscillations of a charged helium surface.
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In summary, in the present letter a novel possibility of producing conditions
studying the relative motion between a 2D electron system and a liquid substr
discussed. In the linear approximation this motion leads to a Doppler deformation o
dispersion relation for oscillations of a charged liquid helium surface. The most inte
ing nonlinear effect in prospect is the behavior of an electron crystal on a mo
substrate.

I thank S. V. Iordanski� for a discussion of the results obtained in this work and
helpful remarks. This work was supported in part by the Russian Fund for Fundam

FIG. 2. The frequenciesv1
1(q) andv2

2(q) ~7! for u50.2 and two values ofd: 1 — d50.96,2 — d51.00.
The first frequency is labeled with a general plus sign. The analogous modesv2

2(q) in the lower half of the
figure labeled with a minus sign.

FIG. 3. The combinationsv1
2(q) andv2

1(q) for the same numbers as in Fig. 2. The mode~8! is denoted by
(12) signs. The mode (21), determined from Eq.~8! by making the substitution1→2, is also shown here.
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Effect of a magnetic field on thermally activated
tunneling ionization of impurity centers in
semiconductors

V. I. Perel’ and I. N. Yassievicha)

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021
St. Petersburg, Russia

~Submitted 19 October 1998!
Pis’ma Zh. Éksp. Teor. Fiz.68, No. 10, 763–767~25 November 1998!

An expression for the probability of thermally activated tunneling ion-
ization in an electric field in the presence of a magnetic field is ob-
tained. It is shown that the logarithm of the ionization probability is
proportional to the squared electric field, and the coefficient of propor-
tionality decreases with increasing magnetic field. ©1998 American
Institute of Physics.@S0021-3640~98!00922-0#

PACS numbers: 79.70.1q, 61.72.2y

The effect of an electric field on the thermal ionization of impurity centers in se
conductors was previously attributed to the Poole–Frenkel effect, i.e., a decrease
ionization energy of attracting Coulomb centers in an electric field. In recent years
been shown theoretically and experimentally that in sufficiently strong electric fi
thermally activated tunneling of charge carriers accompanied by a multiphonon tran
plays the dominant role in the ionization process.1–4 The effect of a magnetic field on thi
process is studied in the present letter.

Consider an impurity center on which an electron is present in a bound state.
equilibrium configuration of the lattice, a potential well is present for the electron on
center. Lattice vibrations change this configuration, and as a result the energy of a
ized electron changes. For simplicity, we shall assume that one mode of the local
tions~ordinarily, this is the ‘‘breathing’’ mode!, which is described by the configuration
coordinatex, plays the dominant role in the motion of the electronic level. Ordinar
two adiabatic potentials are introduced:U1(x), the vibrational potential in the presenc
of a bound electron, andU2(x), which corresponds to an ionized impurity plus a fr
electron with zero kinetic energy. If the free electron has energy«, then the correspond
ing adiabatic potential isU2«5U2(x)1«. In an electric field the energy of a free electro
can be negative~see Fig. 1!.

It can be assumed that the thermal ionization process under the influence
electric field occurs in three stages:

1! As a result of thermal excitation the system is in a vibrational levelE1 in the
potentialU1(x) ~see Fig. 1!;

2! tunneling rearrangement of the vibrational system to the adiabatic pote
8040021-3640/98/68(10)/6/$15.00 © 1998 American Institute of Physics
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U2«(x), corresponding to negative electron energy«, occurs; and,

3! an electron tunnels out of the well into a free state with energy«,0.

The first two processes occur without the participation of an electric field, while
third process occurs without the participation of vibrations.

In the quasiclassical approximation the ionization probability is proportional to
expression

expS 2
E1

kTDexp@22~S2«2S1«!#exp@22Se~«!#, ~1!

where

S1«5
A2M

\ E
a1

xc«AU1~x!2Edx, ~2!

S2«5
A2M

\ E
a2«

xc«AU2«~x!2Edx. ~3!

The energyE is measured from the bottom of the potentialU2(x): E5E12«T5E2

1«, E1 and E2 are vibrational energies in the potentialsU1(x) and U2(x), «T is the
thermal ionization energy, andM is the mass associated with the chosen vibratio
mode. The integration limits in Eqs.~2! and~3! are the turning pointsa1 anda2e in the
potentialsU1(x) and U2«(x) and the pointxc« where these potentials meet. The thr
cofactors in Eq.~1! are the probabilities of the three processes enumerated above
last factor exp@22Se(«)# determines the probability of electron tunneling with ener
«,0. The total ionization probability is obtained by integrating the product~1! over the
electronic energy« and the vibrational energyE1 . Calculation of this integral by the
saddle-point method yields two equations for the optimal valuesE1m and«m :

FIG. 1. Diagram of the adiabatic potentials, illustrating tunneling rearrangement of the vibrational s
accompanying ionization: a! and b! correspond to two possible arrangements of the potentials~autolocalization
occurs in the case b!. Explanations are given in the text.
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t2«2t1«5\/2kT, t2«5te , ~4!

where

t1«52\
]S1«

]E
, t2«52\

]S2«

]E
, te52\

]Se~«!

]«
, ~5!

and E5E1m2«T ,«5«m . The timest1« ,t2« , and te are the tunneling times of the
vibrational system in the potentialsU1 andU2« and the electron tunneling time, respe
tively.

The scheme described above for calculating the ionization probability has been
previously to study ionization in dc1 and ac2 electric fields~see also Ref. 3!. The results
agree well with numerous experiments.3,4 Here we shall employ this approach to stu
the effect of a magnetic field on thermal ionization in a constant electric field. We
employ the results of Refs. 5 and 6, where the probability of electron tunneling in
presence of electric and magnetic fields was found in the quasiclassical approxim
The result obtained in these works can be written as

2Se~«!5
2

3

~2u«um!3/2

Fm\
g~g,u!, ~6!

g5A2u«um
V

F
, ~7!

wherem is the electron effective mass,V5eH/mc is the cyclotron frequency,F5eE is
the force acting on an electron in an electric field of intensityE. The functiong(g,u),
which depends on the angleu between the directions of the electric and magnetic fie
is given by the expression

g~g,u!5
3

2
bF12

Ab221

g
sinu2

1

3
b2cos2uG , ~8!

whereb.0 and is related with the parameterg by the equation

b22sin2uFb coth~bg!2
1

gG2

51. ~9!

From Eqs.~5!–~8! we find

te5
g

V Fg~g,u!1
1

3
g

]g~gu!

]g G . ~10!

For sufficiently weak fields, such thatu«mu!«T , the differenceS2«2S1« in Eq. ~1!
can be expanded in a series in powers of« and only the first term in the expansion ne
be retained. Then

S2«2S1«5S22S11«t2 /\, ~11!

whereS2 ,S1 , andt2 are the values ofS2« ,S1« , andt2« at «50. In Eqs.~4! « can also
be set to zero in the tunneling timest1« andt2« of the vibrational system. Then the firs
of Eqs.~4! determinesE1m and gives for the same value as in the absence of an ele
field. As a result we obtain that, to exponential accuracy, the ionization probability i
electric field is given by the expression



qs.

tant

per-
ld

ds:

807JETP Lett., Vol. 68, No. 10, 25 Nov. 1998 V. I. Perel’ and I. N. Yassievich
e~F !5e~0!expF2u«mut2

\
22Se~ u«mu!G , ~12!

where the optimal energy«m for electron tunneling is determined by the second of E
~4!, wheret2« is replaced byt2 , and expression~10! should be used forte . Since the
parameterg and the energy« are related by Eq.~7!, the optimal tunneling energy«m

corresponds to the optimal value ofgm , for which we have finally the equation

gmFg~gm ,u!1
1

3
gm

]g~gm ,u!

]gm
G5Vt2 . ~13!

Formula~12! then becomes

e~F !5e~0!exp~F2/Fc
2!, ~14!

where it is convenient to expressFc in terms of the auxiliary quantityt2* as

Fc
25

3m\

~t2* !3
and ~t2* !35t2

3S gm

Vt2
D 3S 3

Vt2

gm
22g~gm ,u! D . ~15!

As H→0 we haveg(g,u)→1 and, as is evident from Eq.~13!, gm /Vt2→1. Therefore
t2*→t2 , and we obtain the well-known result of Refs. 1 and 3 for ionization in a cons
electric field in the absence of a magnetic field. According to Eq.~4!, the timet2 is
determined by the relation

t25\/2kT1t1 , ~16!

wheret1 is essentially independent of temperature.3

We shall now consider the limiting cases, confining our attention to mutually
pendicular electric and magnetic fields (u5p/2). In the case of a strong magnetic fie
g@16

g~g,p/2!53/8g. ~17!

In this limit we obtain from Eq.~13!

FIG. 2. gm versusVt2 for three values of the angleu between the directions of the electric and magnetic fiel
1 — u5p/2, 2 — u5p/3, 3 — u5p/4.
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gm5A2Vt2. ~18!

Therefore the conditiongm@1 means thatVt2@1. Under this condition we have for th
parametert2* from Eq. ~15!

t2*
353t2

3/Vt2 . ~19!

The magnetic field, as expected, slows down the thermally activated tunneling ioniz
process.

In the weak magnetic field limit,Vt2!1, it is easy to obtain from Eqs.~7!, ~9!, ~13!,
and ~15!

gm5Vt2~121/18~Vt2!2! and ~t2* !35t2
3~121/15~Vt2!2!. ~20!

The dependence ofgm and (t2* /t2)3 on the parameterVt2 in the general case is dis
played in Figs. 2 and 3 foru5p/2,p/3, andp/4.

In summary, it has been shown in this letter that a magnetic field decrease
ionization rate without changing the character of the electric field dependence o
probability of thermally activated tunneling ionization of impurity centers. This effec
determined by the parameterVt2 , whereV is the cyclotron frequency andt2 is deter-
mined by the tunneling rearrangement time of the vibrational system of centers i
process of ionization.

This work was supported by the Russian Fund for Fundamental Research~Grants
Nos. 98-02-18268 and 96-15-96392!.

a!e-mail: Irina.Yassievich@pop.ioffe.rssi.ru
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FIG. 3. (t2* /t2)3 versusVt2 for three values of the angleu between the directions of the electric and magne
fields: 1 — u5p/2, 2 — u5p/3, 3 — u5p/4.



809JETP Lett., Vol. 68, No. 10, 25 Nov. 1998 V. I. Perel’ and I. N. Yassievich
4S. D. Ganichev, I. N. Yassievich, and W. Prettl, Fiz. Tverd. Tela~Leningrad! 39, 1905 ~1997! @Sov. Phys.
Solid State39, 1703~1997!#.

5L. P. Kotova, A. M. Perelomov, and V. S. Popov, Zh. E´ ksp. Teor. Fiz.54, 1151~1968! @Sov. Phys. JETP27,
616 ~1968!#.

6V. S. Popov and A. V. Sergeev, Zh. E´ ksp. Teor. Fiz.113, 2047~1998! @JETP86, 1122~1998!#.

Translated by M. E. Alferieff



type
de-

ture in

GaSb
tion of
field

own
InAs

by a
the

type

e
nsity

at
of the
mple.
icu-
ded to

JETP LETTERS VOLUME 68, NUMBER 10 25 NOV. 1998
Electron spin resonance in GaSb–InAs–GaSb semimetal
quantum wells

S. A. Emel’yanov,a) Ya. V. Terent’ev, A. P. Dmitriev, and B. Ya. Mel’tser
A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021
St. Petersburg, Russia

~Submitted 6 August 1998; resubmitted 26 October 1998!
Pis’ma Zh. Éksp. Teor. Fiz.68, No. 10, 768–773~25 November 1998!

Resonance of the photo-emf induced by far-IR light in the presence of
a magnetic field oriented parallel to the plane of the well is observed in
a GaSb–InAs–GaSb semimetal quantum well. It is inferred that the
effect is due to optical transitions between sublevels of the first size-
quantization level. ©1998 American Institute of Physics.
@S0021-3640~98!01022-6#

PACS numbers: 76.30.2v, 73.61.Ey

Spin resonance has thus far been observed only in structures of the
GaAs–AlGaAs or GaInAs–InP, where the two-dimensional electron gas is weakly
generate. Resonance was observed in the form of a small microwave-induced fea
the conductivity against the background of Shubnikov–de Haas oscillations~see, for
example, Refs. 1 and 2!.

We report here the observation of electron spin resonance in GaSb–InAs–
semimetal quantum wells. Resonance was observed in the course of an investiga
the photo-emf induced by far-IR light in the presence of an external magnetic
oriented parallel to the plane of the well.

The experiments were performed on structures with single 20-nm-thick MBE-gr
quantum wells. To eliminate effects due to hybridization of the conduction band of
with the valence band of GaSb, the well was separated from the GaSb layers
10-nm-thick AlSb barrier. A characteristic density and mobility of the electrons in
well were, respectively, 431012 cm22 and 7000 cm2/V•s at T5300 K and 2.531012

cm22 and 9000 cm2/V•s atT577 K. A strong built-in electric field~up to 105 V/cm! was
present in the well. The existence of the field is characteristic for structures of the
used in Ref. 3.

Pulsed NH3 and D2O gas lasers optically pumped by CO2 laser served as the sourc
of radiation. The wavelength of the light, the pulse duration, and the maximum inte
of the radiation were equal to 90.6mm, 40 ns, and 1500 W/cm2 for the NH3 laser and
385 mm, 100 ns, and 100 W/cm2 for the D2O laser. The experiments were performed
T54.2 K in the presence of an external magnetic field oriented parallel to the plane
well. Unpolarized radiation was directed along the normal to the surface of the sa
The light-induced photocurrent arising in the plane of the well in a direction perpend
lar to the magnetic field was measured. The kinetics of the measured emf correspon
8100021-3640/98/68(10)/7/$15.00 © 1998 American Institute of Physics
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that of the exciting laser pulse. The geometry of the experiment is shown in the in
Fig. 1.

Figure 1 shows experimental curves of the photo-emf versus the magnetic field
curves were obtained atl590.6mm for two different radiation intensities. One can s
that a resonance of the photo-emf, which shifts with increasing excitation intensity i
direction of high magnetic fields, is present. Reversal of the direction of the light doe
change the sign of the emf. We attribute the observed resonance to optical transiti
electrons between spin sublevels of the first size-quantization level in the well.
known that in quantum wells with a built-in electric field, even in the absence o
external magnetic field, the spin degeneracy is removed as a result of the spin
interaction~so-called zero spin splitting!. The energy spectrum of electrons in the pla
of a two-dimensional gas (XY) has the form4

e65
\2k2

2m*
6ak, ~1!

wherea is the spin-orbit interaction constant, which depends on the magnitude o
built-in field. Therefore, even in the absence of an external magnetic field, the e
spectrum in theXY plane consists of two branches corresponding to two opposite d
tions of the spin — parallel or antiparallel to the vector of the magnetic field arising in
coordinate system of an electron moving in a strong built-in electric field. It is obv
that only electrons whose energy is close to the Fermi energy can undergo direct o
transitions. It follows from Eq.~1! that the zero spin splitting near the Fermi level
2akF . To obtain a rough estimate of the energy\v0 of a photon which can be reso
nantly absorbed even in a zero magnetic field, we shall employ the spin-orbit spl
constant obtained from magnetotransport measurements for structures of this3

a50.931029 eV•cm. Neglecting the nonparabolic nature of the spectrum and se
eF570 meV andm* 50.056m0 ~the electron effective mass near the Fermi level5!, we

FIG. 1. Photo-emf versus the magnetic field for 90.6mm radiation and different exciting radiation intensitie
Inset: Geometry of the experiment.
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obtain \v052akF;6 meV. This corresponds to the energy of a far-IR photon. T
energy spectrum and the scheme of possible optical transitions in a zero externa
netic field are presented in Fig. 2a.

When an external magnetic fieldB is applied in the plane of a two-dimensional ga
for example, along theX axis, the spectrum becomes

e65
\2k2

2m*
6Aa2kx

21S aky1
1

2
gmBBD 2

. ~2!

Now the spins are oriented in the direction of the resultant magnetic field, which i
sum of the external magnetic field and the field arising due to the motion of an ele
in the strong built-in electric field. One can see from Eq.~2! that the spectrum is now
asymmetric in theY direction ~Fig. 2b!.

Optical transitions are possible only for electrons with energy close to the F
energy. For such electronskx

21ky
25kF

2 . When Eq.~2! is taken into account, the conditio
for a resonance at frequencyv has the form

~\v!25~2akF!21~gmBB!214gmBBaky , ~3!

whereky can assume values from2kF to kF . It follows from Eq. ~3! that resonance
absorption of light can occur in the range of frequencies of the exciting radiation fr

vmin5
1

\
u2akF2gmBBu to vmax5

1

\
u2akF1gmBBu.

We shall now consider the situation occurring in an experiment where the ph
energy is fixed~in our case\v513.7 meV! and B increases from zero. Resonan

FIG. 2. a! Energy spectrum of electrons in a quantum well with a built-in electric field. The vertical arr
show the possible resonance optical transitions in a zero magnetic field. b! Energy spectrum of electrons in th
directionY in the plane of the quantum well in the presence of an external magnetic field directed alongX. The
vertical arrow shows the resonance optical transition accompanying the absorption of 90.6mm light. The
horizontal arrows indicate the direction of the elementary currentsj 1 and j 2 arising as a result of this transition
c! Energy spectrum and scheme of resonance optical transitions accompanying the absorption of 385mm light.
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absorption first occurs atB* 5(gmB)21(\v22akF). In this case electrons with
ky'kF participate in absorption. The corresponding optical transition is shown in Fig
As B increases further, the resonance conditions will be satisfied even for electrons
kxÞ0 and, correspondingly,ky,kF . As a result, in the actual range of magnetic fiel
the resonance absorption contour has the form of a diffuse step. However, it is appa
very difficult to observe such a resonance experimentally because of the relatively
nonresonance absorption.

Let us now turn to a discussion of the experimentally observed resonance pho
rent. We shall consider first the case of magnetic fields close toB* . This current is the
difference between two elementary currentsj 1 and j 2 which form with an optical tran-
sition 1→2 ~see Fig. 2b!. The currentsj 1 and j 2 are not equal to one another, since t
electron velocity, the electron momentum relaxation time, and the electron effective
at the points 1 and 2 are different. For this reason, in the absence of accidental co
sation, a nonzero net current will occur. It is also evident from Fig. 2b that an impo
feature of the scheme of the optical transitions occurring in the experimental syst
that the transition of an electron with momentum (kx ;ky) is not accompanied by a
symmetric transition of an electron with momentum (kx ;2ky) or close to it, as ordinarily
happens when fast-response currents form~for example, the so-called entrainment cu
rents!. In our view this is the reason why in an experiment the resonance photocurren
be distinguished against the background of a nonresonance photocurrent.

We shall now analyze the form of the resonance curve of the photo-emf. Usin
relations~2! and ~3!, it is not difficult to show that under conditions such that\v is
somewhat greater than 2akF the difference of the projections of the velocities at t
points 2 and 1 on theY axis will decrease as the magnetic field increases aboveB* . In
turn, this should decrease the net current. Therefore it can be expected that in con
resonance absorption the resonance photo-emf will be a certain curve with a maxim
the pointB* . However, if the facts that the effective mass at the point 2 is greater th
the point 1 because of the strong nonparabolicity of the spectrum, while the relax
time of the momentum, conversely, may be smaller~the latter apparently is valid only fo
sufficiently large\v, so that scattering by acoustic phonons predominates!, are taken into
account, then the net current can not only decrease appreciably, but it can even c
sign.

Following the assumption that the experimentally observed photo-emf reach
maximum value atB5B* , we can estimate the spin-orbit splitting constant. Since in
experimentB* >3.5 T, and assuming for a rough estimate thatg5215 ~as in bulk InAs!
and m* 50.056m0, we obtaina51.531029 eV•cm, which is in reasonable agreeme
with the results of Ref. 3. The corresponding value of 2akF is approximately 10 meV,
which is in complete accord with the ideas presented above.

Let us now consider the question of the shift of the position of the resonance a
excitation intensity increases. Thus far we have assumed that only electrons with e
eF ~more accurately, all electrons with energy fromeF2\v to eF) can participate in
resonance absorption. This valid only for sufficiently low electron temperature, so
kT,2akF . At the same time, it is well known that far-IR radiation heats the electro
subsystem very efficiently~see, for example, Ref. 6!. For the radiation intensities realize
in experiments~up to 1.5 kW/cm2), it can be expected that the characteristic scale of
dropoff of the distribution function is several tens of meV. It is obvious that for suc
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diffuse distribution function, when the corresponding resonance conditions are sat
the strongest transitions will be optical transitions with initial energy much less thaneF .
This should have the effect that with increasing radiation intensity for\v.2akF the
position of the resonance of the photo-emf will shift in the direction of strong magn
fields.

To check the proposed interpretation of the resonance, additional experiments
performed to measure the dependence of the photo-emf on the external magnet
with excitation by 385mm radiation, i.e., under conditions such that\v,2akF . The
results are presented in Fig. 3. It is evident that the resonance photo-emf is observe
also. The following features of the resonance are of interest:~i! the position of the
resonance as a function of the magnetic field~at least, for relatively low intensities!
differs very little from the position of the similar resonance atl590.6mm, even though
the photon energy differs by approximately a factor of 4;~ii ! the resonance a
l5385mm is much less pronounced than atl590.6mm, and the corresponding reso
nance photo-emfs have opposite signs; and,~iii ! as excitation intensity atl5385mm
increases, the resonance shifts in the direction ofweakermagnetic fields.

In our opinion, the characteristic features enumerated above of the formation
resonance photo-emf atl5385mm agree quite well with the proposed model. Indeed
accordance with the model the position of the resonance as a function of the ma
field is determined essentially by the modulus of the difference of\v and 2akF . There-
fore resonances at frequenciesv1 andv2 will be observed at close values of the magne
fields if the value of 2akF is close to 1/2(\v11\v2). In our case this condition mean
that 2akF'8.5 meV, which agrees well with the above-presented estimate of this q
tity from the position of the maximum of the resonance atl590.6mm. The fact that the
amplitude of the resonance atl5385mm is appreciably smaller than atl590.6mm is

FIG. 3. Photo-emf versus the magnetic field. The curves were obtained at a wavelength of 385mm for two
different exciting radiation intensities.
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likewise completely explainable, since in the first case the resonance transition is a
panied by a substantially smaller change in the electron energy and a correspon
smaller change in the values of the electron parameters at the initial and final points
transition. Comparing Fig. 2b and Fig. 2c, it is evident that the sign of theY projections
of the velocities at the initial and final points of the resonance transition atl5385mm is
opposite to that in the case of excitation atl590.6mm. Apparently, this also explains th
difference in the signs of the resonance photo-emf. As far as the shift of the positi
the resonance is concerned, it is not difficult to show that for\v,2akF resonance
conditions for electrons with energy less thaneF are realized for lower magnetic field
than in the case\v.2akF . In keeping with the ideas set forth above, this means tha
the excitation intensity increases, the resonance should shift in the direction of w
fields, as is observed experimentally.

In conclusion, we shall estimate the absolute magnitude of the resonance cu
Neglecting for purposes of estimation the difference in the masses and relaxation tim
the points 1 and 2, it is easy to obtain forj the expression

j 5
2

p

e

\2E d2ktM2d~e1~k!2e~k!2\v!u~e1~k!2eF!u~eF2e2~k!!

3

aS aky1
1

2
gmBBD

Aa2kx
21S aky1

1

2
gmBBD 2

, ~4!

whereM is the matrix element of the optical transition,t is the momentum relaxation
time, u(e2eF) is the Fermi distribution function,u(e2eF)51 for e,eF and u(e
2eF)50 for e.eF . For unpolarized radiation the squared matrix element of a reson
transition can be expressed asM25e2E0

2a2/8\2v2, whereE0 is the amplitude of the
electric field of the light wave.

Generally speaking, the calculation of the current density using Eq.~4! requires
numerical integration, but in the present paper we shall only obtain an order of magn
estimate of the maximum current. Forl590.6mm this estimate gives 1mA/cm, while
experimentally the surface density of the resonance current at this wavelength w
diation intensity 200 W/cm2 was equal to approximately 4mA/cm. In our opinion, this
likewise attests to the proposed interpretation of the experimental results.
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Low-temperature anomalies of the Hall coefficient in FeSi
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The temperature dependence of the Hall coefficient in the interval 1.8–
300 K is investigated in detail in high-quality single-crystal samples of
a Kondo insulator — iron monosilicide. It is established that the pa-
rameterRH(T,H512.5 kOe) changes sign twice in the temperature in-
terval employed, and at temperatures belowTm'7 K an anomalous
~magnetic! component appears in the angular and field dependences of
the Hall voltage. The results of the experimental investigations of
RH(T,H0) in FeSi are discussed on the basis of the phase diagram in
the model of an excitonic insulator. ©1998 American Institute of
Physics.@S0021-3640~98!01122-0#

PACS numbers: 72.20.My

1. In recent years it has been common practice to include iron monosilicide am
the compounds referred to as Kondo insulators.1,2 However, the diversity of the theoreti
cal approaches used in this case by different authors1–5 and the absence of a single
generally accepted model suitable for describing FeSi leaves open the question
nature of the ground state and the characteristic behavior of the physical parame
this material.

Among the problems involved in investigations of FeSi, it should be espec
noted that there are no reliable and accurate experimental data on the behavior of th
coefficientRH(H,T) in this narrow-gap (Eg'60 meV!6 almost-magnetic semiconducto
The comparatively recent7,8 measurements ofRH(H,T) pertain to substantially differen
temperature intervals (T<55 K in Ref. 7 andT>20 K in Ref. 8!, and they do not agree
even with respect to the sign of the Hall coefficient. At the same time accurate da
RH(T,H) in relation to measurements of the thermopower~Seebeck coefficient! and the
resistance of a narrow-gap semiconductor will make it possible to determine the stru
and character of the ‘‘impurity’’ states in the gap and the mechanisms of scatteri
charge carriers in FeSi.
8170021-3640/98/68(10)/6/$15.00 © 1998 American Institute of Physics
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In this connection, our aim in the present investigation is to obtain detailed in
mation about the characteristics of charge carriers in the region of intrinsic and ext
conductivity in FeSi on the basis of measurements of the Hall coefficients, the
mopower, and the resistance in the temperature interval 1.8–300 K. Since in Ref.
appearance of hysteresis in the field-dependences of the Hall voltage in FeSi w
served at ultralow temperatures, to determine the character of the ground state i
special interest in the present investigation to study also the characteristic behav
RH(T,H) at liquid-helium temperatures. The procedure used of the thermoelectric
surements is similar to that discussed in Ref. 9. To investigateRH(H0 ,T), in addition to
the standard technique,10 we employed an automated module for controlling the rotat
of the sample in a magnetic field and a high-precision temperature controller with a
construction. The measurements were performed on high-quality single-crystal sa
(r(1.8 K)/r(300 K)>105).

2. The experimental data obtained from investigations of the Hall coefficientRH(T)
in the magnetic fieldH512.5 kOe~curve1! and the thermopowerS(T) ~curve2! in the
temperature interval 1.8–300 K are displayed in Fig. 1. According to this figure, for
we observed two inversion of the sign of the Hall coefficient as the temperature
lowered from room temperature — atTinv1

H '75 K andTinv2
H '12.5 K. The existence o

two linear activation sections in the functionRH(T), plotted in the coordinates lnRH

5f(1/T), in the temperature intervals 80–300 K~I! and 15–60 K~II ! ~Fig. 2! makes it
possible to determine the parametersTa1

H '345 K andTa2
H '68 K. At temperaturesT

,Tinv2
H '12.5 K, rapid growth of the absolute value of the Hall coefficient is obser

~Fig. 1!; in addition, as temperature decreases, an anomalous contribution toRH(T,H),
accompanied by hysteresis in the field and angular dependences of the Hall vo
appears in the regionT<Tm'7 K ~region III!.

FIG. 1. Temperature dependences of the Hall coefficientRH ~1! and thermopowerS~2! of a FeSi single crystal.
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The behavior of the thermopowerS(T) in FeSi~curve2 in Fig. 1! is similar to that
measured in Refs. 7 and 11, and on the whole it is similar to the temperature depen
RH(T). In the temperature interval 150–300 K, replotting the experimental data in t
of the coordinatesS5 f (1/T) yields Ta1

S '70 K. We emphasize that the low-temperatu
maximum inS(T) with a positive amplitude greater than 900mV/K ~see Fig. 1, curve2!,
following the arguments of Ref. 7, must be attributed to phonon drag in FeSi. Appare
the appearance of an additional contribution inS(T) in this temperature interval not onl
strongly shifts the inversion pointTinv1

S '123 K .Tinv1
H but it also makes it difficult to

determine directly the activation parametersTa2
S and Ea2

S from the functionS(T). Fol-
lowing Ref. 7, we also note the existence of a sign change inS(T) near room tempera
ture. Another feature of the behavior ofS(T) in FeSi observed in the present investig
tion is the appearance of a kink in the temperature dependence of the thermopowe
Tm'7 K ~see Fig. 3c!.

To obtain the additional information required to analyze the temperature de
dences of the Hall coefficients and thermopower~Fig. 1, curves1 and2!, measurements
of the dc resistance~curve2 in Fig. 2! and the microwave conductivity~see Fig. 3b! in
the temperature 1.8–300 K were also performed in the present work. The tempe
dependencer(T) agrees on the whole with the results of Refs. 7–8 and 11. Just as i
caseRH(T), the curver(T) contains two activation sections of variation of the res
tance, which are virtually identical to the intervals of activation behavior of the H
coefficient ~Fig. 2!. The values of the parametersTa1

r and Ta2
r are 336 K and 71 K,

respectively, in agreement, to within the limits of the experimental error, with the va

FIG. 2. Activation asymptotics of the temperature dependences of the resistivityr (s) and Hall coefficient
RH(H512.5 kOe! (d) of iron monosilicide. The sign ofRH is determined by the indicated type of charg
carriers~p or n!. Inset: Temperature dependence of the difference of the electron and hole mobilities
region of intrinsic conductivity of FeSi~the approximation by a linear function corresponds to the lawT21/2).
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of Ta1 andTa2 determined from the Hall data. In contrast to the dc resistance, whic
a monotonic function of temperature, we observed in the temperature dependence
microwave resistance a feature in the form of a peak nearTm'7 K ~Fig. 3b!, correspond-
ing to the temperature at which the anomalous~magnetic! component of the Hall voltage
and a kink inS(T) appear.

3.A. REGION OF INTRINSIC CONDUCTIVITY T>70 K „I…

Apparently, the matched change in the parametersr(T) andRH(T) in this tempera-
ture interval~Fig. 2! should be attributed to the activational decrease of the densit
intrinsic charge carriers with temperature. The gap width estimated from the data in
2 is Eg52Ta1'60 meV and agrees with the results of Refs. 6–8 as well as with
value ofEg obtained from calculations of the electronic structure of FeSi.12–14Using the
expression for the thermopower of a semiconductor in the region of intrinsic conduc

S5
kB

e H b21

b11

Eg

2kBT
1

3

4
ln

mn

mp
J ,

whereb5mn /mp and mn ,mn ,mp , andmp are, respectively, the mobility and effectiv
masses of electrons and holes,kB is Boltzmann’s constant, ande is the electron charge
we obtain the estimateb5mn /mp51.51. Next, to assess the character of the tempera
variation of the difference of the carrier mobilities in the region of intrinsic conductiv
we shall employ the very simple relationmn2mp5RH /r5AT2a and the experimenta
data in Fig. 2. The exponent found in this manner~see inset in Fig. 2! a'0.5, together
with the quite low values ofmn ,mp'426 cm2/V•s, can be attributed in our view to
scattering of carriers by local spin-density fluctuations,3,4 which increases the modulus o
the thermally induced magnetic moments in FeSi in the temperature rangeT>100 K.

FIG. 3. Low-temperature dependences a! of the anomalous (d) and normal (h) Hall coefficientsRH , b!
dynamic resistivityr at 900 MHz, and c! thermopowerS of iron monosilicide nearTm .
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An alternative explanation of such a low charge carrier mobility can be obtained in
model5 of charge fluctuations 3d6Fe21→3d7Fe11 in FeSi.

B. REGION OF EXTRINSIC CONDUCTIVITY 15–60 K „II…

For such low and quite close values of the mobilities in the electronic and
subsystems, the appearance of an additional scattering channel predominantly for
carriers of the same type~electrons! should result in a change in the relationb
5mn /mp and a change in the sign of the parametersRH(T) andS(T). The appearance o
an additional level in the gap withEex'6 meV ~see also inset in Fig. 2!, in our opinion,
can be attributed to the appearance of a feature, corresponding to excitonic states
spectrum of quasiparticle excitations near the conduction-band bottom. A possible
ogy with another Kondo insulator SmB6, in which, it seems to us,15 rapid valence fluc-
tuations can be described quite well in the Kikoin–Mishchenko exciton–polaron mod16

should be underscored. We also note that for both SmB6 and FeSi the presence o
congruent electron–hole sections of the Fermi surface~which appear, for example, as
result ofp–d ~d–f! hybridization! is a favorable factor for describing these narrow-g
semiconductors on the basis of the model of an excitonic insulator~EI!.17

Evidently, such low electron and hole mobilities at intermediate temperatures c
attest both to rapid relaxation of charge carriers as a result of scattering by spin/c
fluctuations in FeSi and to the formation of heavy fermions as a result of effic
hybridization of thep–d states in iron monosilicide. To check all this we present, ass
ing that excitonic states appear in the gap, a very simple estimate of the effective m
the carriers. Using the relationEex'm* e4/4e2\2 and our valueEex56 meV ande0

5e8(v→0)'200 ~Ref. 18! we have form* in FeSim* '34.5m0. Using the values of
m* and Eex , we estimate the localization radius of ‘‘impurity’’ states asa*
5\/A2m* Eex'4 Å . The value obtained for the parametera* correlates with the resul
for SmB6

15 and, in our view, is an additional argument in favor of the proposed in
pretation.

C. TEMPERATURE RANGE T<7 K „III…

When excitonic insulator models are used to describe the ground state of FeS
presence of an electronic phase transition nearTm'7 K ~see Fig. 3! could be due to, for
example, a transition, on the basis of the phase diagram of an EI19 into a state with a
spin-density wave. Our measurements of the angular and field dependences of th
coefficientRH(T<7 K) provide additional arguments in favor of such a conclusion,
the results of these investigations fall outside the scope of the present work.

In conclusion, we note that to resolve conclusively the question of the nature o
ground in FeSi it is necessary to perform low-temperature measurements of the qu
tic and magnetooptic properties of iron monosilicide in the millimeter and submillim
ranges.
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