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an enhanced population of the ground state of the
crystal field. However, to account for the very
short T,'"'" observed a crystal field of nearly
2 K would be required, which is rather large com-
pared to the value estimated from the T, data.
The low-concentration T, data thus still remains
to be explained.
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The highly structured profile of the l
&

biexciton level of CuC1 is'studied experimentally
by resonant coherent nonlinear scattering. A theoretical model is presented which ac-
curately describes the I'& biexciton line shape in terms of a Fano interference, evidencing
the autoionizing character of biexcitons.

In a previous Letter' we have reported the di-
rect observation of the excitonic molecule level
in cuprous chloride by a resonant coherent and
degenerate nonlinear light scattering. In this
process the interaction between "pump" and
"test" beams in a thin slab of CuCl gives rise to
the third-order polarization,

P~((d) = E'0)( (- Qp~ N q(0 q
—(e):Ep((c)Ep((U)Et+((d) )

which in turn radiates a collimated "signal" beam
in the direction k, =2k~-k, t the notations of Ref.
1 have been used]. This type of spectroscopy
has revealed two features of the biexciton level
unsuspected so far: (i) the very asymmetric line
shape of the resonance and (ii) the highly non-
linear power dependence of the scattering.

The present Letter concentrates on the unusual

line shape of the first-order scattering. New ex-
perimental data and a theory are presented. This
latter explains the observed asymmetric line
shape of the biexciton level in terms of a Fano
interference. '

A detailed description of the experiment is
given elsewhere. ' Compared to the data present-
ed in Ref. 1, a highly improved signal/noise ratio
has been obtained by use of a double synchronous
detection method. Typical recordings of the ratio
p =I,(l)/I, (0) of the outgoing signal beam intensity
to that of the incoming test beam as a function of
the dye-laser frequency are shown in Fig. 1(a)
and 2(a), respectively, for two high-purity CuCl
samples with thicknesses l = 80 p. m and l = 200 p, m.
Both exhibit a sharp dip at Scu=3.1860 eV, i.e. ,
half the energy of the biexciton +~, as observed
in two-photon absorption (TPA); this dip is sur-
rounded by two humps, about 1.5 &&10 ' eV apart,
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FIG. l. (8) Frequency dependence of the first-order scattering in a 80-pm thick sample with g&(0) = 20I&(0) = 10
MW/om~, {h) Comparison of the theory (solid line) and the experimental data of (a) (stars).
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FIG. 2. (a) Frequency dependence of the first-order scattering in a 200-pm-thick sample with J&(0) = 20I, (0) =15
MW/cm . (h) Comparison of the experimental data of (a) (stars) and the theory: autoionizing model, solid line;
isolated-level description, dashed line.
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the height of the high-energy-side maximum be-
ing approximatively 50% and 20/c of that of the
low-energy one for the thin and the thick sam-
ples, respectively.

Since the relative variations of the linear ab-
sorption coefficient, n, are very small in that
energy range, one expects for p an almost sym-
metric line shape. This point is most easily
seen on its analytical expression in the para-
metric approximation, ' which corresponds fairly
well to the experimental conditions in which the

curves of Figs. 1(a) and 2(a) were obtained [I~(0)
= 20', (0)]:

p = e ™'
(
—',

~K~ I~(0) I,)'(1+ ~,I~(0)I,) ', (2)

where I, = n '(1 —e "') is the effective interaction
length due to the linear absorption (l & l„a ')
and ~= ~„+i~,=(uy"'(e, n'c') '.

For a system of isolated levels, the third-order
susceptibility describing a process dominated by
the two-photon resonance on the biexciton (X2)
and the one-photon quasiresonance on the exciton
(X) is written as'

l(glp, IX) I'l(XI p, lX2) I'

(Wx —i' -Kcu) (Wx, —iF»- 25&@) '

where Ig) is the ground state and p, the dipole
moment. In the vicinity of @co= —,8» it exhibits
a I orentzian resonance and thus the variation of
p should go, with increasing intensity from a
I orentzian peak to a symmetric camel-back-
shaped resonance, modulated by a smooth envel-
ope reflecting the variations of o.. This in in
evident contradiction with the experimental facts.
To explain the observed profile, one can think of
some polariton effects but the large value of the
longitudinal-transverse splitting in CuC1 (b,„T
=5.5&&10 ' eV') rules out this hypothesis. The
sole possibility left is that TPA is larger on the
high-energy side of the resonance than on the
low-energy one. Such a behavior suggests that
Im(x~'~) presents a structure in close analogy
with that of Im(y~'~) near a one-photon resonance
of an autoionizing (AI) state, because of Fano
interference.

The biexciton is usually considered as a bound
state by reference to two unrelated excitons—that is, if its energy is lower than twice that
of the exciton. However, the biexciton spontan-
eously decays into other elementary excitations
of the crystal. ' Honerlage, Bivas, and Pache'

~ have recently identified the most probable re-
combination paths of biexcitons in CuCl as X2
-P&(q)+P, (k) or Pi(q)+P„(k) or P&(q)+XL(k),
where P& „represent the lower and upper polar-
iton branches and X& a longitudinal exciton. In
the two-elementary-excitation configuration
states, the unrelated pairs of elementary excita-
tions form a continum Ic(e)) overlapping the ener-
gy of the biexciton and coupled to it.

AI effects in nonlinear optics have been discov-
ered and investigated on metallic atomic vapors
by Armstrong and Wynne. ' The vacuum AI states
involved in their experiments are connected to
the ground state by dipole-allowed transitions.
In Fano's description, ' the coupling of the con-
tinuum Ic(e)) and the modified discrete state IX2)
results in a new state

Ib(e)) =(sinL/n V)IX2) —coshl c(e)),

in the notations of Ref. 3.
The transition moment between a discrete state

IX) and the AI state I b(e)) is described by the di-
mensionless Fano's "q parameter": q =(X2lp, lX)
x [mV, (c(e) I pl X)), which is infinite in the case
of null coupling. Then the third-order suscep-
tibility can be written as

l (g I p, lX) I'l(Xlp. lb(e)) I' de
(W» —il'~ -h&@)' (e- i y —2h~) '

To evaluate this integral we used the contour method of Armstrong and Wynne with the following ener-
gy scale: e —(e —W»)/(mlV, I'). It is found that

(,) l(g lp, lX) I'I(X I p, lX2) I'
1

2 i . Wx, —2hco
(4)

where we have identified the linewidth of the observed resonance with that arising from the coupling to
the nearby continuum and neglected other relaxations (I»—-mlV, I'))y). This form generalizes the usual
one, i.e. , Eq. (3), which is obtained from Eg. (4) by letting q-~. For any finite value of q, IX~&~'~l and
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I Xqs('~l are equal up to the second order in q ',
but both im(yA~ ' and Be(yA&' ) have an asym-
metric structure. For instance, near a two-pho-
ton resonance lm(yz, ~'~)~ (e+q)'(e'+1) ' has a
zero minimum at & =-q and a maximum at & =q ',
both of which do not coincide with those of I xp, (' I.

It is, however, rather difficult to identify such
a structure amidst a large linear absorption.
Conversely, in active spectroscopy where the
observed signal results from the competition be-
tween the nonlinear gain ([2 I K I I~(0) l,]'] and the
TPA ([1+~,I~(0) l,) '] the differences between the
two profiles are readily displayed.

In order to analyze our data without any approxi-
mation, we have solved numerically the set of
six coupled differential equations describing the
scattering' and used visual fitting procedure.
The inputs were the intensities the thickness;
n(&u) and y A, ', the fitting parameters being g,
I», and the ratio of the exciton-biexciton tran-
sition probability to the ground-state-exciton
one": [g(0)/vQ]'= l(XlplX2) I' l(Xlplg) I ', where
0 is the volume of the unit cell. I'or both thick-
nesses and all intensities an excellent fit was ob-
tained soith the same set offitting parameters:
q=15, I', =5&&10 ' eV, and [g(0)/vQ]'=1000.
This is shown in Figs. 1(b) and 2(b), where the
solid curves correspond to the best fit and the
stars to the experimental data of Figs. 1(a) and

1(b). It is worth noticing that it was impossible
to find any reasonable fit with the isolated-level
description [dashed line in Fig. 2(b)], and that
the parametric approximation analytical solu-
tion, Ecl. (2), was found to follow closely the
full system one as long as I~(0) & 5I, (0). To the
best of our knowledge our observation is the first
unambiguous one relative to a dipole-forbidden
AI state. Our value of [g(0)/WQ]' is in satisfac-
tory agreement with that (300) deduced by Phach
et a/. 4 from TPA measurement.

Theoretical estimates are usually expressed
in terms of A= I q „(0)g(0)I' where C„(r) is the
exciton envelope function, which is rather inac-
curately known in CuCl. Nevertheless, retaining
for the exciton radius a usually admitted value
of a~=7 A, our experimental results yield 2=37,
in agreement with the theoretical values of Arya
and Hassan" (A = 50) and Ekardt and Sheboul"
(A = 20) but in disagreement with Hanamura"
(A =10'). As for the linewidth, it may be slightly
overestimated because it is just twice larger
than that of our laser (h 5~=2.5&&10 ' eV). The
large value of q indicates a weak coupling to the
continuum, reflecting the partial photonlike na-
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ture of the elementary-excitation pairs associated
with it. However it so happens that comparable
values have been found in one-photon atomic spec-
tra"

Some improvements can be brought to our des-
cription, by using the full expression of X~'~(- &u;

~, ~, —a&), including 24 terms for the three lead-
ing levels and a smooth background for the others.
It should be noted that since some of these terms
are resonant on the exciton, their inclusion may
improve the fit on the high-energy side. However
it is a small modification which does not modify
the results established in this Letter.

In conclusion, using an original method we have
seen for the first time a two-photon autoionizing
state in a solid. We have also presented a theo-
retical model describing accurately the nonlinear
optical behavior of this state and -thus we have
unambiguously shown the autoionizing character
of biexcitons.

We wish to thank Dr. J. B. Grun and Dr. H.
Levy for very fruitful discussions end the Service
de Chimie du Laboratoire de Spectroscopic du

Corps Solide of the University of Strasbourg for
providing us with high-quality samples. The ex-
pert programming assistance of F. Bonnouvrier
is warmly acknowledged.

Note added. —Since the submission of this pa-
per, it has come to our attention that in the work
of H. Y. Chiao, P. L. Kelly, and E. Garmire
[Phys. Rev. Lett. 17, 1158 (1966)], and of H. L
Carman, R. Y. Chiao, and P. L. Kelly [Phys.
Rev. Lett. 17, 1281 (1966)] a method similar to
ours has been used, although for a completely
different pur pose.
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Electromagnetic effects are shown to govern the transition from superconductivity to
ferromagnetism. A first-order transition to uniform ferromagnetism is predicted gen-
erally, but preceded by magnetic critical scattering which peaks at a finite wave vector.

Superconductors containing a periodic lattice of magnetic rare-earth ions have recently been discov-
ered." In some of them, as the temperature is decreased the superconducting state is followed by a
transition to a ferromagnetic state' in which superconductivity disappears.

The theory of superconductors containing magnetic ions has been extensively studied, 4 particularly
the effects of spin-Qip scattering and conduction-electron polarization. Here we consider the effects
of the interaction between the macroscopic magnetization M, the electromagnetic field A, and the su-
perconducting order parameter l pl and show that near the ferromagnetic transitions they play a domi-
nant role in type-II superconductors.

%e find that transitions from the superconducting state to two different states are possible as the
temperature is decreased: a state of uniform magnetization which is not superconducting and a super-
conducting state in which the magnetization is oscillatory (spiral structure) at a wave vector of the or-
der of (yX) ~', where y is the magnetic stiffness length and X is the London penetration depth. For a
reasonable choice of parameters, a first-order transition to the former is predicted, as is experimen-
tally observed. This transition is, however, always preceded by a region of temperature in which

y (q), the wave-vector-dependent susceptibility, peaks at a finite wave vector, indicating a tendency
toward the spiral state.

Our starting point is the free-energy functional:

FA, M, A) = fd rf-', alp~'+-'~ lql'+P. l(~ —ir.A)ql'

+ (~'/«)+ s ctlMI'+%MIMI'+ z y'l&MI' —~'M+ ~urn&M'+ n&IMMI'Il@l') (&)

In Eq. (I) B =& &&A. Also a =ao(T- T,)/T„where
T, is the upper superconducting transition tem-
perature and r, = 2e/bc. The London penetration
depth X(T) is given bye =4nPoroz lglz, n= no(T
—T ')/T '. The terms 2[q,M' I(l z+r(zl VM I z] lg I'
express the effects of conduction-electron polar-
ization and of spin-Qip scattering on supercon-
ductivity.

The uniform superconducting state has the free-
energy density

If I g I c 0, then B = 0 in the bulk of the sample,
and the question of magnetic order does not arise
until T&T '. If, however, I/i=0, then B =4',
and the free-energy density for the uniform mag-
netic state (with H =0) is

Fu =- (a —4~)'/4P, T &T„',

F, = —a'/4b for T & T,. „T'=( +I4w n/, ) T'
~ (4)

1079


