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Below the Curie temperature, with increasing magnetic order, Eu-rich EuO shows
both a change of G.15 mm /sec in the Eui5' isomer shift and an insulator-metal transition
with a resistivity change of more than 18 orders of magnitude. These effects are inter-
preted on the basis of an exchange-induced configurational change (autoionization) of two
electrons trapped at an oxygen vacancy.

The Eu chalcogenides show unusually large
anomalies in electrical resistivity associated
with their magnetic ordering. If these resistiv-
ity anomalies result from a change in electronic
configuration and carrier concentration, rather
than a change in mobility, it is reasonable to ex-
pect a.n effect on the Mossbauer isomer shift (IS)
which measures the s-electron density at the nu-
cleus. In this Letter we correlate the Mossbauer
spectra and Hall effect with an extremely large
change in resistivity at an insulator-metal transi-
tion in Eu-rich EuO. We interpret the observa-
tions in terms of an exchange-induced electronic
delocalization. Consistent with this model we
have not observed the increase in T, usually as-
sociated with impure Eu chalcogenides. ' The
model suggests why previous Mossbauer mea-
surements of Eu'" in pure Euo, ' EuSe, ' and EuS'
do not exhibit any difference in IS below and
above T, .

Pure EuO samples are insulators. ' Fig. 1(a)
depicts the variation of resistivity of a Eu-rich
EuO single crystal with the variation of magnetic
exchange energy as measured by the Eu'" hyper-
fine field. The figure exhibits the metal-insula-
tor transition near 50 K previously reported by
Oliver, Dimmock, and Reed. ' For our material
the resistivity rises more than 13 orders of mag-
nitude near the Curie temperature T, to values
greater than 10' 0 cm. Near room temperature
the resistivity and Hall constant (Ao =6.6&& 10 ~ 0
cm/Oe +20%) are thermally activated, as for a
normal extrinsic semiconductor, with an activa-
tion energy of 0.3 eV, whereas below about 50 K
the resistivity decreases only slightly, and the
normal Hall constant does not change (Ro =2.6
x10 9 0 cm/Oe + 20%). On the assumption that a
single parabolic-band model can be used, AO

yields an effective number of free carriers of
2.4&10' cm ' below 50 K and about 10' cm ' at
300'K. This implies an excess Eu concentration
greater than about 10" cm '. The IS as a func-
tion of T/T, and exchange energy is shown in
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FIG. l. (a) Resistivity and (b) isomer shift of Eu-
rich Eu& as a function of T/T and exchange interac-
tion (see text).

Fig. 1(b). Above T, =69.3'K the isomer shift as-
sumes the constant value of -12.25+0.03 mm/
sec ' and below T = 50'K IS is -12.10+0.03 mm/
sec. This change in isomer shift b.IS =0.15 mm/
sec for Eu-rich EuO is in contrast with the val-
ues of -12.207 +0.010 mm/sec (67.19'K) and
-12.212 + 0.010 mm/sec (70.13'K) for the IS of
pure EuO below and above 7.', as reported by
Gr oil.2

The Eu" ions in the cubic Eu cha. lcogenides
have a 4f ' 'S», configuration. If the material is
insulating, the effective magnetic field at the nu-
cleus arises primarily from core polarization by
the half-filled 4f shell. The intra-atomic hyper-
fine coupling constant A, , is then practically tem-
perature independent, as can be seen from the
NMR measurements of Eu in EuS.' In our pres-
ent study the EuO sample becomes a metallic
conductor at low temperatures, and a small tem-
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FIG. 2. (a) Temperature dependence of the 1/P pow-
er of the Eu ~ hyperfine field in Eu-rich EuO. The
straight line represents Eq. (1) . (b) Deviation of hyper-
fine field from Eq. (1) in temperature units.

perature-dependent core polarization by the con-
duction electrons is to be expected. Figure 2(a)
shows that the hyperfine field H follows approxi-
mately a critical behavior of the form

H(T)/H(0) =D(1-T/T, ) '. (1)
Using the measured value of H(1.4'K) =296+ 4
kOe, Eq. (1) is satisfied with

T, =69.29+ 0.10'K, P =0.36+ 0.03,

D =1.13 +0.06

in the range 0.82 & T/T, & 0.94. This result is in

good agreement with the values for pure EuO'
(T, =69.2, P =0.34+0.02, D =1.14+0.04, H(0)
=298+4 kOe) and pure Eus' (P=0.33+0.015,
D =1.145+0.02). It is remarkable that H(0) is un-
changed for conducting EuO, indicating the small
effect that the conduction electrons have on the
core polarization. Figure 2(a) shows a. small de-
viation of the hyperfine field H(T) from the be-
havior of Eq. (1). This deviation may be repre-
sented by ET = T(measured)-T(H). T(H) is the
solution of Eq. (1) given the experimental H(T)
and T„P, and D as above. There are three dis-
tinct ranges for b,T as shown in Fig. 2(b).

An interpretation of the anomalies in H(T), the
change in IS, and the resistivity data can be found
in a model first suggested by Kasuya. ' He pro-
posed that the transport properties in Eu-rich

EuO will be dominated by oxygen vacancies.
These defects may trap two electrons with oppo-
site spins and form a He-like singlet ground state
with configuration 'S(is)Is~). Below T, the aver-
age Eu spin (S) produces an effective field 2J(S)
acting on trapped or conducting electrons. For a
sufficiently large effective field the triplet state
'S(1st2s&) with parallel spins will be lowest in
energy. The condition is 2J(S) & ~('S-'S). With
a large number of oxygen vacancies, distributed
randomly, the 'S states will be distributed in en-
ergy and conduction-band states will appear in
the bandgap degenerate with the highest 'S states.
The result is that the lower states formed from
'S and the conduction band are bound states while
the higher states are conducting. Therefore,
with increasing magnetic order, a configuration-
al change 'S to 'S (bound electrons) is induced
initially. Finally the hybrid S-conduction-band
states with energy E, above the 'S state are pop-
ulated by this autoionization process.

The exchange-induced insulator-metal transi-
tion at 55'K may be used to estimate J from
2J(S), =F, The value of (S) at the insulator-
metal transition temperature (S), , as measured
by the hyperfine field, is 0.64~-,'. Assuming that
for T» T, the observed conduction activation en-
ergy of 0.3 eV is a lower limit for the separation
of the 'S state from the conduction band, we may
use 0.3 eV as an estimate for E, . This estimate
yields the value 4=0.065 eV, used in Fig. 1, as
an approximate lower limit in reasonable agree-
ment with a previous estimate' of 0.05 eV.

On the basis of this model, 4IS is produced by
the transition of a vacancy electron out of the
localized S state with increasing magnetic ex-
change. For Eu"' a less negative IS corresponds
to an increased electron density at the nucleus.
Since IS does not seem to change for 2J(S) & 0.1

eV, a minimum separation of the 'S-'S density of
states of about 0.1 eV is estimated. Only when
the states at the crossing of the 'S density of
states with the conduction band are filled, will
the complete delocalization and increased mobil-
ity of the vacancy electron give rise to metallic
conduction. No drastic change in IS can be seen
at this temperature since the wave functions of
the bound 'S electrons are already highly extend-
ed. The increased exchange interaction due to
the conduction electrons generates a small change
in hyperfine coupling constant A, , of an Eu'' ion
i with its neighbors j as seen in Fig. 2(b). This
positive AT/T, at low temperatures means that
T, would be increased by 0.5% if the conduction
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electrons were present at the ordering tempera-
ture. A similar change in A, , is observed in the
process of the 18-3S ionization with its accompa-
nying spin flip, but here the situation is obscured
by the critical slowing down of the spin fluctua-
tions close to 7', .'

It is necessary to discuss other possible mech-
anisms for a temperature dependence of the IS.

Thermal xed shift: The tempexature of the
Sm2O, source was always held to within 0.5 K of
the absorber temperature. This essentially
eliminates the second-order relativistic Doppler
effect that would cause a thermal shift of the ab-
sorption spectrum (the Debye temperatures of
Sm20, and EuO are expected to be of about the
same magnitude). This is supported by the fact
that between VV'K and room temperature no
change in IS is observed within the errors of the
measurement.

Exchange-i. nduced change of phonon spectrum:
Bashkirov and Selyutin" calculated for a second-
order magnetic phase transition the change in IS
that is caused by a change in the vibrational spec-
trum of the crystal due to the exchange interac-
tion. Using this result the effective Debye tem-
perature 8' of EuQ would have to increase by
about a factox of 2 between 70'K and 50'K to ac-
count for our observed &US of -0.15 mm/sec in
this temperature interval. Specific heat" data
on EuQ yield evo. '=272 K and 9500 =287 K leading
to an expected b,IS of only a few times 10 ' mm/
sec. Thus oux' shift data cannot simply be ex-
plained by an exchange-induced stiffening of the
crystal lattice.

Magnetostx lctive effects: Another tempexature-
dependent contribution to the IS would arise from
the magnetostriction of the material. This effect
can be excluded since the lattice contraction as
a function of T/T, does roughly scale for EuS
and EuO." Since our sample shows only minimal
deviations from pure EuO' in its magnetic char-
acteristics, the same 4IS would be expected for
EuS. Ore measurements do not show, within the
elror limits any AIS fol EUS ln going through

The model of two electrons being trapped at a
chalcogen vacancy readily explains why no AIS
could be observed in pure or Eu-rich EuS. Though
a dielectric-constant approximation should not be
taken as a valid calculation for the binding ener-
gies of the vacancy electrons, we expect the
bindings energies in EuS and EuSe to be larger
than in EuO, since the dielectric constants of
EuS and EuSe are considerably smaller than for

EuO. '4 For EuS at all temperatures, the energy
gain, by exchange-induced autoionization from
the '8 to the '8 state and band states, is smaller
than the necessary energy difference ~('S-'S).
This situation is consistent with the fact that we
have observed no insulator-metal transition in
Eu-rich EuS. Furthermore, it is interesting to
note that within the framework of this model, in
agreement with our data and Ref. 6, no effect of
the vacancies on 7'., is expected, since with the
'S ground state and zero net spin, no magnetic
clustexs can be formed. Thi;s" result is in sharp
contrast to our findings fox Eu chalcogenides
doped with trivalent rare earths (hydrogen-like
defects) where giant magnetic clusters greatly
increase T, , but no autoionization ox insulator-
metal tx ansition occurs. '

In conclusion, we have seen that for Eu-rich
EuO, changes in resistivity, isomer shift, and
deviations of the hyperfine field from critical
behaviox can be xelated to changes in electronic
configux'ation induced by magnetic order.
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We report observation of efficient stimulated emission (gain 10 cm ) from recombi-
0

nation of excitonic molecules. This emission is obtained near 8.16 eV (8920 A) in opti-
cally excited CuC1 crystals and shown to be stimulated by use of a recently described
technique- employing a variable excitation length. These results in CuC1 point out the
importance of excitonic molecules in intrinsic stimulated-emission processes in semi-
conductors.

We report the observation of efficient stimulat-
ed emission from recombination of excitonic
molecules. These molecules represent the low-
est intrinsic energy state in many crystals at
high excitation levels, and it might be expected
that excitonic molecule recombination (EMR)
will play an important role in stimulated emis-
sion processes. It has previously been specu-
lated, but then discounted, ' that EMR could be
a fundamental recombination route for intrinsic
stimulated emission in many semiconductors. '
The observations described here were made on
optically excited CuCl crystals and represent the
first demonstration of stimulated excitonic mole-
cule recombination. Spontaneous emission due
to EMR in CuCl near A. = 3920 A had been previ-
ously established" with the reported molecular
binding energy being =44 meV. ' CuCl is an ideal
crystal in which to investigate stimulated emis-
sion from excitonic molecule recombination. It
is a zinc-blende semiconductor with a band gap
in the uv, the lowest exciton absorption peak
occurrring at 3.207 eV at 4.2'K. ' Three sharp
absorption lines of the exciton series have been
observed and found to be not hydrogenically
spaced. This results because the exciton is
deeply bound (binding energy 190 meV and Bohr
radius 7 A) and the usual effective-mass theory
breaks down. Low-intensity photoluminescence

spectra' show the usual bound-exciton lines com-
mon to wide-band-gap semiconductors. At very
high exciting intensities, a new peak appears '
at 3.164 eV, about 44 meV below the free-exciton
energy, and it has been identified as exciton-
molecule recombination radiation. In this paper,
we discuss new studies of this radiation.

The EMR mechanism is an Auger process
whereby one of the excitons is scattered into
either the n = 1 or higher state of the free exciton
while the other is simultaneously scattered down
on the polariton curve. A schematic diagram of
the EMR process is shown in Fig. 1. The photon
is shifted down in energy from the absorption
peak of the n = 1 exciton by the binding energy of
the molecule (ft =44 meV in CuCl)' if the termi-
nal state of the surviving free exciton is n = l.
This photon energy represents the high-energy
threshold for the EMR radiation. For recombin-
ing molecules with large crystal momenta K, the
radiation will appear with energies at and below
this threshold because of the difference in the
dispersion of the molecule and the free exciton,
as seen in Fig. 1. The momentum-conserving
properties of the Auger process allow radiation
to arise even from molecules with large crystal
momenta so that the number of initial states that
may participate is much larger than for ordinary
exciton recombination. Thus there is good rea-
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