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Plasmaron Coupling and Laser Emission in Ag-Doped CdSnP
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%'e report the observation of laser emission in optically excited CdSnP2. Ag at a thresh-
old of -50 k%/cm at 20 K. From a study of the magnetic-field-induced shift in wave-
length of the spontaneous and stimulated emission, the recombination mechanism is
identified as band to band in a regime where electron-hybrid-plasmon (plasmaron) cou-
pling is dominant. This is the first observation of plasmaron coupling in semiconductor
laser action, and the first unambiguous experimental evidence for plasmaron coupling
in semiconductors.

Although several II-IV-V, chalcopyrite semi-
conductors are known to have direct band gaps,
the only report of laser emission in these crys-
tals has been in nominally pure CdSnP, excited
with an electron beam. ' The threshold current
density for laser emission using a 25-keV elec-
tron beam was surprisingly low at 0.2 A/cm',
less than the threshold for GaAs lasers excited
in a similar fashion. In the present Letter we
report the observation of efficient spontaneous
and stimulated emission in Ag-doped (-10" cm ')
CdSnP, . In crystals cleaved to form Fabry-
Perot resonators, narrow-line laser emission
was also observed with the moderate threshold
of - 50 kW/cm' at 20'K when excited with a pulsed
nitrogen laser.

A study of the shift of the wavelength of the
stimulated emission in magnetic fields up to 100
kG reveals that the mechanism producing this ef-
ficient emission in CdSnP, :Ag is the direct radia-
tive recombination of electrons and holes interac-
ting in a many-body, plasma regime. The qual-
itative features of the stimulated emission spec-
trum resemble those observed in nominally pure
GaAs" and InP. ' The recombination mechanism
which we have identified in CdSnP, :Ag is related
to the many-body screening effects, ' ' but differs
in principle from the exciton-exciton scattering' '
mechanism which has been proposed' to explain
stimulated emission in these binary crystals. On
account of the light electron masses in both GaAs
and InP, we propose that the nature of the lasing
transition in both materials can also be unam-
biguously identified by a study of the magnetic
field dependence of the emission wavelength.

In Fig. 1 we present the photoluminescence
spectra of solution-grown' CdSnP, :Ag at 1.7 K

for two values of the incident argon laser power.
Whereas the very sharp, bound-exciton lines pre-
viously reported' near 1.004 p. m were only ob-
served at selected spots on undoped crystals, all
of the features in Fig. 1 are characteristic of Ag
doping and are exceptionally homogeneous over
a sample's surface. At low excitation levels,
there are four prominent photoluminescence
bands at 1.004, 1.026, 1.072, and 1.124 pm. At
high excitation levels the 1.004-pm band grows
linearly in the excitation intensity and the other
three bands rapidly saturate. The nature of the
latter structure will be discussed in detail else-
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FIG. I. Spontaneous emission spectra of Ag-doped
CdSnP2 for two values of the incident argon laser power.
The inset compares the 1.004-pm spontaneous emission
line and the stimulated spectrum excited by a pulsed
nitrogen laser (-10 Wjcm ).
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where, ' and for the remainder of this paper we
focus our attention on the 1.004- p, m line which

dominates at high excitation levels.
At the very high excitation levels available with

a pulsed nitrogen laser, a new line, superlinear-
ly related to pump intensity, appears in the lumi-
nescence spectra as shown in the inset to Fig. 1.
Depending upon the incident intensity, the peak
of the stimulated emission lies 5 to 10 meV below
the spontaneous emission peak which itself lies
5 meV below the energy gap. The energy gap for
T ~ 20'K has been located at 1.240~ 0.002 eV by
a combination of luminescence and absorption-
coefficient measurements. '

When CdSnP, :Ag crystals are cleaved to form
Fabry-Perot cavities, narrow-line laser emis-
sion is observed as shown in Fig. 2. We optical-
ly pumped a cleaved [110] face, using the natural
[112]faces to form a Fabry-Perot resonator.
The experimental data in Fig. 2 were measured
for pump intensities, respectively, slightly be-
low and 15% above threshold of about 50 kW/cm'.
Single-frequency laser operation is readily ob-
tained, indicating a homogeneously broadened
gain mechanism and negligible spatial "hole burn-
ing,

" as we have discussed in detail for CdSe and
ZnO "

We identify the recombination mechanism by
observing the effect of magnetic field on emis-
sion wavelength. Thus, in material with negligi-
ble carrier concentration the energy gap will in-
crease as &S~„where the cyclotron frequency

~, increases linearly in the magnetic field at a
rapid rate due to the light electron mass. On the
other hand, the energy of a single exciton' '
shifts only as H' for small H and approaches a
linear dependence at fields well above a critical
field H, for which —,'R&u, /(8 =1, where (R is the ex-
citon Rydberg. Hp is about 50 kG for InP, GaAs,
or CdSnP, . In the exciton-exciton scattering me-
chanism, one exciton is annihilated and one exci-
ton is promoted to an excited state. Hence the
emitted photon is downshifted in energy by some-
thing less than one Rydberg relative to the ener-
gy of a free exciton. For fields below a few H„
the exciton Rydberg increases linearly and since
the exciton energy itself shifts only as H', the
photon emitted as a result of exciton-exciton
scattering must shift to lo~er energy. This pro-
cess is thus immediately excluded for CdSnP,
since observed shift with magnetic field (see Fig.
2) is to higher energy.

For our samples the carrier concentration
(2.5X10" cm '), electron mass (0.06m, ), and
dielectric constant (12) are such that a weakly
interacting exciton description is, in any case,
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FIG. 2. Laser emission spectra at 80 K measured,
respectively, slightly below and 1570 above threshold of
-50 kW/cm2. As shown in the inset, the nitrogen laser
was incident onto a cleaved [110] face, and the natural
(112] faces formed the Fabry-Perot resonator. The
mode spacing agrees with cavity length {110pm) and
n-A, ~/BA, =6.3 (Ref. 10).

FIG. 3. Magnetic field dependence of the peaks of
the spontaneous and stimulated emission spectra at 2'K.
The solid line gives the theoretical shift expected for
the plasmaron zero-point energy for m*=0.6, & =12,
and n =2.5&10'7 cm . The dashed line shows the zero-
point cyclotron (Landau level) shift expected for neg-
ligible carrier density.
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invalid. Further, the plasma frequency and cy-
clotron frequency become comparable in magni-
tude within the range of magnetic field used ex-
perimentally. The shift of the conduction band
is thus not given simply by the cyclotron frequen-
cy, but by the hybrid-plasmon" frequency (times
k/2). A detailed treatment of the theory will be
published elsewhere, "including justification for
the approximate relation we use here for the
plasmon frequency: p +& &

with 4)p the
plasma frequency. The "band-gap" shift is thus
the change in —,'h~ with magnetic field, corre-
sponding to the shift of zero-point energy of the
hybrid-plasmon field. This theoretical shift is
shown, with the data, in Fig. 3. A plot of &S~,
is given for comparison. We emphasize that
there are no adjustable parameters in this sim-
ple theory. An essentially identical shift is ob-
served at 2 or 77'K.

Although space does not permit justification of
our analysis here, we emphasize that the neces-
sary conditions" in terms of Fermi energy, ther-
mal energies, screening and Fermi wavelengths,
carrier concentration, exciton energies and radii,
etc. are indeed met under the experimental con-
ditions, and a plasma treatment is in fact ap-
propriate and necessary.

A (perhaps overly) simple physical picture for
the shift is that each electron can give up, upon
recombination, not only the zero-field energy
corresponding to the band gap, but also its share
of the zero-point energy of the plasmon bath. In
our case essentially all electron degrees of free-
dom (or at least all that are of importance for
radiative recombination) appear to be accounted
for by the longitudinal hybrid-plasmon modes.
In this connection we note that the "density pa-
rameter" r„defined by 4wr, 'ao'/3 = n ', where
n is the carrier density, is about unity for our
experiments, and thus neither the high-density
(r, «1) nor low-density (r,»1) treatments are
strictly valid. The former theories predict that
collective (i.e., plasma) modes become more
important as r, increases towards unity, and
plasmons with momenta up to a bit less than half
the Fermi momentum are well defined. The na-
ture of the states between kF/2 and k„is not so
clear, but our results indicate that these states
are probably collective rather than single parti-
cle in nature since the latter would shift like
I~, /2 in the magnetic field. "

The individual electron may thus be considered
to interact with the other carriers collectively,
i.e., via electron-plasmon, rather than electron-

electron, interactions. Lundqvist" originally
used the term "plasmaron" to refer to a resonant
hole-real-plasmon state, but the term has since
been generalized" to include all Frdhlich-type
electron-plasmon interactions. " The radiative
recombination of a "plasmaron" may thus be said
to correspond to the emission process we identi-
fy in CdSnP, :Ag.

We did not observe efficient stimulated emis-
sion in "nominally pure" CdSnP, which is in our
case n-type with —10"or more carriers per cm'.
There are indications that the density of sites
for nonradiative recombination is much reduced
in the Ag-doped material. Thus the Ag may not
be acting primarily as a compensating acceptor
but may also importantly affect the overall crys-
tal quality by altering growth conditions.

In conclusion, we have observed stimulated
emission and laser operation in CdSnP, :Ag,
which can be identified as arising from direct re-
combination of carriers in a many-body (plasma)
regime. The magnetic field shift is quantitative-
ly described in terms of plasmaron coupling with
hybrid plasmons. This is the first evidence for
a plasmaron effect in semiconductor lasers, and
the first clear-cut experimental evidence for the
existence of plasmaron coupling in semiconduc-
tors generally. " The magnetic field shift is ma-
terial dependent only on m* and ~, and thus the
study of magnetic field shift of emission wave-
length in GaAs and InP should also permit dis-
tinction between many-body and exciton-related
recombination models, and provide important
information concerning the physics of semicon-
ductors at high excitation density.

We are grateful to Professor P. A. Wolff for
helpful discussions, and thank L. M. Schiavone
for his invaluable technical assistance.
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Highly suggestive results were observed in InSb (Ref.
16), but the evaluation there was that the features could
not be attributed to plasmaron effects "in a straight-
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Evidence is presented that below a rather large angular velocity, ~,~, there is a vor
tex-free state in rotating locked helium, which we call the Landau state. This is simi-
lar to the Meissner state in superconductors. We further show that all the properties
of the rotating helium have counterparts in irreversible type-II superconductors and
find that ~~2 (analogous to H, 2) greatly exceeds our high speeds of rotation.

An important aspect of the two-fluid theory of
superfluid helium as proposed by Landau' is that
the superfluid component can flow only in an ir-
rotational manner (i.e., Vxv8=0, where v is the
velocity of the superfluid component). The real-
ization of stable states where V'xv, =0 every-
where in the superfluid has been extremely dif-
ficult since for small velocities' the superfluid
has a tendency to form quantized vortex lines at
which V'xv, becomes singular. In this paper we
report on direct observations of the stable Lan-
dau state (Vxv, =0 everywhere) at rather high an-
gular velocities for superfluid helium contained
in a superleak (geometry formed by packed fine
powder). It is well known that the London condi-
tion for superconductors [V x(v, +qA/mc) =0,
where v, is the velocity of the superelectrons, A
is the vector potential, and q/m is the ratio of
the electron's charge to its mass J is analogous
to the Landau condition for superfluid helium. '
Thus the Meissner state of superconductors
which is a consequence of the London condition

is often compared with the Landau state of super-
fluid helium. Our experiments suggest a more
precise comparison between superconductors and
supe rfluid helium.

We have previously reported4 on a new method
of measuring the velocity of persistent currents
in superQuid helium contained in a superleak.
The m.ethod makes use of the fact that the speed
of the wave mode (fourth sound) which propagates
in clamped superfluid helium depends upon the
velocity of the superfluid relative to the normal
fluid (taken to be at rest) and at low temperature
is given by'

' ~(P /P)&. , (1)

where C,~" is the stationary velocity of fourth
sound, p, /p is the superfluid fraction, and u, is
the velocity of the persistent current. In Eq. (1)
the plus and minus signs refer to propagation
with and opposed to the persistent current. Ex-
perimentally one gets v, from a measurement of
the splitting [implied by Eq. (1)j of the resonance


