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We have observed new “local-mode lattice vibrations” in GaP, both in Raman scatter-
ing and as cooperating phonons in optical transitions. The modes are best qualitatively
described as a particle—the LO phonon —bound to a neutral donor, which provides an ef-
fective attractive interaction for the phonon. In this analogy, bound states having various
angular momenta around the donor can be expected, and both S and P states have been

identified experimentally.

We have observed new local modes which are
due to single, isolated neutral donors. The vi-
brational energies of these modes are between
0.8 and 1.9 meV lower than the K=0 LO phonon
energy, depending on the donor and the symme-
try of the local mode. These modes are closely
related to the exciton-phonon complex discussed
by Toyozawa and Hermanson.! Our mathematical
starting point is the same interaction as used by
Toyozawa and Hermanson, but the physics of the
present case permits closed expressions for
local-mode energies and wave functions for
states of several symmetries. The simplicity of
our system permits quantitative comparison with
a theory involving no adjustable parameters.
These modes do not show the systematics of
mass-defect local modes of the type described
by Elliott and Dawber.?

The modes were observed in 90° Raman scat-
tering with 5145-A light from an Ar* laser fo-
cused on polished and oriented samples cooled
to ~20°K, when the donors in GaP are completely
frozen out (E 5,265 meV).

Liquid encapsulated Czochralski-grown (LEC)
crystals containing (0.1 to 2.0) X10*® c¢m ™2 neu~
tral S, Te, and Sn donors, and solution-grown
platelets heavily doped with Si donors, were
used in the Raman studies. Luminescence was
excited by 4880-A Ar* light from crystals con-
taining 10'® to 10'7 cm ~3 neutral P-site donors
S and Te.

The peaks labeled S, Te, and Sn in Fig. 1,
occurring just below 7w 5, are attributable to
Raman scattering from the neutral-donor, LO-
phonon bound state. The binding energies E 5 of
this quasiparticle are listed in the right-hand
column of Table I for several donors. Strong
evidence that these impurity modes are connect-
ed with the dielectric effects of the neutral do-

nors, rather than with in-band resonance local
lattice vibrations involving the mass defects of
the substituents,? comes from the observation of
similar shifts and scattering intensities for both
light and heavy substituents on both Ga and P
lattice sites. In addition, we could not find a
similar component in scattering from a crystal
containing 6 X107 cm ™2 of the isoelectronic trap
Bi, which does not affect the charge density in
the crystal.
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FIG. 1. Raman scattering of 5145-4 Ar+ laser light
from GaP containing ~10!8 cm™3 neutral Sn, Te, or S
donors, recorded just below the k=0 LO phonon at
50.2 meV, showing the new local modes. These modes
can be seen easily at donor concentrations as low as
101" em™3, although their strengths relative to the LOT
lattice normal mode decrease in proportion to the neu-
tral donor concentration.
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Table I. Experimental and calculated binding energies Ep of LO phonons localized at neutral donors in GaP ob-
served through Raman scattering, (Ep), and as sidebands in the luminescence of excitons bound to neutral donors,

EpP.

Eis(Ai)_'EZS(Ai) Eis(A1)—’E2pe (EB)calcs (EB)exps (EB)calcP

Donor (meV) (meV) (meV) (meV) (meV) (meV) Eplexp?

S 104.23 82.62 94.0f 0.98 1.2+0.2 0.58 0.8+0.2

Te 89.8P 68.2° 79.9° 1.40 1.9£0.2 0.70 1.2+0.2

si 82.5% 70.24 72.3° 1.16 ? 0.82 1.340.2

Sn 65.5° 53.2¢ 58.5¢ [3.618 ? [1.35]8 1.6+0.2
2From Onton (Ref. 3). “Calculated as weighted mean of Eys( 4~ E,,; and
bFrom Onton and Taylor (Ref. 4). Eigcap™ Egp, -
®From Dean ef al. (Ref. 5). Assuming that E,, — Ey,, is the same for S and Te.
dAssuming that Eyg( 4,y is the same as for Sn. 8Using degenerate perturbation theory.

The donor-induced peaks in Fig. 1 have a few percent of the intensity of the normal L.O modes for
10" ¢m 3 neutral donors. The intensities of the new modes relative to the LO phonon are independent
of geometry and polarization, and are proportional to the donor concentrations.

The virtual process

Donor + LO phonon K = Excited donor = Donor + LO phonon K’

produces an effective interaction of an LLO phonon with a donor site. The effective scattering-matrix
element H,,. is (neglecting the small curvature of the LO branch near # =0) proportional to

Z(E,—Eo)@ le ¥ [j)(jleF"*T'|o)
(&, ~E -Gl leh

where |0) is the donor ground state wave function and the sum is over excited donor states j. The in-
teraction is attractive when 7w o is less than the relevant excitation energies of the donor. If a spher-
ical approximation is used for the donor, this interaction will produce bound states for each angular
momentum of the LO phonon (viewed as a particle) around the donor. When, as in GaP, the lowest do-
nor excitation energy is comparable with the phonon frequency, an approximation in which only the
lowest donor excited state is kept will give a reasonable approximation and a lower bound to the bind-
ing energy for the eigenvalue problem defined by H,,,.

In this approximation, the integral equation for the binding energy has a separable kernel. The re-
sults obtained for the phonon crystals wave functions and energies for S and P states are, for S states,

= ﬂ & e? Ejs_Els
EB (729>ﬁwLO<€w-]><2a€0> (EZS—Els)z-(ﬁwLO)z, (1)
¥ <k /[(3/2a)? +k*F; (2)
for P states,
_ 224 € _ e? > E,.~E ¢ .
Eg <6561>ﬁww<€.,, 1)(2(160 (E,p=E, s)?—=(liw o)’ 3)
Y g cosb,/[(3/2a)? +E2]. (4)

In these expressions, €, and €, are the static and high-frequency dielectric constants of the Fr&h-
lich electron-phonon interaction. The donor Bohr radius is a, and the donor binding energy is e2/
2a€, for a hydrogenic donor. The energies E,, etc., are the energies of the donor ground and ex-
cited states. By combining results known from two-electron transitions of bound excitons,® and in-
frared absorption of donors,>* all the energies in (1) and (3) can be evaluated with great accuracy
(Table I). There are no unknown parameters in (1) and (3). The correction to the binding energy due
to anisotropy of the donors is about 10 % for the S bound states, so will be ignored. The theoretical
binding energies from (1) and (3) are included in Table I.
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Conventional Raman scattering theory would
lead one to believe that both these local modes
might be observed, each with the elementary se-
lection rules appropriate to its symmetry (S or
P). This expectation is unfulfilled in two ways.
First, only one mode is seen. Second, its inten-
sity relative to the LO phonon is independent of
geometry. However, the LO mode in a zinc-
blende structure has a characteristic Raman-
scattering tensor associated with the LO-TO
splitting caused by long-range Coulomb effects.
The observed local mode apes this characteris-
tic scattering behavior of LO phonons instead of
having selection rules appropriate for an S or P
local mode. This anomaly is present in spite of
the fact that the scale of the local mode is com-
parable with that of a donor —about 6 to 10 A
radius in GaP, dependent on the donor.

The explanation of these paradoxes is contained
in the wave functions (2) and (4) of the local
modes. For scattering with large changes of
wave vector AK (compared with a Reststrahlen
photon) the scattering rate for a weakly bound
LO phonon in a crystal of volume V is related to
the normal LLO Raman scattering rate in the
same geometry by the proportionality constant
lszl—;!z. This fact explains the peculiar selection
rules observed. For P states, the normalization
integral for the bound states can easily be done,
yielding

|4 Aklek _ 2567 _a_3
small 9 74
For 10® ¢cm ™2 Sn (¢=10 4) or Te (a=17.3 A) do-
nors the predicted scattering intensities are 9%
and 3.5% of the LO scattering, in excellent
agreement with the experimental values, which
are 10% (Sn) and 4% (Te).

For S states, the bound-state wave function is
linear in the wave vector for small wave vectors.
The S-state cross section will be about (Aka)?
~107* times the P-state cross section. We have
therefore identified the observed states as being
of P symmetry. The comparison of the mea-
sured and calculated binding energies (Table I)
shows that the calculations uniformly give a re-
sult which is about £ the measured binding ener-
gy. Since contributions involving higher donor
excited states would increase the calculated E g,
we regard the agreement as satisfactory.

Since the S-state local modes were not visible
in Raman scattering, we were led to re-examine
other experiments in which such modes might be
expected to be observed. A strong vibronic side-
band due to the creation of K=0 LO phonons ap-

@ —

T0 \LO?

(b).

OPTICAL DENSITY

44 46 48 50 52 4[4 416 4[8 slo
PHONON ENERGY meV

FIG. 2. Portions of the vibronic sidebands in the low-
temperature luminescence spectra of excitons bound
(a) to neutral Te donors and (b) to neutral S donors in
GaP. Superscripts X denote replicas involving phonons
selected for conservation of momentum in the recom-
bination of indirect excitons in GaP (Ref. 6). Long-
wavelength (zone-center) phonons are superscripted I,
Subscripts s and d denote the symmetries of local
modes around the neutral donors. The assignments of
the d states are tentative.

pears in the luminescence of excitons bound to
neutral P-site donors in GaP,® but is insignifi-
cant for Ga-site donors.®> Because the LO cou-
pling mechanism has the appropriate symmetry
to couple to S-state bound LO phonons, they can
be expected to be visible in the vibronic spec-
trum. Vibronic lines involving interactions with
phonons of slightly lower energy appear in the

S spectrum [Fig. 2(b)] and in the Te spectrum
[Fig. 2(a)]. The binding energies of these states
are again larger than the theoretical prediction,
by a factor of about 1.3 (Table I). In addition to
these S-like bound LO phonons, shifted compo-
nents much closer to the ordinary LO replica
occur in the exciton spectra in Fig. 2. These
may involve D-like bound phonons.

Mass-defect local-mode theory could not ac-
count for the modes we see even if large changes
in short-range spring constant were assumed.
The observed modes fall in a region of high den-
sity of lattice normal modes, rather than in the
low-density gaps in the normal-mode spectrum’
as expected from such “local perturbation” the-
ory.? The “local perturbation” modes must exist,
but are presumably too weak to be seen because
of the small 2-space overlap of the LO phonon
and the short-range perturbation. The coupling
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mechanism we describe successfully accounts
for the large Raman scattering cross section ob-
served.

Note added in proof. — Further evidence for the
validity of this coupling mechanism comes from
our recent observation that the intensity of the
new local mode decreased to less than 4% of its
original value as a result of close compensation
by Cu diffusion in a crystal initially containing
1.5 X10* neutral Te donors.

We wish to express our appreciation to C. H.
Henry for several stimulating discussions of the
effects reported here. Good quality LEC single
crystals of GaP containing controlled doping lev-
els were kindly provided by H. W. Verleur. Ex-
pert technical assistance was given by G. Kamin-
sky and S. Bortas.

*On assignment from Bell Telephone Laboratories,

Reading, Pa. 19604.

tConsultant, Bell Telephone Laboratories, Murray
Hill, N. J. 07974.

ly. Toyzawa and J. Hermanson, Phys. Rev. Lett. 21,
1637 (1968). o

’R. J. Elliott and P. G. Dawber, Proc. Phys. Soc.,
London 81, 521 (1963).

3A. Onton, Phys. Rev. 186, 786 (1969).

‘A. Onton and R. C. Taylor, Phys. Rev. B 1, 2587
(1970). -

5P. J. Dean, R. A. Faulkner, and E. G. Schonherr,
Phys. Rev., to be published.

SP. J. Dean, Phys. Rev. 157, 655 (1967).

"The highest energy gap in the density of lattice nor-
mal modes occurs near 46 meV, 4 meV below 7wy o,
according to the density of phonon states calculated by
J. L. Warren from the neutron scattering data of J. L.
Yarnell, J. L. Warren, R. G. Wenzel, and P. J. Dean,
in The Fouvth IAEA Symposiumon Neutvon Inelastic
Scattering, Copenhagen, Denmavk, 1968 (International
Atomic Energy Agency, Vienna, Austria, 1968), Vol. 1,
p. 301.

FRENKEL EXCITON SUPEREXCHANGE, PAIR INTERACTIONS,
AND DISPERSION RELATION: !B,, NAPHTHALENE CRYSTAL*

Hwei-Kwan Hong and Raoul Kopelman
Department of Chemistry, University of Michigan, Ann Avbov, Michigan 48104
(Received 3 August 1970)

Guest-host-guest exciton exchange (superexchange) is appreciable in the leu state of a
C4¢Hg-CyyDg mixed crystal. The experimental resonance pair fine structure in this sys-
tem has been satisfactorily fitted, resulting in three sets of six pairwise exciton interac-
tions, consistent with all known experimental data. A point multipole expansion, limited
to nonoverlapping charge distributions and truncated after the transition-octupole—transi-
tion-octupole term, is only consistent with one set, whose values are presented. Using
these values, the exciton band structure is completely determined within the restricted

Frenkel limit.

Reported here is what we believe to be the first
reliable determination of a complete exciton band
structure in a molecular crystal. Potential ap-
plications include energy transfer and dynamics
in molecular aggregates: pure crystals, mixed
crystals, solutions, and synthetic or natural
polymers.

The first excited electronic singlet state (*B,,)
of the naphthalene crystal has been a prototype
system for Davydov exciton splittings,! and re-
cently for the experimental density-of-states de-
termination.? This 'B,, exciton state in isotopi-
cally mixed naphthalene crystals has also yielded
monomer (single guest) quasiresonance interac-
tions,® resonance pair interactions,* and band
spectra of heavily doped crystals,® all in agree-
ment with the restricted Frenkel-Davydov model®?
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(short-range interactions). However, the mixed-
crystal resonance pair results* did not agree
well with the pure-crystal density-of-states func-
tion,® nor with the translational shift,>!¢ casting
doubt on the separability of exciton and phonon
contributions? and/or on the validity of the tradi-
tional first-order approach.’

We have now shown that the indirect guest-host
exciton exchange contribution to the guest-guest
“resonance-pair” line structure is of the same
order as (or more than!) the direct resonance
contribution for most observable splittings in the
isotopically mixed naphthalene crystals (specifi-
cally C,,Hg in C,yDy—see Table I). These indi-
rect or superexchange interactions can further-
more be utilized to assign experimentally ob-
served splittings to specific pairwise interac-



