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The configuration coordinate (CC) and momentum conservation (MC) models have been widely used
to explain the phonon sidebands of impurity spectra in semiconductors. In this paper, the distinction be-
tween the CC and MC models is discussed. We conclude that the MC model only applies to shallow
Coulombic impurities; ifi ‘other cases, such as isoelectronic traps, the CC model is more appropriate. We
show that the Huang-Rhys parameters for bulk phonon modes coupling to a bound electron or exciton
can be calculated from the bound-state wave function in k space if the phonon- mduced intervalley and _
intravalley electron scattering processes of the pure crystal are known. We study in detail the phonon
sidebands of nitrogen-bound excitons in GaP, giving the selection rules for electron- -phonon coupling in
the CC model, and showing that their strength can be well accounted for by the CC model. The ap-
parently anomalous “X” peak of the LO-phonon sideband in GaP:N is shown to be associated with inter-
valley scattering in the conduction band. The MC model, which has been used in an attempt to explain
the phonon sidebands of GaP:N in some previous work, is shown to be inapplicable to this case.

I. INTRODUCTION

It has been known for a long time that impurity spec-

tra in semiconductors may show two kinds of phonon

sidebands (PS’s) which can be interpreted by either the
“configuration coordinate” (CQC) or the “momentum con-
servation” (MC) models.! The CC model® is a simplified
version of the multiphonon optlcal transition theory pro-
posed by Huang and Rhys® and Pekar* about 40 years
ago. The MC model, on the other hand, is a natural ex-
tension to impurity spectra® of the theory of indirect
transitions in a perfect semiconductor.® These two mod-
els have been used to explain the PS’s in many impurity
associated spectra, but the relationship between them has
not been adequately discussed. For this discussion, we
first need to know if these two models correspond to two
coexisting mechanisms of electron-phonon interactions or
if they are just two different approximations to describe
the interactions. In the former case, they could be taken
as two independent processes, and the total transition
cross section of the PS’s would be the sum of the contri-
bution from the two processes,’ or in other words, the
two models could be combined to explain the observed
PS’s.® But the problem is not that simple since, as has
been pointed out before® and will be discussed in further
detail in this paper, they are, in fact, two different ap-
proximations to the same basic method for calculating
the phonon-assisted optical transition probabilities in-
volving an impurity. Therefore, the two models must be
combined with caution.

While the PS’s of excitons bound to shallow Coulombic
1mpur1t1es (donors and acceptors), have been interpreted
in terms of the MC model,! the PS’s of excitons bound to
nitrogen and other isolectronic impurities in GaP have
been consistently interpreted in terms of the CC mod-
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el.'°"1 However, Snyder and coworkers® and Dai et al.?
have argued that all the PS’s of the isolated N-bound ex-
citon except the LO(I") peak should also be interpreted
by the MC model. They showed that they could account
for the spectral shape of the PS’s in this model, but did
not discuss its absolute intensity. Hong, Zhang, and
Dou'® have also applied the MC model in an attempt to
account for an ap arently anomalous temperature depen-
dent of the PS’s.'"!1¥ However, this anomaly has been
shown to be an experimental artifact.'>'%1%20 I, Ref. § it
was argued that the CC model can be applied only to
LO(I") phonons, which couple to the exciton via the
Frohlich interaction. Other phonon features could not be
explained by the CC model because “the k-dependent
effects of both the impurity wave function and the pho-
non energy are not included in the model.”® This is in-
correct: such effects have been included in the CC model,
for instance by Stoneham.?! In this paper we will formu-
late the CC model in a way that includes such k-
dependent effects. The model accounts semiquantitative-
ly for all the PS’s, including the so-called “X”’ sideband
whose interpretation has been controversial. We will also
show that the MC model accounts quantitatively for the
PS intensity of excitons bound to Coulombic impurities,
but fails by many orders of magnitude to account for that
of excitons bound to isoelectronic traps such as nitrogen.
In Sec. II of this paper, we will discuss the distinction
between the CC and the MC models, how they are relat-
ed, and how they differ in their predictions of the optical
transition rate for the PS’s and for the no-phonon (NP)
line. We show how for bulk-mode phonons the Huang-
Rhys parameters S, which represent the strength of the
exciton-phonon coupling and determine the intensities of
the PS’s in the CC model, relate to the intravalley and in-
tervalley electron-phonon scattering processes of the in-
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trinsic semiconductor. Based on these scattering process-
es, an (in principle) accurate way of calculating the S pa-
rameters is given. In Sec. III, we apply our calculations
to excitons bound to an isoelectronic trap, using the
Hopfield-Thomas-Lynch (HTL) model,? as developed re-
cently by one of us,?3 to model the exciton state, and
show that while the MC model cannot explain the ob-
served intensities of the PS’s of nitrogen-bound excitons
in GaP, the CC model does. Symmetry selection rules for
the phonons which can be involved in the optical transi-
tion are also discussed. Section IV gives a summary of
the work.

II. FORMALISM

In a crystal which contains an impurity, within the
Born-Oppenheimer approximation, the wave function for
the system has the form

\Pjn =¢j(x’Q)Xjn(Q) » (1)

where ®;(x,Q) and x;,(Q) are the electronic part and
the phonon part, and x and Q are coordinates of elec-
trons and lattice ions, respectively.

For the optical transitions with phonon participation,
there are two basic approximations, i.e., the CC and the
MC models, in calculating the transition rates.

In the CC model, we first consider the electron-phonon
interaction Hg; to the uncoupled states of the total sys-
tem {®x}}, and obtain the coupled states {®,x;,}. In
general, both the electron states ¢ ; and the phonon states
Xj» are modified from the uncoupled states. However,
here we will adopt the Condon approximation, in which
the electronic state is unaffected by the phonon interac-
tion so that the optical transition is between two coupled
states ®%y;, (subscript i stands for the initial state) and
D%x f, (f stands for the final state).

In the MC model, the optical transition rate is usually
calculated by applying second-order time-dependent per-
turbation between the initial state ®%¥® and the final
state ®Y »~ This is, in fact, equivalent to another pro-
cedure:” first apply Hy, to the electronic parts {<I>?} of
the uncoupled states {9 %} to yield coupled states
{® jxg} (note that the phonon parts are unchanged); and
then consider the optical transition between the initial
state ®,x2 and the final state ® fx‘,),'.

The CC and the MC models, as used here, both assume
linear electron-phonon coupling, but differ as follows:
the CC model considers the electron-phonon interaction
to infinite-order perturbation in the phonon states, but
only to zeroth-order perturbation in the electron states
(the Condon approximation). The MC model treats the
electron-phonon interaction as a perturbation in the elec-
tron states, but not in the phonon states. In this sense,
they are two distinct mechanisms. However, in principle,
the CC model can go beyond the Condon approximation
by taking into account the effect of the electron-phonon
interaction on the electron wave functions, as, for exam-
ple, in the theory of multiphonon nonradiative. transi-
tions.2* If this is done, there will be an MC-like contribu-
tion in the optical transition matrix element; but this is a
higher-order effect, We are not going to pursue this ex-
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tension in this paper, but we must point out that such an
extension might in fact be necessary to explain some fine
structure in the observed spectra, such as the very weak
sharp peak at the TA(X) phonon energy riding on the
broad PS’s in the excitation spectrum of GaP:N.? In ei-
ther model, we may have the same mechanisms of
electron-phonon interaction [Froéhlich (polar), deforma-
tion potential, piezoelectric].

A. CC model

According to the theory of Huang-Rhys and Pe-
kar,>*2* with linear electron-phonon interaction, the op-
tical transition rate for the NP line is

FecWig)=2n /%) Mgl ™", o ()

where Wi is the separation of the electronic states in the
relaxed lattice; i.e., the transition energy of the NP line,
M;=(D|Hyp |®?) is the transition matrix element in
the Condon approximation, and Hy is the interaction of
the electrons with the external electromagnetic field. For
the transition emitting one phonon fiw,, the correspond-
ing transition rate is

Foc(Wig—fiw, )= (27 /#) | M¢|% ~°S, (3)

where S=Z2_S,. S, is the so-called Huang-Rhys parame-
ter for the vibration mode fiw, and is defined as

S, =11/Fiw, P1{ 041U, |9%) — (@9 U, [@9)[?, @)

where U, is the potential energy of the electron-phonon
interaction.

In general, the PS structure is determined by the densi-
ty of states of the phonons g() and the spectrum of S,.
For an explicit calculation of S,, we must be able to cal-
culate the matrix elements <<I>§IUQI<1>?) for both initial
and final states, which requires the knowledge of the im-
purity state wave function and of the electron-phonon in-
teraction. The selection rules for the possible phonon
modes involved in the PS’s are determined by whether
(0% U, |5 ) — () U,|®?) is nonzero. Up to this
point, we have talked about transitions of the total sys-
tem, and the transition rates are given in terms of many-
electron quantities. In most cases, however, they can be
calculated in terms of one-electron quantities, as we do in
this paper.

Now we are going to apply the theory to an exciton
bound to an isoelectronic (i.e., electrically neutral) impur-
ity. To do so we use the HTL model?? of the exciton. In
this model the impurity is assumed to exert a short-range
attractive potential on one type of carrier: in the case of
nitrogen in GaP this is the electron. The electron bound
by this potential produces an attractive Coulomb field for
the hole, which thus occupies an acceptorlike state. This
model has been shown to account quantitatively for the
energy-level structure of excitons bound to nitrogen pairs
in GaP,2*% and has been used to obtain the wave func-
tion of the exciton bound to isolated nitrogen.? :

The electron bound state in the HTL model can be
generally represented by a sum of Bloch states @, ,2

‘P?=2nkank¢nk ' 7 &)
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If the acceptorlike bound exciton state is taken as the ini-
tial state, and the ground state of the crystal as the final
state, we have .

Mifzznk Akank;<‘puk|Herl¢nk> ’ o 6
=1/, U { plu,|¢?)

_zk!AkI2<¢ukluqquvk>[2 ’ (7a)
or in k space

Sq =[1/(ﬁ(0q )Z]IEn'n Eka;k+qank(¢n'k+q|uq qunk )
_zk I Ak|2<¢vk|uq|¢uk >|2 ’ (7b)

where A4, is the Fourier transform of the envelope func-
tion F(r) for the hole motion,? @, is the valence-band
state, H,, and u, are the one-electron operators corre-
sponding to Hpy and U, for many electrons.

From Eq. (7) we can see how the electron and the hole
of a bound exciton contribute to the exciton—phonon cou-
pling. Because the matrix element (@, lu,|@, ) is zero
unless ¢ =0, the hole contribution is neghglble for a deep
impurity center?”? and S, is only determined by the
electron bound state. Equatlon (7) has taken into account
the Coulomb correlation between electron and hole, so it
is more general than the well-known result?>3® where the
Coulomb correlation is neglected.

If we use the one-band approximation for the electron
bound state, and neglect the contribution from the hole,
we have

S, =[1/Fw, P1IZat 1 gk {@eic 4 g lugl@a Y2 . (®)

In practice, in order to calculate the Huang-Rhys pa-
rameter Sq, we need to know the detailed wave function,
given by a,;, as well as all the scattering matrix elements
(@ukqlttgl@n ). Therefore the shape of the PS’s are
not only determined by the density of states (DOS) of the
I

ex

FyclE —fio, )-—}M 12{

where M, =@, o|H,,|¢.o), E is the bound exciton state,
E,, is the ground state of the free exciton at I" associated
with the first conduction band, and A4, (k) is the Fourier
transform of the envelope function Fex(r) for the free ex-
citon. We have assumed that the I' state is the only
significant intermediate state. For phonons with a wave
vector near. the conduction-band minimum k,, the transi-
tion rate given by (10) cannot exceed the transition rate of
the indirect excitons, and will not greatly change from
one kind of impurity to another.

In calculating the transition rate of a PS mlcroscoplcal-
ly, the MC model only considers the scattering processes
between the k=q point and I'. The CC model includes
the contribution from scattering between two general
points k and k’, as long as k' —k=q and the process is al-
lowed by the symmetry selection rules. For the MC mod-
el, the weaker the localization of an impurity state (i.e.,

(k)Ak Ea
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phonons,! but also by the electronic wave function and
the scattering matrix elements. For interaction with a
bulk mode, u, is the same as in the perfect crystal, since
the change of bulk modes induced by 1ntroducmg a finite
number of impurities is vamshmgly small.’! For a local or
quasilocal mode, however, u, is determined by each
specific impurity center. In the above theory, u, is not

q
11m1ted to > any spemﬁc interaction mechamsrn

B. MC model

In the MC model, Hp =Hpg; +Hpy is taken as the per-
turbation to the uncoupled state {(I)?Xg }. The first-order
perturbation theory gives the transition rate of the NP
line

FMC( W ) (21T/ﬁ)lle]2 > (9)

where W3 is the separation of the uncoupled electronic
states, and the matrix element M, is the same as that in
the CC model. The most obvious difference between (9)
and (2) is the exponential factor e ~5. They are equivalent
only when S <<'1 (very weak lattice relaxation). Also, the
NP line energy is different. The CC model includes the
lattice relaxation and gives a polaron correction, while
the MC does not. This is important in determining the
position of the NP line, because not only the Frdhlich in-
teraction but also the other interactions (e.g., deforma-
tion potential) contribute to the polaron correction.’®
While the correction due to the Frohlich interaction is
not very much different for band-edge states and bound
states, that due to the deformation interaction can be
very different and can affect the binding energy
significantly.

. The second-order perturbation gives the transition rate
of the one-phonon transition between the acceptorlike
bound exciton state and the ground state (see the Appen-
dix),

<¢ck qul(prnq-l-k )
Mtk En—E—tfo, |’

(10)

the more concentrated in k space), the greater the ratio of
the PS to the NP line in an indirect-gap semiconductor.
For the CC model, the tendency is the other way: the
more localized the state, the stronger the lattice relaxa-
tion will usually be, and thus the stronger the PS be-
comes. On the other hand, for the limiting case of a very
delocalized state ay ~ 8, y, the transition rates of the NP
and the PS are zero in the CC model (within the Condon
approximation) because ay is zero, while in the MC mod-
el, they are nonzero for the PS as a, is not zero. In the
CC model, the NP line and all the PS’s have the same
matrix element M;;, and the total transition rate is distri-
buted among the NP line and the PS’s. In the MC mod-
el, the NP line and the PS’s are independent, since PS’s
are possible regardless whether or not the NP line ap-
pears, as long as a, and the scattering matrix element
{@colttyl@ey ) are not zero.



From the above argument we conclude that in the case
of impurity-involved optical transitions, the MC model is
only applicable for very delocalized impurity states,
where S, <<1 for all the vibration modes %o, . .

A concrete calculation of S, is rather difficult. Rid-
ley®? did a simplified calculation for some materials
which shows how S depends on the degree of localization
of the impurity states. In the next section, we will calcu-
late S, for the PS’s of the A line in GaP:N.>»**

“HI. THE PS’s OF N-BOUND EXCITONS IN GaP

A. TIs the MC model applicable to GaP:N?

The phonon sidebands of N-bound excitons have been
measured several times since the first investigation of
GaP:N (Ref. 33) and are shown in Fig. 1 (Ref. 11) (this
spectrum is taken at 4.2 K, where A4-line emission is
predominant). Those PS’s which are believed to be asso-
ciated with bulk modes are labeled LO(I"), X, TO(I),
LA, and TA. TA and LA are broadbands, while LO(T),
X, and TO(T") are sharp, TO(TI") being very weak. Com-
paring the PS spectrum to the phonon DOS,3fS we find
that all the PS peaks are close to, if not exactly at, the
peaks of the DOS. The relative intensities, however, are
quite different from the DOS. Furthermore, not all the

Photoluminescence Intensity
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FIG. 1. Photoluminescence spectrum of the isolated

nitrogen-bound exciton in GaP (T=4.2 K, 4 line at 2.317 eV.
Excitation: 2.328 eV, [N]1=10" cm %) (Ref. 11).
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peaks of the DOS show as peaks in the spectrum. The X
band at 48.410.1 meV (Ref. 13) is close to'a DOS peak at
about 48.6 meV,* and the LA band at 26.7£0.4 meV
(Ref. 13) is close to a DOS peak at about 27 meV.** The
TA band at 13.31£0.2 meV (Ref. 13) is slightly higher
than the nearest DOS peak at about 11.4 meV,*> but the
DOS corresponding to this PS peak is still quite large.
The same bulk phonons are seen for both isolated N and
NN; pair centers.!>!* A local mode sideband has also
been observed for most NN, pair centers.*

As we have already discussed in Sec. II, the MC model
should be only applicable to very delocalized impurity
states. For the localized impurity states associated with
nitrogen in GaP, in some key aspects, the MC model can-
not be consistent with the experimental results for the
following reasons, some of which have been mentioned
before.’

(1) The PS’s of excitons bound to neutral shallow
donors and acceptors ( 4°X and D°X) provide good ex-
amples of MC transitions.*®3” In the first row of Table I,
we give the spontaneous emission probabilities (in order
of magnitude) of the NP lines of 4°X, D°X, and N-bound
excitons in GaP, obtained from the absorption strength
of the NP line through the Einstein relations.!!»3673% In
the second row we give the spontaneous emission proba-
bilities for the PS of each exciton, obtained from that of
the NP by measuring the relative contributions to the
photolumirescence intensity, and also an estimated result
for the indirect free exciton which is taken from a calcu-
lated value for $i.*’* The probabilities are all in the order
of 103-10* sec™!, except for the N-bound exciton which
is higher by a factor of over 103, A numerical estimate
based on the MC model, made in the Appendix, shows
that the predicted spontaneous emission probability for
the ll’S of the N- bound exciton is of the order of 104
sec” .

(2) The “X” band at 48.4 meV (Ref. 13) cannot be
identified with the MC LO phonon at the X pomt,8 13
whose energy is 46.610.2 meV.’”*! Furthermore, cou-
pling to the LO(X) phonon is forbidden by symmetry
selection rules which we will discuss later. Even if we
take into account the fact that the conduction-band
minimum is not exactly at X (Ref. 42) so that the MC
phonon is on the A, line,3® the energies do not agrée,
since the dispersion along A, near X is very small. '

(3) In the MC model calculation, the line shape of the
TA and LA PS’s is quite sensitive to the electron binding
energy.” The “near-resonant effect” for some com-
ponents a, of the bound electron wave function is impor-
tant in the explanation of Dai et al. of the strong A4-

TABLE 1. Spoﬁtaneéus emission probabilities of NPﬁ and to-
tal PS for 4°X, D°X, and N-bound excitons in GaP, and the in-
direct free exciton in Si (in sec™1).

. N-bound Indirect,
A%X D) exciton free exciton
NP ~10% ~10° 9.8 10°%
PS ~10* ~10° 1.1Xx107 5X10°
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LO(X) band (i.e., the X band) in terms of the small elec-
tron binding energy ( < 10 meV) of the A line.! However,
all NN, pair centers have almost the same PS struc-
ture,'>!* while their electron binding energies are very
different, being as large as 125 meV for NN, so the
near-resonant effect cannot be of any importance in these
cases.

(4) In GaAs:N under pressure, a similar doublet struc-
ture of the LO PS was observed for NV, (Ref. 43) and
isolated N (Ref. 44) centers, with a PS/NP ratio compa-
rable to that in GaP, even in the pressure range where the
band structure is direct. In this case, the I'-X mixing is
very strong and the MC model would require the NP line
to be strongly enhanced relative to the PS’s.

B. CC model in GaP:N

The symmetry selection rules for phonons involved in
the CC model are mainly determined by the matrix ele-
ment {@}|u,|@?) in Eq. (7) for a localized bound state.
For an 4, symmetry state of P-site impurity in GaP,
only LA(X ), LO(L ), and LA(L ) phonons are allowed if
only phonons at X and L points are considered.’? How-
ever, phonons elsewhere in the Brillouin zone are al-
lowed® (Table II). These phonons could make a
significant contribution to bound electron-phonon cou-
pling for a deep impurity state since its wave function is
well extended in k space. Also, when the conduction-
band minima are not located at the zone boundary, as in
GaP,* particular phonons, not precisely at a symmetry
point, could be important. From Eq. (48) we can see that
an intervalley or intravalley scattering which connect
points k and k+q with large electron wave-function am-
plitudes of @, and @y, will give a large contribution to
the coupling constant S;. For the N-bound exciton the
wave function of the bound electron is 80-90 % in the vi-
cinity of X, the remainder being near L, with less than
1% near I'.2»*¢ Hence X -X and X —L scattering will be
dominant, while the contribution from X-I" or L-T
scattering will be negligible. In contrast, in the MC mod-
el only X T scattering is considered.

The origin of the “X> PS’s at 48.4 meV in GaP:N has
been unclear since the earliest studies. Here we will dis-
cuss a few possible origins of this PS. Our general con-
clusion is that while the PS at 50.1 meV labeled LO(T")
comes from small-g LO phonons coupled by the Frohlich
interaction, “X”’ includes contributions from the entire
LO-phonon branch, and, like the TA and LA PS’s (con-
sidered below), is due to deformation potential interac-
tion.

From Table II, the LO(L ) and LA(L) phonons are al-

TABLE 11. Symmetry allowed bulk phonons in coupling to a
Psite. A4; electron bound state for CC model in GaP (the origin
of coordinates is assumed at P site) (Refs. 27 and 45).

r L X A A b
LO L, A,y A,y =z,
TO 2
LA L, X, A, Ay b
TA ] ‘ P
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lowed for an A, state. If we consider the selection rules
for deformation potential scattering,*’*® the LO(L ) and
LA(L) phonons can be coupled by intervalley scattering
between the X; and L; conduction-band states. LA(X) is
allowed and LO(X) is forbidden both by the 4, impurity
symmetiry and by the selection rules for intervalley
scattering between two nonequivalent X, points belong-
ing to two “stars”. In GaAs,*” on the other hand, LO(X)
is allowed, and LA(X ) forbidden, since M, > Mg, > Mp.
However, coupling to an LO(Z) phonon, which can con-
nect two nonequivalent valleys on A;, is allowed under
both selection rules. This could be important because of
the spread of the wave function in k space, and the
conduction-band minima are not precisely at X but at
(0,0,1—8) points on the A line,! with 8=0.08, which we
call “A8.” A phonon connecting two such minima (the
so-called f process*®) has a wave vector
q=(1—8,1—5,0) which is equivalent to (8,8,1), i.e., a
phonon with 3, symmetry and q 6.45° off [001]. The
phonon energy at that point is about 47.8 meV (Ref. 35)
which is only 0.6 meV from that of the X band. Howev-
er, the peak position could be mainly determined by the
DOS of the phonons. Also, the X band is close to the en-
ergy of the LO(L) phonon, and it is likely that both
AS—-AS8 and AS-L intervalley scattering contribute to it.
AB-AS8 scattering is favored by the electron wave func-
tion, but near (5,8,1) the phonon DOS is relatively low,
so that A8—L scattering is favored by the DOS. Note
that the A5—A8 scattering matrix element is not zero
even though it is zero between exact X points, and the
matrix elements may increase rather fast when leaving
the critical points.®!

Another type of possible scattering between two X val-
leys is the so-called g process,*>? which is allowed and
requires phonons on A with q near (0,0,0.16). However
such near zone-center LO phonons are not appreciably
shifted from LO(TI") at 50.1 meV, so the contribution of
these phonons would be indistinguishable from the
LO(T) band. As neither the phonon energies at general
k points nor the deformation potential constants for two
general points are available, we are not able to make a
more quantitative judgment at the present stage.

For the LA PS, the f process A5—AS scattering by a
(3,6,1) LA phonon would give a peak at ~30 meV
which is not observed.’®> The peak of the LA PS at
26.710.4 meV (Ref. 13) agrees with the LA(L ) phonon
26.710.1 meV.%? From the electron wave function,? the
intervalley scattering matrix elements,’® and the phonon
DOS,>* the contribution of AS—AS scattering to the LA
PS’s should be an order of magnitude larger than that of
X —L scattering by L phonons. The fact that this is not
the case remains to be explained, as does the fact that the
LA PS is much weaker than TA and X PS’s, when the
overlapping contribution of two TA phonons is subtract-

. ed.!? In general, LA PS’s associated with localized im-

purities in GaP have lower energies than the 31.7 meV

“"LA(X) phonon, which appears in shallow impurity spec-

tra.3%7 For example, in the spectra of donor-acceptor
(D-A) pairs involving deep impurities the LA PS are all
in the range 27.7-29.5 meV.5* For the TA PS of the 4

- line, which peaks at 13.3 meV,'? Table II show that TA
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phonons from high symmetry points and lines are forbid-
den except those from the £, branch. The fact that this
slightly exceeds the TA(X) phonon energy (13.0+0.1
meV (Ref. 37) again suggests that AS—AS scattering is
important.

The situation in GaAs:N under hydrostatic pressure is
very similar to that in GaP:N. All the main features,
LO(T), X, TO(I'), LA and TA, appear in the spectra for
the isolated N center®® and the NN; centers.*? The pho-
non energy for the X band is 33.5%0.2 meV at atmos-
pheric pressure. This is close to a peak in the DOS of the
GaAs phonons®® at 33.7 meV which appears to corre-
spond to a maximum in the LO(X) branch. Again the f
process intervalley scattering between nonequivalent X
valleys apparently makes a significant contribution to the
exciton-phonon coupling.

The Huang-Rhys parameter can be calculated either by
using (7a) where a bound-state wave function in real
space is used, or using (7b) where the wave function in k
space is used. Some calculations have been done for vari-
ous types of bound electron wave functions in real space:
billiard-ball-like,32 hydrogenic, “& function,” quantum
defect and Gaussian,?! or spherical square well.>® The
so-called “8-function-type” is actually an approximation
to the spherical square well, obtained by ignoring the
contribution to the coupling of the wave function within
the well (there is no bound state for a true §-function po-
tential in three dimensions). There are some disadvan-
tages in using a real-space bound-state wave function.
For example, one has to use a single effective mass in all
these wave functions, which is not a good approximation
when one has a deep impurity state with its wave func-
tion well extended in k space. On the other hand, to per-
form the calculation in k space is usually more difficult
because one needs to know the detailed properties of the
electron bound state @,; and all the scattering matrix ele-
ments (‘pn'k+qluq I‘pnk >' .

We will consider two kinds of electron-phonon interac-
tions: Frohlich and deformation potential, and then ap-
ply them to the N-bound exciton in GaP. For the
Frohlich interaction, we will calculate the S parameter
two ways: in real space and k space. For the deforma-
tion potential, we will work only in real space.

For the Frohlich interaction, we have’

1/4
A

u, =i(fiw o/q) L Viga/V eXp(iq-r) ,
m-apg

(11

where « is the Frohlich constant, m* is the effective
mass, and V is the crystal volume. From (7a) we then
have

2mre?
ﬁa)LO | 4

. (1/e,—1/55)F(q)/q?, (12)

where F(q) is defined as
F(q)=]{¢? expliq-r)|e?}|? . (13)

We take the real-space wave function as the 5-function
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@?=(B/2m) * exp(—Br)/r , (14)

where B=(2m *E)!/? /4, E is the electron binding energy.
F(q) is given explicitly as

F.(g)=[m/2—arctan(2B/¢)]X2B/q)* . (15)

If the k-space electron wave function is used, since
only modes with small g are important for the Frohlich
interaction, F(q ) is approximately given by

F (@) =ls(q)?, (16)

where s(q)=Z,a*a,_,, which is roughly the Fourier

transform of the bound electron probability density

|@?12.2 s(g) was calculated in Ref. 23 by using a Koster-

Slater one-band one-site model®’ and in this case it de-

pends only on |q. L e
The contribution from all LO phonons is

S=3 s,
q

e2

TR

(l/sw—l/eo)fOQF(q)dq, Coan

where F(q) is given by F,(q) or Fi(g). Q=(6m*N/V)!/3
(=1.14 A" for GaP) is taken as the cutoff wave vector.
Only contributions from small g are important in (17).

" Introducing a bound-polaron radius ry, so that

2
e
=t .. . S a
S 28r0ﬁCOLO

where r; is defined as
- Q
ro'=2/m [ “Flq)dg (19)

and 1/e=1/e,—1/g,. For GaP, £,=9.04, g,=11.1;*
m* in B takes the average value for the X wvalley,
m*=0.365m;® #iw; takes its " point value of 50.1
meV.13 ,

We have calculated S for the Frohlich interaction for
different electron binding energies by using F,.(g) or
Fi(q) in (17), as shown in Fig. 2. For example, if the
electron binding energy for an isolated N-bound exciton
is taken as 6 meV,? we obtain an S parameter of 0.195 or
0.175, respectively, which agrees well with the experi-

.. mental value for the LO(T") sideband of 0.20%0,02.!1:5°

This good agreement supports the result for the electron
wave function obtained in Ref. 23. The corresponding
bound polaron radius given by (19) is 15 or 17 A, which is
about the same as the polaron radius for a conduction-
band  state at X  point  defined by
r,=(#/2m*w;)'"*~14.5 A, since the bound electron
wave function is, in fact, mostly concentrated in the X
valleys. o '
For a deformation potential interaction, we have®°

u, =[#/(2NMe,)]1 2D, expliq) , 20

where D, is the deformation potential, N is the total
number of unit cells, and M is the total mass in the unit
cell. To perform the calculation in real space, we have
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FIG. 2. Calculated Huang-Rhys parameters of LO-phonon
sidebands vs the electron binding energy for the isolated nitro-
gen bound exciton in GaP. Full line: Fréhlich interaction, k-
space wave function. Dotted line: Fréhlich interaction, real-
space wave function. Dashed line: deformation-potential in-
teraction, real-space wave function.

____#DP
¢ (2NMo, o, )

F(q) . 21)

If a 6-function type wave function is used, F(q) is the
same F,(q) given by (15). Using the k-space wave func-
tion, we have

5 — #
7 (2NMco o, )2

where  (k+qlu,lk)=[#%#/(2NMw,)]'"?D(q,k), and
D(q,k) is the deformation-potential constant defined in
Ref. 53.

In principle, (22) is more accurate than (21). However,
it is much more difficult to do the calculation in k space
for deformation-potential interaction than for the
Frohlich interaction, because the summation over k space
in (22) includes both intervalley and intravalley scattering
processes and the small-q approximation cannot be made.
To evaluate D(q,k) for each scattering process is also
very tedious. Here we will estimate S for LO, LA, and
TA PS’s, using the real-space wave function. From (21),
we have

Eak_[_qakD(q,k) (22)

_Ibl*e

M f F(q)g*dq , (23)

S ———

where £ is the volume of unit cell, and we have assumed
an average value |D|%wy3 for ID > ;3 D is an

“effective” deformatlon-potentlal constant and w, is the
peak frequency of the PS. The approximation is expected
to be rough, especially for acoustic phonons. The peak
energies for X, LA, and TA sidebands are 48.4, 26.7, and
13.3 meV, respectively. 13 We choose D;y=6.5 eV/A,
D ,=1 eV/A, and Dra=1 eV/A, which are typical
values of deformation-potential constants in III-V semi-
conductors.® The calculated result for LO or X PS is
shown in Fig. 2 for the range of possible binding energies.
Specifically, for a 6-meV binding energy, we have
S(X)=0.19, S(LA)=0.03 and S(TA)=0.22. These

values are in reasonable agreement with experiment.! ™13
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“The above calculation assumes that the f process AS—AS

intervalley scattering dominates, since the wave function
(14) is for a single valley and we have given m * its X val-
ley value. For the reasons discussed above this approxi-
mation might not be valid for all the PS’s, but the results
indicate that the CC model does give the correct order of
magmtude for the transmon rates of the PS’s.

G Dlscussmn

Based on some general arguments and comparisons
among different impurities, we have shown that in the
MC model the PS transition rate of an impurity bound
exciton is limited to the corresponding intrinsic indirect
transition rate, and the model cannot account for the ob-
served PS of localized excitons. It is not surprising that
the MC (Refs. 5 and 8) model gave a spectral shape of the
PS in reasonable agreement with the experimental results
for GaP:N because this shape is mainly determined by
the DOS of the phonons (in Refs. 5 and 8 the overall
PS/NP ratio was scaled to fit the experimental data).

In the MC model, the absolute transition rate of the PS
will not change very much for different impurity centers,
but the ratio of PS to NP can change by orders of magni-
tude, since the ratio of PS to NP is directly related to the
ratio |ay|*/|ap|? and ar. is strongly dependent on the im-
purity. On the other hand, in the CC model, |ay|*/|ar|?
may change without sighificantly affecting the S parame-
ters and hence the PS/NP ratio, so long as the contribu-
tion to the bound-state wave function from valleys with
large density of states, usually X valleys, does not change
much. This explains qualitatively why the S parameters
do not vary significantly from the isolated N center to the
NN, pair center.

Although the application of the MC model is done in
the one-band approximation, the PS transition rate will
not change by orders of magnitude if the multiband mod-
el is used, even if the contribution from the higher con-
duction bands is of the same order of the magnitude, as
can be seen from expression (10). In fact, as pointed out
in Ref. 8, the contribution from higher conduction bands
is negligible because the transitions involving the higher
conduction bands are very weak and the major contribu-
tion to the impurity wave function comes from the lowest
conduction band. On the other hand, the NP transition
rate, and hence the PS/NP ratio, depends on a, which
will change a lot if the multiband model is used. In the
multiband mode! ay is larger than in the one-band mod-
el,%26 thus increasing the discrepancy between the MC
model and experiment.

Contrary to the suggestion of Ref. 15, neither CC nor
MC models predict that the ratio of PS’s to the NP line
will change significantly with temperature (T < 150 K for
GaP N) apart from the effect of phonon occupation num-
ber.2°

IV. SUMMARY

We have clarified the distinction between the CC and
MC models in describing impurity-related optical transi-
tions and the relationship between them. We conclude
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that the MC model can only be used for shallow Coulom-
bic impurities, otherwise the CC model is a better ap-
proximation. In the CC model, Huang-Rhys parameters
for bulk phonon modes coupling to a bound electron or
exciton can be calculated in terms of the bound-state
wave function in & space and the phonon-induced inter-
valley and intravalley electron scattering processes of the
intrinsic crystal.

We have studied in detail the PS’s of nitrogen-bound
excitons in GaP and their selection rules, and calculated
the Huang-Rhys parameters, within the CC model. We
account for the position and strength of the four main
features of the PS’s: LO(I") is due to the Frohlich in-
teraction and its calculated S parameter agrees well with
the experimental results; X, LA, and TA are all due to
the deformation-potential interaction, and their estimated
S parameters are also in agreement with experimental re-
sults. We have shown that the MC model, which has
been used in an attempt to explain the PS of nitrogen-
bound excitons in some previous work, is inapplicable to
this case.
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APPENDIX

In the MC model, the PS transition rate can be calcu-
lated by second-order perturbation theory, i.e.,

2 Mj(m+1),f<m+1)~/’/tim,j(m+1)
Fyc W —tiw, )=
Mct Wi — o ? W}?—ﬁco
2
+ "/M'jm,f(m+1)Mzm,jm l
0 b
Wy —fw q
(A1)
where
Mjm j'm’ __((DjX?n [HEqu)]Xm »
‘/M'jm,j'm (‘:pjxo |HEL1¢]Xm
If a bound exciton state with energy level E= W,f is

considered, only the first term in (A1) is important, since

the second term tends to have a much larger denomina-

tor. Then we have

2 <<1>f!HER|<I>°><<1>°1UI<I>°>
fi ? —fiw,

FMc(E‘:ﬁCDq )=

(A2)

In this case, we choose a free-exciton state <I>° as the in-
termediate state, where j=(m,k_) and m is the quantum
number of the exciton states. It can be shown that the
ground state of the I' free exciton is the most effective in-
termediate state. Therefore, we get Eq. (10) in the main
text for the transition rate or, correspondlngly, the spon-
taneous emission probability®! is given as

<q)ck luq !¢nq +k )

2 S
nq+k Eex_E_ﬁw > (A3)

where m is free-electron mass, « is the fine-structure constant, E is the energy constant associated with the momentum
matrix element between the conduction band and the valence band and all the other parameters are defined in the main
text. Using the one-band approximation, and assuming that a, ;, and @ |u,|@, 44 ) are relatively slow varying func-

tions of k compared to 4.,(k) and 4;, for ¢ near the conduction-band minimum, we have approximately

20(E — ﬁw
Sﬁc m

WMc(E—ﬁwq )

We want to estimate the Wy, for the isolated nitrogen
center ( 4 line) in GaP:N. For simplicity, we only consid-
er the LO phonons. The total spontaneous emission
probability Wy is the summation of (A4) over all
modes, and it is given approximately as

3

Mc™ 6ﬁc 2m aex X 2M(DO :
ID(qo)Iz

“ - (AS
(E —E —fing)? (A3)

IEAex(k)| '2 A% (k)Akl

2
<(Pc0iuq l¢q

4
Y E. —F —fo, (A4)

where CX is the summation of |a, [? in X wvalleys,
E=3, A% (k)A,, ais the lattice constant a., is the ra-
dius of the free exciton, D(qg) is the deformation poten-
tial for k=qy to k=0 intervalley scattering process as
used in (22), and w, is the frequency of the LO phonon.
For the A line, Cx=0.94 and £==0.63.2 q_,=72.6 A
[the direct free-exciton binding energy is about 9 meV
(Ref. 62)] and E,=22.3 eV. #/(2Mw,)=8.3X1072 A?
and D(qy)=4 eV/A 3 With these values, we get
Wamc(LO~1.5X10* sec™!. This value is two orders
smaller than the experimental result, but of the same or-
der as that for shallow impurities, which is what we ex-
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pected for the MC model. For the ratio of PS/NP, the
one-band model gives a value a factor of 10 smaller than
experiment, and may be overestimated due to the inaccu-
racy of ar. In fact, with ap from the oné-band model,
the oscillator strength of the A4 line is about one order
smaller than the experimental result. By considering this,
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the ratio will be of the order of 1X1073, which again
gives the spontaneous emission probability of MC PS in
the order of 1X10* (sec™!). If ap from the multiband
model is used, we should expect that the ratio is in the or-
der of 1X107% since ar is about three orders larger than
the one-band model.%2%
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