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We report for the first time an investigation of the low-temperature hydrostatic-pressure depen-

dence of bound excitons in GaP. We have used a hydrostatic-pressure cell equipped with an optical
window and filled with a transparent pressure-transmitting medium. Working with a sample tem-

perature of about 5 K, we could reach a maximum pressure of 8 kbar and examined various recom-

bination lines. This work reports the change in radiative recombination energy of {i)excitons bound

to a single neutral donor (D X complex), (ii) excitons bound to a single isoelectronic impurity (NX
complex), and (iii) excitons bound to a pair of isoelectronic defects (NNX complexes). We find non-

linear behaviors associated with the binding of an exciton around an isoelectronic trap. This is dis-

cussed in the light of existing model calculations.

I. INTRODUCTION

In the last twenty years, excitons bound to substitution-
al defects in semiconductors have attracted much theoreti-
cal and experimental interest. ' As a result the electronic
structure of some of these defects is now fairly well under-
stood. Consider for instance the fine structure of the D X
complex reported in Si, Ge, or GaP. It depends upon the
various interparticle interactions which affect the
electron-hole pair bound onto a neutral donor atom and
has been extensively described in a series of recent theoret-
ical papers by Chang and McGill. On the experimental
side, the situation is also very successful and, for instance,
we notice in the literature concerning the sulfur-bound ex-
citons in GaP: (i) a complete series of spectroscopic g
values, (ii) a piezospectroscopic determination of the
amount of exchange energy (intervalley mixing) which
lifts the degeneracy of excitons associated with adjacent
valleys in k space, or (iii) a complete description of the
fine structure associated with the first excited state of the
two-electron complex.

Concerning excitons bound to isoelectronic centers, the
situation is more confusing. Isoelectronic centers happen
when one constituent of a "host" crystal is substituted by
an atom of the same column of the Periodic Table. Since
both have the same number of valence electrons, there is
no simple Coulomb field to bind an extra particle (electron
or hole). The trapping mechanism originates in this case
mostly from the difference in core shells and atomic ener-

gy of valence electrons. Consider, for instance, an atom
having its outer orbitals at lower (or higher) energy, by an
amount 6, when substituted into a host crystal. If 6 is

large enough, such a center can bind an extra electron (or
hole) added to the conduction (or valence) band. Such an
idea, first developed by Hopfield-Thomas and Lynch con-
stitutes the so-called HTL model. It makes possible a
classification of all isoelectronic centers into isoelectronic
donors or acceptors, depending on whether the short-
range potential of the impurity first attracts a hole or an
electron.

The prototype of isoelectronic acceptors is nitrogen in
GaP, but even in this case the binding mechanism is not
yet understood. A first calculation of the electronic part
of the binding energy was attempted by Faulkner. As-
suming that the bare potential of nitrogen in GaP is noth-
ing but the difference of the two pseudopotentials of nitro-
gen and phosphorus, he ended up with a deep bound state
localized at about 1 eV into the forbidden gap. By intro-
ducing an adjustable parameter to reduce the strength of
the impurity potential, he demonstrated the great sensi-
tivity of this level to the intensity of the perturbation and
concluded that both lattice relaxation and electronic polar-
ization of the host crystal should be accounted for in fu-
ture calculations.

Some years later, Phillips discussed the basic physics,
of lattice polarization. He concluded that binding an elec-
tron onto a nitrogen atom induces an electrostatic interac-
tion between the charged impurity and the neighboring
ions which expands the lattice in the vicinity of the im-
purity. This dynamic polarization, superimposed with the
static deformation associated with the difference in bond
length, should result in a total cancellation of the binding
energy. With such a viewpoint, he expected the stable
configuration to correspond with an unbound N state.
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Even if the polarization of the lattice was overestimated
by Phillips, all experimental results, starting with the
pioneering work of Thomas and Hopfield, show that in
pure GaP crystals one is always dealing with a two-
particle complex. The situation might be quite different
in GaAs& „P„alloys' where a release of the bound hole,
leaving behind a trapped electron, was recently reported in
the range of composition of 0.4&x &0.6.. The corre-
sponding binding energy for the bound hole is about 30
meV and correlates satisfactorily with the 40-meV value
reported for near-neighbor nitrogen pairs (NN) in GaP."

Concerning the contribution to the binding energy
which comes from the static relaxation of the lattice
around the impurity, there is not much information avail-
able. Allen suggested first' that it constitutes the main
contribution to the binding mechanism. Because it is an
intermediate-range perturbation (varying as r ) he could
fit satisfactorily the series of excitonic energies associated
with the presence of NN pairs in GaP (indeed; ENN -r
after Ref. 13). In fact the experimental situation is cer-
tainly a more complicated one. Consider, for instance,
that under hydrostatic pressure the nitrogen-nitrogen dis-
tance associated with a given pair decreases. Neglecting
the change in lattice relaxation, one expects the binding
energy to increase. In this case, the bound-exciton line
should shift to lower energy faster than the free exciton.
This is obviously not what is found' ': By increasing the
pressure, one decreases the binding energy of the bound
exciton, which establishes, on a firm experimental basis,
the complex nature of the isoelectronic interaction. '

We now understand why ab initio calculations have
been difficult to carry out successfully over the years.

(i) Experimental binding energies are very small (of the
order of a few meV) and ab initio calculations cannot
reasonably achieve such an accuracy.

(ii) Additional perturbations (such as spin-orbit cou-
pling, central-cell corrections, electronic polarizability,
etc.,) cannot be ignored.

(iii) Lattice distortion, of which neither sign or magni-
tude can be a priori predicted without a massive minimi-
zation of the total energy of the crystal, must be included
in the calculation.

(iv) Lastly, correlation effects must be accounted for.
In fact, most calculations deal with one-particle (electron)
states while experiments always deal with a two-particle
(exciton) complex.

The direct consequence of these difficulties is that most
of our common understanding of the physics of isoelect-
ronic centers comes from a direct comparison of model
calculations with experimental results. ' ' Moreover,
model calculations can be made self-consistent, and, in
this case, they account for the electron-hole exchange in-
teraction and the hole excitation energy. ' In this way,
through a comparison of a refined treatment of the (NN)
ground state with experimental data, " it was concluded
that N is indeed unstable in GaP. '

To give more insight into the problem of excitons
bound to electronic centers, we report the change under
hydrostatic pressure, and at low temperature, of the radia-
tive recombination line of (i) excitons bound to a single
neutral donor: C line; (ii) excitons bound to a single nitro-
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FIG. 1. Examples of resolution obtained in this work under
hydrostatic pressure at 5 K. Note the width of the C line which
is always smaller than 1 meV and independent of the hydrostatic
pressure. Any shear component larger than 250 bar would re-
sult in a splitting of the J=

2 bound-exciton complex in two

components, Mq ——+ 2 and + 2, with an energy separation

larger than 1 meV. This is obviously not found.

gen center: A-8 doublet; and (iii) excitons bound to pairs
of nitrogen atoms: NN;-pair spectra (where i runs from
i = 1 to i =9). We find a linear behavior for shallow exci-
tons associated with simple neutral donors and nonlinear
behaviors for most excitons associated with nitrogen.
However, in the range of investigated pressure, this is not
true for the deep traps NN, , NN2, and NN3. Resolving
most components of the J-J manifolds associated with
both isolated nitrogen and NN-pair spectra, we find a
change in the electron-I&ole exchange interaction. Corn-
paring this with the predictions of a recent self-consistent
model, ' we find satisfactory agreement. From the same
model we estimate also the change in ionization energy of
the bound hole to about 10% of the total change in bind-
ing energy of the complex. Lastly, in order to check
whether or not the change in electron binding energy asso-
ciated with most NN-pair spectra can be satisfactorily ac-
counted for by just changing the strength of a model po-
tential, we model the pair by two spherical wells. In this
case we find necessary to decrease the short-range poten-
tial by -0.5% per kbar in order to account for the experi-
mental data.

II. EXPERIMENTAL DETAILS

We have used a heavily nitrogen-doped GaP crystal
kindly provided to us by Dr. Poiblaud from La Ra-
diotechnique Compelec (R.T.C.) Laboratories (Ca'en,
France). The nitrogen concentration was in the range 10
cm with a residual donor concentration of about
4&(10' cm . This allowed the simultaneous observa-
tion, on the same sample, of the different radiative recom-
bination lines discussed in this work.

The hydrostatic-pressure cell was a conventional one
made of beryllium copper and fitted with an optical win-
dow. At room temperature the device was charged with a
transparent pressure-transmitting medium and
compressed to a maximum value of about 12 kbar. After
cooling down to liquid-helium temperature, an indium an-



3400

0.8-
O0.6-
EO.4

)oo 2

p-8 kb~1'
T=5K

p„saute (kbar)

2225 225
I

2)$5 2

me~)
extra assoc'

) (ji)

Qlt g .ff cnt spectr
C ljnc ex"

atoms (+N'
Close compar so

nergy) wllile~ op
C O3c

d lo~cr energy
iso

differcn p .
h gt (lt moves to

~

htl~ bognd«
hibits a Qcg

tons bccQIQ

at jvc
e lc» "g

a
boUQ exc

lme a»o~ lated ~1th
p

$5
I
5
pressure k

d (g)
ba~

g —1 (A) an) plcssure dcp .
single-nItroge

endence Q
-

n atoIH

FIG 3, a
~

associated
1+tting exch ang p

Qnc

a 4w

zero phonO
change '"

root o& t"c
the &p'(b~ C .

lations»p bct~e
the stra1ght

orrcspon 'Qg .
Cn thc square(c) Llliear1'ca I,

re From I e
ramcter ~'

d th hydrostat1c p
f b Ut 1.4 kbar

binding encrg& .
ionization pressItQQ11nc %'c c

A. BX p

hRVC bCCQ Rlfea p pavc ad rcsciltcdI 1CS1 CxpCfi
mbination 11ne a it

dOQOf S 1 S te0hfts with arateo —. bar.
tiVC S10pC pai'RID CtC1 CO

oslngly, a11 N
he recombmatlonhe figure are t e

honoIl I'cp 1ca

1C . I'CSO1VCd 81C

CCQ 1Q the g

re fficient. Also r

ccc tor pa1I

fC fCSSUfC COC 1C . I'

donor-ace p

responding p

11 OII1 f tllc sln-

- honon line (N

labeled 8 an, v

Qo"phon

sharp lines
w"cncfgg l =2 coIDP

2I
nds to the low-en — om

tO COIl I'tI'Ol the Stress.

oun to 8 - I'0t 8 S1nglC-Q1tI'Og

t tion or in-

U c wss Used

le exciton b
o 8 kbar could be

ak (J=1) appea
1 Qc corresponds w

tiIQOQ1 C

IQ Va UC 0
h system to

A Glaximu 0
in upt c

1Vit . RS

OQOI.

in the PfCSSUfC IC

Creased senslt y. ne c
iton bound to 8 sm

Cnd Onlp On C CC

hng lt down again.then COO 1 3 ain

CQ1C CQCI' CQ 0

COIQplCtC hp I'OS

i h drostatic pressu

e rk is demonstra e
f the C line (D 1 o

cd 1Il 'this woi

b the 8pp 1CR 1

of the ban ga

width o e

the pressure
Next we isdiscUss the

1Q fon
ial stress c

t efficien o

p

4
C

d lastly we exa

w the valence
'

a r f

UI.TS

would split t e a

ERIMENTAI RES

V/kbar, we estimate e o

IH. EXPER

IIlC

Ilc cltat10Q with 8 ou
than 200 bar.

com lcx

1 s ectra obtaine
f -1OQ 1SSCI' SfC S45-A line of an Ar -' s

m the low-energy
he 51

side, w2. Starting from

noticed and will notis
'

h been already notice
usse . The broad pea

1S 01Qt RS

Rk Rfounussed further. e a
2(b) corresponds

f ts maximum
and 2 c

8 e the position o i1QCC QO 1

c1tatioQ intcnsitp, we t sc



3401

negative change in band gap widely reported for
GaP. It also corresponds with the pressure coeffi-
cient of the indirect I'—X transition recently reported for
GRAS, —1.4 meV/kbar.

B. NX complex

Both components, 2 and 8, of the J-J doublet could be
resolved up to about 6 kbar. This is shown in Fig. 3(a),
where the free-exciton energy is indicated for clarity. At
very low pressure the two lines exhibit weak pressure coef-
ficients,

dA d8
dP ' dP

= —0.09, = —0.02,

in units of meV/kbar, for the A line and 8 line, respective-
ly. %ithin experimental uncertainty, both agree with the
experimental values reported from uniaxial stress experi-
ments.

The slightly different slopes associated with the two
recoIYlblnatlon 11nes correspond with a change 1n exchange
parameter,

p
= —0.07,

in meV/kbar, which is illustrated in Fig. 3(b). It corre-
sponds with a decrease in the J-J coupling coefficient as-
sociated with a decrease in binding energy, and qualita-
tively speaking, correlates satisfactorily with the predic-
tion of Ref. 19. We shall come back on this point later.

Around 4 kbar we find a continuous change in slope pa-
rameters. From the experimental data, it is not clear
whether the bound excitons tend to be parallel to the band

gap with some constant binding energy or whether they
cross the free-exciton line and ionize. This point wiH be
d1scussed 1Q the next sectloI1.

C. NNX pairs

For illustrative purpose two series of experimental spec-
tra have been displayed in Pig. 4. The fine structure asso-
ciated with a given pair was identified in a previous
work and comes from a simple admixture of J-J cou-
pling and local-field effects. In this case, J being no
longer a good quantum number, two manifolds can be
identified which have predominant A-like and 8-like char-
acter.

Consider, for instance, NN~. We resolve four com-
ponents associated with two "forbidden" (8-like) and two

GaP: N

2q89 2190

8) 8

23 15 pyyg~-
4, ~-~ --4- W~~ M~

2310 == = -= == ~~-&La.=t=.g- 4.-

2305

227 "I 2272

I I

2199 2269

Energy (meV)
FIG. 4. Fine structure of (a) NN~ and {b) NN3 recombination

hnes. From the line shape of the spectra, we estimate the sam-
ple temperature to be about 5 K. Next, analyzing the stress
dcpcndcncc of thc A-like and 8-like Illanlfolds, wc obtain infor-
mation concerning the change in J-J coupling and local-field ef-
fects.

I 2292

~ 2290
~ 2288
O~ 227O

2268
2266
2264'

2goo~ NN&

2$88-
I

286
I I I I I01 23 4 5 67 8

Pre»ure (k bar)
FIG. 5. Stress dcpcndcncc of the Iadiativc rccombinatlon

lines observed in C'raP at 5 K. Labeled in the figure aI'e all iso-
lated and pair defects discussed in the text.
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FIG. 6. Detailed evolution of the J-J coupling parameter y vs

hydrostatic pressure.

"allowed" (A-like) recombination lines, respectively. This
is shown in Fig. 4(a). By simple inspection of the shape of
the spectrum, we could deduce a sample temperature of
about 5 K which is confirmed by consideration of the
shape of NN3 [see Fig. 4(b)]. By changing the pressure,
we did not sacrifice the experimental resolution and could
follow all recombination lines separately. The correspond-
1ng data have been summar1zed 1n F1g. 5 wh1ch also 1n-

cludes, for the sake of completeness, the simple case of a
single exciton bound to a single neutral donor (C line) and
a single exciton bound to a single-nitrogen atom (A-8
doublet).

We find the following.
fi) Except for NN9, all recombination lines shift to

higher energy with increasing pressure. The deeper the
line the larger the pressure coefficient. There are only two
exceptions to this monotonic series: NNz and NNz shift-
mg faster than NNi and NN5 or NN6, respectively.

(ii) Concerning NN9, we find a negative slope. This is
1n cont1ast with thc pl'cccd1ng scrics and 1s not clcRI'ly UQ-

derstood. As a consequence we shall discuss only data for
NN; withi &7.

(iii) Deeply bound excitons (NNi, NN2, and NN3) ex-
h1blt 11ncRr dcpcQdenccs bUt shallow cxcltons, stRrtlIlg

with NN4, all exhibit nonlinear stress behaviors. This
resembles the nonlinear behavior already noticed for the
S1nglc-Q1tI'ogcn coIHplcx Rnd, I'OUghly spcRklng, onc CRQ

define at low stress an asymptotic regime associated with
a constant slope, and at high stress, a departure from
linearity. The deeper the pair, the longer the linear re-

gime. Indeed, concerning NNI, NN2, and NN3, no depar-
ture from linearity is observed in our range of experimen-
tal prcssure» wh11c» conccrnlng NN4, lt appears aroUnd 7
kbar next, 6 kbar for NN5, and then saturates around 4.5
kbar Up to NN8 to NN

(iv) Additional information can be obtained concerning
thc change 1Q thc clcctl-on-hole cxchangc paraI11ctcr Rnd
the local-field effects experienced by the hole which parti-
cipates in the bound exciton. Consider, for instance, NNi,
for which the following four different slopes have been
rcsolvcd:

dA (1) 6„dA (0)
dP

' dP

dB(+1)167dB(1)
dP ' dP

in units of meV/kbar.
Analyzing the data with a simple model of axial pertur-

bations including both J-J coupling and local fields, we
note the following.

(i) We resolve a slight but finite difference between the
pressure shifts experienced by the 2 components with
rcspcct to thc 8 ones. It corresponds to 8 pI'cssu1c dcpcn-
dence of the electron-hole exchange interaction. This is
found for all pairs up to NN7 and is illustrated in Fig. 6.

(ii) Depending on the pair separation, the bound hole
IDlght cxpcrlcncc 8 change 1Q UQ1axial perturbatlon»
%ithin experimental uncertainty this is only found for the
deep states associated witli NNi. The corresponding data
have bccn dlsplaycd 1n Flg. 7.

(iii) Since the two components of the 8-like manifold
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TABLE I. Pressure coefficients and deformation potential successively reported for the interband transition I 8
—X6 in GaP.

Stress
configuration

Ref. 24
(1,1, 1, ) (1,1,0) (1,1,2)

Uniaxial
Ref.25

(1,'1, 1, ) (0,0, 1)
Ref. 22

(1,1, 1) (0,0, 1) (1,1,0)
Hydrostatic

Ref. 23 This work

dEg
dI'

(me V/kbar)

E~+a~+aq (eV)
E, (eV)
T (K)

—4.5+1.5

3.7+0.6
7 +0.5

77

—1.8+0.2

1.6+0.2
6.5+0.5

2

—2.6+0.5

2.3+0.5
6.3+0.9
2

—1.1+0.1

1 +0. 1

300

—1.46+0.07

1.3 +0.06

shift with identical rate, there is no change in the biaxial
field parameter (e2) experienced by the hole.

IV. ANALYSIS OF DATA

A. Excitons bound to a neutral sulfur donor

The negative stress dependence displayed for the C line
in Fig. 5 satisfactorily correlates with the negative change
in band gap widely reported for GaP. This was al-
ready noticed. By using experimental elastic compliance
constants, we deduce a deformation potential for the ra-
diative recombination line,

Eo+E j +a & +a 2
——1.3,

in units of eV, where Eo accounts for the change in bind-
ing energy and Ei, a i, and a2 refer to the change in elec-
tronic energy of the lowest conduction band and topmost
valence band, respectively. Neglecting the change in bind-
ing energy for Wannier excitons bound to a large Coulom-
bic orbital (which is not a bad approximation for the D X
complex) we are left with the free-exciton —interband de-
formation potential.

A quantitative comparison with previously published
values, however, is difficult to perform since a large varia-
tion in the experimental data on this parameter exists in
the literature. From the results listed in Table I, together
with an indication of the experimental technique used, we
find that most of the discrepancy comes from the uniaxial
stress experiments. It originates from the difficulty in
finding a reliable deformation potential E2 associated with
the shear-induced splitting of the conduction band. Since
in this work we perform truly hydrostatic measurements,
we get an experimental value which we believe to be very
accurate. In the following section, it will be taken as a
representative of the band gap.

B. Excitons bound to one single-nitrogen atom

As already noticed, the change in binding energy report-
ed in Fig. 3(a) for the two components of the bound exci-
ton is nonlinear: The initial slope is about —1.4
rneV/kbar and decreases to roughly —0.8 meV/kbar
around 8 kbar. To understand whether the bound states
cross the band gap and ionize after some critical value of
the pressure, or whether they tend to follow the free-
exciton line with a constant binding energy, in Fig. 3(c) we
plot the square root of the binding energy versus pressure.
We know from elementary quantum mechanics that the

binding energy of a short-range potential (simple square
well, for instance) is a nonlinear function of the potential.
In first order (EIi)'~ varies as the potential strength and
vanishes below some critical value. In other words, we ex-
pect (Eii)' to be a linear function of the pressure if the
exciton tends to ionize. This is indeed what is found. In
Fig. 3(c) we define a nice straight line which extrapolates
to a predicted pressure of ionization of about 14 kbar.
This shows that, for such a pressure, the fast renormaliza-
tion of the lattice around the impurity reduces the attrac-
tive part of the potential to a point where an exciton can-
not be bound.

Such a situation also appears for isoelectronic donors.
It has been qualitatively discussed for GaP:Bi by Balderes-
chi and Hopfield. This was done in an effort to account
for the series of isoelectronic hole traps in Si, GaP, and
ZnSe. The potential produced by an isoelectronic impuri-
ty is short range and only binds a particle if it is suffi-
ciently strong. The binding condition for a hole trap is
determined by the relative values of the impurity potential
(J) and the average kinetic energy (E) which depends only
on the structure of the valence band of the host material.
The binding condition is well known,

J/E&1 .

To predict the dependence of the bound state versus pres-
sure, one must discuss E and J separately.

For a hole trap, E is directly related to the width of the
valence band. A plot of Phillip s ionicity (f;) suggest the
following empirical relationship

E=1.7(1 f;) . —

A decrease in ionicity is related to a delocalization of
the valence-band wave functions and a higher average ki-
netic energy per electron. A simple numerical estimate
can be made from the change in LO-TO splitting associat-
ed with Raman-active modes in ZnS-type crystals. It
comes from the standard relationship,

4eT
COLO —COTO =

where eT means the transverse dynamic charge, V is the
voluine of the unit cell, M is the reduced mass of atoms,
and 1/e„accounts for the screening of the macroscopic
field by the interband electronic transitions.

Since, on the other hand, a general relationship holds
for diamond and related compounds, '
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one can deduce the change in threshold energy AE with
only experimental values of the phonon frequencies and
Grunclsen-mode parameters Rs 1nput data»

6)I 0—OPTO

in units of meV/kbar. This shows that. , even if one as-
sumes a constant matrix element for the impurity poten-
tial, the binding energy should decrease versus pressure
since the average kinetic energy of valence electrons in-
CI'CRSCS.

However, the 1rnpur1ty potent1al J also scales with pres-
sure. ' For instance, for isoelectronic hole traps such as
Bi, Sb, or As in GaP, it varies linearly from a minimum
value associated with ideal lack of relaxation of the host
cI'ystal to a maximum value corresponding to hypothetical
total relaxation of the lattice. To predict the change of J
Upon hydrostat1c pI'cssUlc, wc shoUld know thc I'claxat1on
which exists in the crystal, independently of the stress just
by introduction of the foreign atom. Consider for in-
stance GRP:Bi. GR—81 bonds aroUnd thc impurity arc
longer but more compressible than normal Gap bonds.
Therefore under external stress they tend to match. This
corresponds with a decrease in lattice relaxation which in
turn should correspond with a decrease in the potential of
the impurity.

The same qualitatiue arguments hold for electron trap,
Rnd 1n both cases thc change 1n kinetic cncI'gy added to
the change in lattice relaxation must result in a decrease
of the binding energy. However, we could not perform a
quantltatlvc comparison Qn sUch R basis Rnd wc llad to go
through a model calculation in order to account quantita
ti Uely for the experimental results.

Working in the framework of the model calculation

TABLE II. ,Average slope parameter associated with a given
bound-cxclton coInplcx (xQcV/kbar) and corrcspondlng change
in exciton binding energy (also in meV/kbar).

NNl
NN2
NN3
NN4
NN5
NN6
NN7
NN9

dNN;
dI'

1.67
2.06
1.26
0.64
0.45
0.19
0.35

—0.15

dEgg

dP

—3.13
—3.52
—2.72
—2.10
—1.91
—1.65
—1.81
—1.31

first presented by Benoit a la Guilluame, ' we assume the
change in local potential extending around the defect to be
a linear function of the perturbation. We take the
isoelectronic potential acting on the electron only as a
square well of radius a and depth

V= Vo(l+e),

wllclc Vo 1s thc m1nlmum depth to have onc bound state.
As a function of e, the main parameter of the model, a
Hartree calculation predicts that the square root of the

Q
X
Clx
CQ

Q

0 5 $0 $5

& PARAMETER f»', )

FIG. 8. Results of thc Haltrcc calculation. This glvcs thc
square root of the binding energy of the exciton vs the depth
Vo(1+a) of the model isoelectronic potential. For comparison,
the square root of the binding energy of the electron (N) is also

given.

0 5 'to $5

PRESSURE (kbar)
FIG. 9. Sa1Tlc as Flg. 3(c) but for all NN; pairs discUsscd ln

the text. Corresponding ionization energies are listed in Table
III.
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TABLE III. Predicted ionization pressure for excitons bound to a single (N) and a pair (NN~ to NN7)
of isoelectronic defects.

NN) NN2 NN3 NN4 NN5 NN6 NN7 N

Ionization pressure (kbar) 86 73 38 36 30 23 14

binding energy of the exciton to the isoelectronic center is
linear in e (for e small) similarly to the square root of the
binding energy of the electron. We believe that an exact
calculation would preserve this feature, but just push the
limit of binding towards a more negative value of e
without much change in the slope (Fig. 8}. A comparison
of the slopes in Figs. 3(c) and 8 gives a change
de/dP = —0.5% per kbar.

Other evidence of the strong renormalization of the po-
tential surrounding the defect can be obtained to first or-
der by considering the exchange energy within a given
electron-hole pair. Indeed, any fast renormalization must
modify, in real space, the localization of the wave func-
tions and induce a change in electron-hole overlap (i.e., in
the J-J coupling coefficients}.

Around normal pressure conditions the calculation
predicts

1 dEa 1 dy
E~ dP y dP '

while the experimental value is

1 dEa 1 dy
E dP y dP '

( —0. 14 kbar ' for the binding energy to be compared
with —0. 1 kbar ' for the exchange splitting parameter).
Taking into account the approximations in the model, this
is not a bad result.

C. Excitons bound to a pair of nitrogen atoms

Listed in Table II are pressure-induced changes in bind-
ing energy for excitons associated with NN; pairs
(1(i (7). We assume dEg/dP= —1.46 meV/kbar and
derive the change in binding energy from the constant
slope observed around atmospheric pressure in the asymp-
totic regime. We are now in a position to check whether
the simple renormalization of the potential assumed for
one single-nitrogen atom also accounts for the trends of
experimental results observed for NN; pairs. Let us first

check if the square root of the exciton binding energies are
linearly dependent on the external pressure. A plot of Ez
X(NN) versus pressure is shown in Fig. 9. We find linear
behaviors for all NN; pairs from NNi to NN7, and the
corresponding slopes are close to that of the single-
nitrogen bound exciton. The series of predicted ionization
pressures are listed in Table III.

We now attempt a more quantitative comparison. We
take b,e to be —5% and obtain, froin Ref. 19, the changes
in electron and hole binding energy listed in Table IV.
The corresponding pressure coefficients, assuming
dE/dP= —0.5% per kbar, agree satisfactorily with the
experimental values and we did not try to get any better
fit.

Until now we have found that the model calculation of
Ref. 19 accounts satisfactorily for the overall trend of ex-
perimental data. It describes both the nonlinear behavior
of exciton bound to one single-nitrogen atom and the
change in pressure coefficients of excitons bound to pairs
of nitrogen atoms. It shows also that most of the contri-
bution comes from the change in potential experienced by
the electron, the contribution which comes from the hole
being roughly 1 order of magnitude lower. Finally it ac-
counts for the change in electron-hole exchange interac-
tion which appears under hydrostatic pressure. However,
it does not provide much physical insight about the micro-
scopic mechanism which originates in the change in po-
tential surrounding the impurity and it is clear that, in the
framework of such a phenomenological model, one cannot
choose between a linear change in the potential depth AV
and a linear change in the potential radius b,a (or an ap-
propriate combination of both) provided that
b, V/V =2ba/a.

In order to check whether a simple change in lattice re-
laxation would be sufficient to explain the reduction in
potential strength, we have performed a second model cal-
culation. We use a simple square-well potential whose
width ao is characteristic of the lattice relaxation sur-
rounding the impurity. ' Solving variationally for NN;
pairs we get the electron binding energies listed in Table

TABLE IV. Summary of contributions which result in the change of exciton binding energy comput-
ed for NN pairs. We take de/dP = —0.5% per kbar and find values in satisfactory agreement with the
experimental data.

hE, (NN;)
(b,e= —5%)

32
21
15
12
10

AEp

(b e= —5%%uo)

0.5
1.5
2
1.5
1.5

32.5
22.5
17
13.5
11.5

de /dP
(46'=0. 5% per kbar)

—3.25
—2.25
—1.7
—1.4
—1.2

dEg/dP
(Expt. )

—3.5
—2.9
—2.1

—1.9
—1.65
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TABLE V. Comparison of experimental and theoretical electron binding energy E, (meV). Experimental values are deduced from
the work of Cohen and Sturge (Ref. 11) with an exciton binding energy of 17 meV. Calculation assumes two spherical nitrogen po-
tentials of depth 1.15 eV and radius 2.7 A separated by a nitrogen distance d. Effective mass was m =0.S9mp. Pressure coefficients
dE, /dI' are obtained assuming a shrinkage of the potential radius by 0.25% per kbar.

NN) NN2 NN3 NN4 NN6 NN7 NNg NN9 NN)p

d (A)
Experimental electron
tHndlng energies
(after Ref. 11)

6.67
41

7.71
18

10.2
S

11.S6 12.19

Electron binding
energies

1SO

8.0

Pressure coefficients —3.1 —0.6

V. To compare them with experimental values we follow
the path of Cohen and Sturge" and assume an exciton
binding energy of 17 meV with the hole binding energies
deduced from luminescence excitation. Both series of
data are in satisfactory agreement (see Table V).

%c can now dcducc what 1s thc change 1n binding cncI'-

gy driven by the compressibility of the perfect crystal.
We assume the following.

(i) A change in potential radius with a rate

& =&o[1+(~ii+2~iz)P] .

(ii) A change in distance between the two nitrogen
atoms associated with a given pair,

d =dc[(1+(Si)+2S)p)P] .

%e then obtain all values listed in Table VI. Both contri-
but1ons have oppos1tc s1gns and partially cancel. Thc
change in nitrogen-nitrogen separation induces a small
and positiue contribution which cannot account for the ex-

perimental data. The change associated with the radius of
the potential well is more interesting to discuss. Under at-
n1osphcric prcssure wc assume ao ——2.7 A. Th1s was
chosen intentionally close to the first nearest-neighbor dis-
tance in GaP and roughly corresponds to the extent of the
short-range interaction associated with the difference in
core potentials. In this case, assuming that the variation

must correspond with the simple effect of the compressi-
bility, we get results 1 order of magnitude below the ex-

perimental values.
This confirms that in order to come back to a more

reasonable agreement we have to introduce an extra
change in the strength of the potential. As pointed out
earlier this can be a change in the depth or a change in the
radius. For instance, we list in Table V all pressure
dependences obtained for the electron assuming a change
in the radius by 0.25% per kbar. This rate corresponds to
the results of our preceding discussion and we have not at-
tempted to get any better fit.

However, the important conclusion in this case is that
the nitrogen potential would decrease 1 order of magni-
tude faster than the GaP band gap. More likely, both the
radius and the depth of the potential change versus pres-
sure. This is a situation commonly admitted in the al-

loys, ' and the analogy between alloying and hydrostatic
pressure has been noticed for a long time.

We have investigated the hydrostatic pressure depen-
dence of three different series of bound excitons in GaP.
Our major findings are the following.

TABLE VI. Details of the two contributions driven by the perfect-crystal compressibility which con-
tribute to (i) a change in nitrogen-nitrogen distance and (ii) a change in the potential radius. All values
are in (meV/kbar) and give results roughly 1 order of magnitude below the experimental data.

NN3

BE,
BS

0.04 0.02 0.02

BE,
BI'

—0.35 —0.20 —0.14 —0.12 —0.10 —0.08 —0.01
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(i) Concerning the neutral donor complex, the recom-
bination line shifts linearly toward lower energy with a
slope of —1.46 meV/kbar. This reflects satisfactorily the
change in the indirect band gap versus pressure.

(ii) Concerning the single exciton bound to a single-
nitrogen atom, we find a nonlinear behavior. Considering
the change in binding energy versus potential strength,
this is satisfactorily accounted for. An ionization pressure
of 14 kbar is predicted.

(iii) Lastly, concerning the series of excitons bound to

pairs of nitrogen atoms, the experimental behavior de-

pends on the pair index "i." The deepest pairs,
NN~ —NN3, exhibit constant and positive slope para-
meters, while starting from NN4 we find nonlinear depen-
dences. This agrees again with the simple models of
linearly pressure-dependent potential strength. The effect
of the host crystal compressibility is computed to give re-
sults about 1 order of magnitude lower than the experi-
mental values, and we find it necessary to relax the poten-
tial strength with a rate equal to —0.5% per kbar.
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