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Excitonic exchange splitting in bulk semiconductors

Huaxiang Fu, Lin-Wang Wang, and Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401
(Received 18 September 1998

We present an approach to calculate the excitonic fine-structure splittings due to electron-hole short-range
exchange interactions using the local-density approximation pseudopotential method, and apply it to bulk
semiconductors CdSe, InP, GaAs, and InAs. Comparing with previous theoretical results, the current calculated
splittings agree well with experiments. Furthermore, we provide an approximate relationship between the
short-range exchange splitting and the exciton Bohr radius, which can be used to estimate the exchange
splitting for other materials. The current calculation indicates that a commonly used formula for exchange
splitting in quantum dot is not valid. Finally, we find a very large pressure dependence of the exchange
splitting: a factor of 4.5 increase as the lattice constant changes by 3.5%. This increase is mainly due to the
decrease of the Bohr radius via the change of electron effective f&&K63-18209)02407-9

[. INTRODUCTION excitonic exchange. The short-range exchange splitting was
calculated by Ab¥ as 380ueV in GaAs using variational
When an electron is excited from a fully occupied valencetrial functions, and by RohnEtas 1600ueV in CdSe using
band of a semiconductor to an empty conduction band, théxed-basis diagonalization method of exchange Hamil-
electron spin can be either parallel or antiparallel to the spiionian. Both results differ from the most recent respective
of the particle(i.e., holé left behind. This produces a fine experimental valué§'4by more than a factor of 10.
structure of “Sing|et” and “mu|tip|et” (e_g_, tr|p|e) exci- The excitonic exchange Splitting in bulk semiconductor
tons, separated by the exchange splitfiiyThe exchange has recently received renewed interest due to the progress
interaction contains both a short-ran@R) part and a long- Made in spectroscopy afemiconductor quantum dofs™®
range(LR) part! The short-range part can be defined in real
space as the electron-hole exchange integral within a [(a)Bulk band | [(b) Excitonlevels | [(c) Exciton levels
Wigner-Seitz unit cell, and the long-range part is defined as structure ‘ (no exchange) (with exchange)
the contribution to the exchange integral coming from differ-
ent cells. The exchange interaction can also be divided in

space into analytical part and nonanalytical fdrfThese I7,® Te _IT?
two ways of dividing are closely related, but not exactly the \ /

same (the LR part can contain some analytical compo-

nent3.>” We study in this paper the analytical part of the T Aso

exchange splittingbut we will also use the phrase “SR” to — T a
mean the same thing, in a loose sendéhe LR exchange T, Tg, ® Tg, Ax
splitting of bulk exciton originates from the interaction be- 7’N T
tween electron-hole dipoles located at different bulk unit 5o

cells. This causes a longitudinal-transverse excitonic split- ﬂ"h Zincblende

ting, which further lifts the degeneracy of the excitonic mul-

tiplet state. In direct-gap zinc-blende semiconductors, for ex-

ample, the eightfold degeneratEg,—1¢. fundamental T &
excitonic transition splits via the SR exchange interaction Ax

into a fivefold and a threefold degenerate excitgfig. 1). I, ® I, TAYT
The optically active threefold degenerate exciton state will

further split into doublet and singlet states via the LR ex- e

change interaction. The measured short-range exchange Acr __(1)
splitting is subject to uncertainties due to its extremely small Ty, Lo, ® Iy Ax
magnitude. This leads to a considerable spread of values. In /m

bulk GaAs, the SR exchange splitting was measured by Gil- T -

leo et al. as 370ueV using luminescence under strédsy /N
Sell et al. as 100-100u eV using piezoreflectioR;and by
Ekardtet al. as 20-8 eV using highly-accurate polarlltlon FIG. 1. Schematic illustration ofa) bulk band structure(b)
spectroscopy In a magnetic fléi?i.ReQQntly, Julieret al: excitonic levels neglecting the exchange interaction; @ncexci-
measured the bulk SR exchange splitting of wurzite GaN agic fine structure with exchange interaction included. In column
600+ 100ueV. There, the also collected the values of the (), the degeneracies of two lowest exciton states are eight and four
exchange splittings in other materials, and found that thefour and fouy for zinc-blende(wurzite) materials. In columr(c),
splittings show an exponential dependence on the intefthe number of broken horizontal lines indicates the degeneracy of
atomic distance. There are only a few calculations of bulkexcitonic level.
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There, quantum confinement is expectetb sharply en- we predict a very large pressure dependence of excitonic
hance the exchange interaction, leading to increased exxchange splitting in bulk. This result awaits future experi-
change splitting ¥ 10 meV) observed as a red shift betweenmental testing.

absorption into the singlet state and emission from the lower-

energy spin multiplet state. This was seen in°3CdSe'® || COMPUTATION METHOD FOR THE EXCITONIC SR

INP " InAs 8 and CdS(Ref. 19 dots. In previous modeling EXCHANGE IN BULK

of such a exchange splitting, the LR exchange interaction is

assumed to be zero due to cancellations in a spherical quan- 1he two-particle electron and hole effective Hamiltonian
tum dot?®121Thys, the exchange interaction in a quantumWith Coulomb and exchange interactions can be detfved

dot is represented by a SR formudfat®- from many-body theory as
bulk__3 H(ry,rairy,r)=(ee—en) 8(ri—ry)d(ro—rs)
HE= "5 (3n 3 (T o), 1) Heay(TuFaitLo0)
+HexeM1,72571.13), 4)

whereAP"¥is the bulk electron-hole exchange splitting, and
Je (Jp) is the total angular momentum of electr@le), and  where e, and e}, are the electron and hole single-particle
whereag is the Bohr radius of bulk exciton. Solving E(L)  energies, respectivelyd c, is the screened Coulomb inter-
under the single-band effective-mass approximatieMA)  actions between electron and hole, ahg.,is the exchange

for spherical zinc-blende semiconductor dot yields interaction
apg 3 el N ' ' 1
Agot(EMA):A)t()ulk(E g, @ Hol 112311 =01 =r2) S =r) = (9

. . ) Since we are dealing with the short-range exchange interac-
whereR is the dot radius, and is the electron-hole charge o there is no screening in E¢p).

ove_rlap. While this short-range modeL Il—k|a_miltonian with eX-  The general approach for the exciton problem is to diag-
perimentally measurebulk exchanged ™ fits well the ex-  gnajize Eq.(4) directly using the electron-hole two particle
perimentally observed values in CdSe ddté, produces in-  wave functions. Then, the Hamiltonian includes both the
correctR™* size scaling fot’ InP (observedR™*%9) and®  coulomb interactiorH,,, which causes the exciton bind-
InAs (observedR ™99, ing and exchange interactidth,.,. Since the effect oH oyen
Alternatively, the exchange interaction in dots betweeng much smaller tham ., here we will treatH o, as a
wave-function pairs ofpi,(rn) dic(re) and ¢, (rn) éic(re)  perturbation. Thus, we first solve the electron-hole two-
(obtained, e.g., from pseudopotential calculatidnsan also  particle system neglectingl oo, in Eq. (4). The resulting
be calculated directfy** from the exchange Hamiltonian two-particle exciton wave function can be approximately
Hexch [s€€ Eq(5) below] as represented as

“Piv,jc(rhrre):F(rh-re)l/’rv(rh)’//jc(re): (6)

where ¢, (r,) and ¢;c(re) are theith valence-band angth

conduction-band Bloch functions at thepoint, respectively.

Xﬁd’kv(rz) $ic(ry)dry dry. ©) Using an effective-mass approximatids(r,,r.) can be ap-
ri—rz proximated ad (r,—ro) w(r,+re), where

K%h=ff¢ﬁn>¢ﬁu)
1

However, we will see in the following that these two ap-

proachedi.e., Egs.(1) and (3)] give very different results, f(rp,—re)= g~ Irnrellag,
which implies that the basic assumption in Eb). (i.e., there V7ag
is only bulk-defined conventional SR exchange in fass
not valid. 1 br)
In this paper we calculate the analytical péstort-range o(rptre)= \/_Ve exnTel @)

par) of the exchange splitting of bulk exciton for zinc-

blende InP, GaAs, and InAs, and for wurzite CdSe. @be Here,V is the volume of bulk system. The excitonic Bohr
initio pseudopotential method in the local-density approxi-radiusag= e/ can be calculated from static dielectric con-
mation(LDA) is used for the first time, to our knowledge, to stante and electron-hole reduced mass|In the following,
obtain the bulk exciton fine structure. The spin-orbit cou-we consider the exciton wave vectiog, being zero, which
pling is included in the calculation. We find that our calcu- means restricting ourself to the calculation of the analytical
lated bulk exchange splittings are in fair agreement with thepart of the exchange splittifig

most recent experimental values for all the considered bulk The exciton energies oW, jc(ry,re) without the ex-
materials. The exchange splitting in quantum dots obtainedhange interactioil .., has the degeneracy as shown in the
from Eq.(2) using the calculated ¥ is found to be signifi- column (b) of Fig. 1. Now, He.n can be introduced as a
cantly smaller than the value obtained from direct calculatiorperturbation to¥;, ;c(r,,re) of Eq. (6). Thus, in a subspace
of Eq. (3). This implies that Eq(1) is not valid in represent- rediagonalization approach, the final exciton eigenstate
ing the total exchange interaction in a quantum dot. Finally®((r,,,r.) of the Hamiltonian in Eq(4) can be written as
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N

v

PO (ryre)=2>

N

C

; Ci(:,)jcq,iu,jc(rhvre): (8)
whereC{), are variational coefficients of theth excitonic
state, andN, and N. are, respectively, the numbers of
valence- () and conduction- €) band basis states. The
wave-function coefficient§C{) } in Eq. (8) and the exci-
tonic energy Ievelfg? are obtained by solving the secular
equation

NU

>

N

; (Hkl,ij_Eéi)skl,ij)cff,)jCZO, 9

where the elements of Hamiltonian matkik are

Hiii = (Vo 1c(r1, 1) [H(r 1,121, 1o) [y, c(r1,5))

:[(8jc_8iv)+Eexcitor‘;l‘slj‘ski+f f P (1) ie(r)

|F(ry,rp)]?
[ri—ryl

=[(&jc—&iy) T Eexcitonl 9ij 6ki

i (r2) Pjc(ry)drqdr,

4
3| (10

4 oo
+— 2 =2 PGP (G).

ap G |
Here, G is the reciprocal vector of bulk lattice, and ti@&
=0 term should be excluded in the summatibfg. Here,
pij(G) is the Fourier component of (r) 4.(r), and the

same is true folp (G). Similarly, the overlap matrix ele-
ment is

Skl,ij:f f Do () G (r )| F(ra,r2) [P0 (1) dhic(r2)

64

><dr1dr2=2 WZ—Z

< a2+ 4] Pki(G)pi(G). (11
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To calculate the Bohr radiuag in Eq. (7), we need the
effective masses of conduction band and valence band. As
well known, the LDA generally underestimates the band gap,
and as a result, also underestimates the effective masses. For
example, the LDA-calculated hole and electron masses of
bulk InP are, respectively, 0.42 and 0.057, which are smaller
than the respective experimental values O(gef. 2% and
0.077 (Ref. 28. For this reason, we calculate the excitonic
Bohr radiusag using theexperimentakffective masses and
static dielectric constard Table |(Refs. 31—41lists all the
quantities used in the calculation for excitonic Bohr radius.
Note that, although the LDA results for effective masses and
dielectric constants are not very accurate, the LDA wave
functions are believed to be very good. This is demonstrated
by comparing the LDA wave functions with the natural or-
bitals of the density matrix from quantum Monte Carlo
calculations’® and with theGW wave functions®

In comparing our current approach with previous theoret-
ical methods?*® we note the following differencesi)
Abe'? and Rohnéf® replaced the cell-periodic part of the
single-particle Bloch wave functiong;,(r), ¢;c(r) by unit
1. This has a dramatic effect on the final result of the ex-
change splitting, since as shown in H40), the exchange
splitting depends crucially on the cell-periodic part of Bloch
wave functions. We use instead the full wave function
cluding the Bloch pajt as obtained in LDA pseudopotential
calculations.(ii) The spin-orbit coupling is included in our
approach, but ignored in previous calculations. We will see
in the following (Sec. Il that the neglect of this coupling
produces incorrect excitonic fine structure and artificially in-
creases the exchange splitting.

Ill. THE FINE STRUCTURE OF BULK EXCITONS

Figure Xa) illustrates schematically the bulk band struc-
ture of zinc-blende and wurzite materials, including spin-
orbit coupling. For zinc-blende materials, the triply degener-
ate valence-band maximu(eBM) atI" (I'y5,) is splitinto a
doubly and a singly degenerate statdg,(+1';,) due to
spin-orbit coupling. In the wurzite structure, the doublet

Since the purpose of this paper is to calculate the exVBM (I's,) is further split into two singletl(q, +1'7,) due

change splitting, which is usually two-order of magnitude

smaller than the binding energy of the exciton, the details of TABLE I. Measured physical quantities used in the calculations
. . . . *
the Coulomb interaction are not of particular interest here©f exciton Bohr radius: lattice constaat hole massmy, , electron

Thus, we assume in EQL0) that the exciton binding energy
Eeyciton (including the Coulomb energy and the kinetic en-
ergy) is the same for different paifd,j}. The splitting ob-
tained from Eq.9) is the analytical‘short range”) part of
the exchange interaction.

The single-particle band energiése., €;, ande;;) and
the wave functiongi.e., %, and ¢;c) in Eq. (10) are calcu-
lated using first-principle LDA pseudopotential metfod
with Troullier-Martins's pseudopotentfd and the Perdew-
Zunger exchange-correlation functiod&lWe use a plane-

wave basis in expanding the single-particle wave function®Reference 31.
Typical kinetic energy cutoff of the basis set is 25 Ry, and°Reference 32.
increasing the energy cutoff to 35 Ry changes the exchandg®eference 33.
magnitude by less than 1%. The single-particle energy splitiReference 34.
tings due to spin-orbit coupling and the crystal field effects®Reference 27.

(in wurzite structurg are included in the LDA eigenvalue
problem.

massmj , and static dielectric constart The calculated exciton

Bohr radiusag= €/ n is also given.

Material a (A) mi m} € ag (A)

CdSe c=7.08% 043 0.12¢ 9.7 53.98
a=4.30

InP 5.87 0.6¢ 0.077 12.4 96.31

GaAs 5.68 0.48 0.067 1258 112.71

InAs 6.06 0.4 0023 152" 368.31

hReference 36.
iReference 37.
IReference 38.
KReference 39.
IReference 40.
Reference 28. MReference 41.

9Reference 35.
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TABLE Il. Calculated spin-orbit splittingAgg, crystal-field S 95 : : : :
splitting Acg (in units of meV, and exchange splittings{" (i E1 InP
=1,2,3) (in units of ueV). In this table, the available experimen- 2w 20 . i
tally measured spin-orbit splittings, crystal-field splitting, and ex- < 15} _
change splittings are also given in parentheses for comparison. E‘D 0
s i . b
Material Ao Acr AQ AD AP 2 5l Gads ]
=]
CdSe 4624297 32(39° 49.78(~130° 18.60 59.88 _§ 0 e
InP 114(108¢ 18.50 (40:15)° 9.26 2 L
GaAs 352(341 9.61 (20:8)°  4.94 0 02 04 06 08 1.0 12 14
InAs 370(380¢ 0.29 0.15 Vad, (0% &%)
4Reference 42. ®Reference 10. FIG. 2. Variation of the bulk exchange splitting{" with the
bReference 43. fReference 45. excitonic Bohr radius h‘é for zinc-blende materials InP, GaAs, and
°Reference 14. I9Reference 46. InAs, showing a linear dependence. The line is the fitted result
dReference 44. using Eq.(12).

_ . o model to describe the exciton wave functidfsnd to con-
to the crystal field. The calculated spin-orbit splittidgso  sider the local field effects on the exciton solutfGrConsid-
and crystal-field splittingAce are given in Table Il. They ering the simple exciton model used hé¢E. (7)], our re-
agree We” W|th expenmer‘f@._% SUItS are quite good_

We next study the fine structure of bulk exciton with ex- (i) For zinc-blende materials, the exchange splitmfé)
citon wave ve_ctorkex= 0. In the_ calcglatlon_ of exciton fine originating from a hole in the split-off valence baiig, is
structure for zinc-blende materials, gbounting spin degen- ooy haif of the magnitude a(V, originating from a hole
erqcy highest valence bandM,=6 (|n.clud|ng spin-orbit in valence band’g, . If we turn off the spin-orbit coupling,
split-off band3 and two lowest conduction band =2 are the lowest exciton state in zinc-blende structure becomes

used in constructing the exciton wave functiohgpper ; - ; :
) . ninefold degenerate, and is split from the next higher three-
bound sum in Eqs(8) and(9)]. For wurzite CdSe, the two fold degenerate exciton state. The splitting between these

spin-orbit split-off bands are not included in this basis be'two levels equals the sum @) and A® . This indicates
cause they are rather removed from the VBM. Including ) ; L X % . o
these split-off bands changes the exchange splitting by Ieggat the Sp'”iofb" c_ouplmg IS |mpor_tant to o_btam realistic
than 0.01%. Figures(th) and Xc) show schematically the exc_h.angr(]a sphttlngsdln C?T]par|sohn with e><|pgr|m§nts. .
excitonic energy levels obtained from solving the secuIarthe("L_)eTue magn;tucsgodtpe eé;Aangle :p |]Et||r;g _ecretﬁses n
equation[Eqg. (9)]. Our calculation shows that, the lowest quence o ENF—Lans—INAS Toflowing the
exciton in Fig. 1c) is fivefold degenerate in the zinc-blende trend of their bulk exciton .ra-ldn.l)FlgureSZ gives the depen-
structure, and twofold degenerate in the wurzite structured®nce of the exchange splitting on 1k for zinc-blende
The level splittings due to exchange interaction are labeledaterials, which shows an almost linear relation. Fitting of
asA{) (i=1,2,3) in Fig. 1c). Table Il gives the exchange the theoretical results produces
splittings A{" (i=1,2,3) shown in Fig. (), in comparison
with the available experimental data!*We see from Table
Il the following. whereA(" is in units of ueV andag is in units of A. The

(i) Our calculated exchange splittinds” are generally  approximation embodied by this formula is the same as to
in fair agreement with experiment for different materials. make the result oE( in Eq. (10) equal for different materi-
Compared with previous theoretical calculations’0BaAs  als. We find that the exchange splitting depends more intrin-
and ort® CdSe, which gave, respectively, exchange splittingssically on the excitonic Bohr radius rather than the inter-
A{M of 380 and 1600ueV, our results of 9.61 and 49.78 atomic distancd! The interpolation formula[Eq. (12)]
wueV are in much closer agreement with experimentalapplies only to direct excitons in zinc-blende materials. For
values®!*20+8 and 130ueV, respectively. We note, how- znTe and CdTe withag of 35.2 and 62.4 A, the formula

ever, that our theoretical exchange splittings systemati- predictsA (" of 0.35 and 0.064 meV. The measured valties
cally smaller than the experimental values. There are twQye 0.21 and 0.045 meV, respectively.

possible reasons for this discrepan€y We have used the
pseudopotential wave functions. Had we used the all-
electron wave functions, which have more laecompo-
nents in the summation of E410) due to the rapid wave  While the magnitude of the exciton exchange splitting in
function oscillations near the nuclei. This might possibly in-the infinite bulk solid is rather smafllable ll), it is signifi-
crease our exchange splittin@) Since our exchange split- cantly enhanced in confined systems, especially in 0D quan-
ting is proportional to H3 (see below, an experimental un- tum dots, because of the larger electron-hole wave-function
certainty ofag by 20% may cause the error of our calculatedoverlap. As mentioned in the introduction, a widely used
exchange splitting by a factor of 2. To accurately descaipe approach®®-2%is to assume only SR exchange in dots, and
and its effect, we need to go beyond the simple model of theise Eq.(2) to calculate its amplitude. However, the validity
exciton in Eq.(7). Specifically, we need to use ax#4k-p  of Eq. (2) is clouded by the fact that the bulk exchange

AY=15.4x10°/a3, (12)

IV. IMPLICATIONS FOR QUANTUM DOTS



5572 HUAXIANG FU, LIN-WANG WANG, AND ALEX ZUNGER PRB 59

160

T T T T Pressure (GPa)

TnP dots | - 3517 2205 1242 530 0.00
T T T T T T T T

1 22 me> (@ 1

120
Direct calculation

Ju—
=]

80 | °

SR formula

Ratio of quantities
5 =

Exchange splittings (meV)

0
10 15 20 25 30 35 40

<
=N

Dot diameter (A) E 160 - b) 1

FIG. 3. The directly calculated exchange splittings in spherical 2120+ 4

InP dots(filled circles obtained from the direct calculatidiEq. g L AY 4

(3)] are compared with the resulispen circles obtained from the é- g0 | |
standard approacfEq. (1)] using calculated SR bulk exchange &

value AP"*=18.50ueV. The lines are guides for the eyes. g | i

-1:, 40 .

m L 4
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splitting A" is unknown in many cases. As a restif"* is
often used as a fitting parameter. For example, to fit the
experimental splittings in InAs quantum dots, Baeinall® FIG. 4. Calculated pressure dependence of the following physi-
has to use&ff””‘= 2.5ueV in Eq.(1), which is unrealistically ~ cal quantities in bulk zinc-blende InFa) electron massn(y ), hole
larger than our predicted Vam:egulk: 0.29ueV for the same mass (n;ﬁ), reduced _mas(su), the static dit_a!ectric constark), and
material. The main reason for this difference is the invalidity "€ &x¢iton Bohr radiusa). All the quantitiesA(P) are scaled by
of Eg. (1) in describing the total exchange interaction in dots. e re_SpeCt'Ve Equ'"b”um values usind\(P) =[ Apa(P)/

q . . A pa(P=0)]A(P=0). (b) The resulting bulk exchange splitting
In a strong confinement dot, the exciton wave function, (1)
can be written as the product of the electron and hole single-* °
particle wave functiongb;; (ry) ?ic(re). As aresult, the ma-
trix element of the exchange Hamiltoni4Bq. (5)] can be V. PRESSURE DEPENDENCE OF EXCITONIC
calculated from Eq(3). Note that in Eq.(3) we have ne- EXCHANGE IN BULK
glected the dielectric screening, which might be needed for pressyre can affect the exchange splitting since it can
the possible long-range exchange interaction in a quantuhange not only the single-particle wave function but also
dot?**% As a resultK{f\; should not be directly compared the exciton Bohr radiuag= e/ by altering thee-h reduced
with the experimentally observed splitting. However, if Eq. massu and the static dielectric constaat To calculate the
(1) is correct, then only bulk-defined conventional SR ex-physical quantityA at pressureP, we have usedA(P)
change exists in a spherical dot. Thus, the whole exchange[A pa(P)/A pa(P=0)]A¢(P=0) to correct the LDA
interaction should not be screened. As a result, the unerror. We have calculated self-consistently the bulk single-
screened direct calculation of E(B) should have a result particle wave functions, effective masses and dielectric con-
close to that of Eq(2). Note that, this comparison is not stants under different pressures using the LDA pseudopoten-
obscured by the uncertainty of bullg, which affects our tial approach. The static dielectric constant at zero frequency
results of bulk SR exchange splitting. This is becaagés  €0) includes? both the electronic contributiog,() (which
cancelled out when Ed2) is combined with Eq(10). is the dominant partand ionic contributiore;,, [i.e., €(0)

We have calculated spherical InP quantum dots with up te= €.() + €;,,]. The electronic contributioneg(e°) under
~1000 atoms. The single-particle dot wave functigwéth different pressures is calculated from linear response
spin-orbit coupling in Eq. (3) are obtained using the LDA- theory®*®*The ionic contributiore;,, is kept the same as in
derived screened atomic pseudopotenflakhich produces equilibrium volume, which is taken as the experimental
greater than 99% wave-function overlap with LDA wave value® 2.8 for InP.
functions. The resulting exchange splittings from the SR for- Figure 4a) shows how the electron mass, the hole mass,
mula [Eq. (2)] and from direct calculatiofEg. (3)] are  the reduced-mass, the static dielectric constant, and exciton
shown in Fig. 3. We see that, the direct calculation result8ohr radius in bulk InP change with pressure. Our calcula-
can be 10 times larger than the SR formula resiit®r  tion shows that the reduced mass increases dramatically with
some dot sizes. This is a strong indication that the extenthe pressure. While the dielectric constant is slightly reduced
sively used®®-2!short-range formula Eq1) is not correct  as pressure increases because of the enlarged band gap, the
in a quantum dot. In another woff,we have shown that exciton Bohr radius shrinks significantly with the pressure.
there is LR exchange in spherical quantum dot, which make®ve note that the reduction of exciton radiag=€/u is
Eg. (1) invalid. mainly due to the increase of the electron mass rather than

Lattice constant (a/a)
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due to the reduced dielectric constant. VI. SUMMARY
Figure 4b) shows the exchange splitting") vs the pres-
sure, demonstrating a dramatic increase. The exchange mag- The electron-hole exchange splitting in bulk semiconduc-
nitude is 4.5 times of the equilibrium value when the latticetors is studied using the first-principle pseudopotential
constant decreases by 3.5%. The lattice constant can be camethod within the LDA scheme. The calculated exchange
verted into pressure using the state equation: magnitudes agree fairly well with experiments. One formula
is provided to estimate bulk exciton exchange splitting for

d_P, (13)  other zinc-blende materials based on their exciton radii. This
dv formula is quite useful since the measured exchange splitting

whereB,=76.0 GPa i¥ the bulk moduli of InP at zero pres- is often not known due to its small magnitude. Our calcula-
sure, ande=4.5 i€® the linear pressure-dependence coeffi-tion indicates that the commonly used form{iiz. (1)] for

cient of bulk moduli. We obtain the pressure-dependencéhe exchange splitting in dots is not correct. Finally, the ex-
coefficient of exchange splitting change splitting of bulk exciton is predicted to be strongly
enhanced by the pressure mainly due to the increase of elec-
tron mass.

Bo+aP=—V

(1) 1 (1)
aAPI19P=—ZaA19INV=6.2 peVIGPa, (14

for bulk InP. This predicted strong enhancement of the bulk-
exciton exchange splitting needs to be tested experimentally.
Since the enhancement of the bulk exchange splitting re-
sults mainly from the pressure-induced reduction of exciton We thank V. Ozolins for calculating the dielectric con-
radius, we expect that this pressure-induced enhancemesf2nts under different pressures, and thank A. Franceschetti,
will be absent in small dots. This expectation is based on thd. Ozolins, and S. H. Wei for helpful discussions. This work
fact that the exciton wave function in small doR<ag) is  was supported by the U.S. Department of Energy, OER-
confined mainly by the quantum dot sigather than by the BES, under Grant No. DE-AC36-83CH10093.
e-h interaction, which will not be affected by the applied
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