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We predict that the difference in quantum confinement energieE-life and X-like conduction
states in a covalent quantum dot will cause the direct-to-indirect transition to occur at substantially
lower pressure than in the bulk material. Furthermore, the first-order transition in the bulk is predicted
to become, for certain dot sizes, a second-order transition. Measurements of the “anticrossing gap”
could thus be used to obtain unique information on ER&-L intervalley coupling, predicted here to
be surprisingly large (50—100 meV). [S0031-9007(98)06301-7]

PACS numbers: 71.24.+q, 73.20.Dx

Reduced dimensions usually cause pressure-inducestgy separation relative to the bulk, it might take less
structural phase transitions to occured¢vatedpressures pressure to transform the dot than to transform the bulk
relative to the bulk solid. This is the case for the AlAs into an indirect band gap [Figs. 1(c)—1(d)]. This hypoth-
layers in AIASGaAs superlattices [1], for the transition esis is examined and verified here. We show that the
to B-Sn structure in Si nanocrystals [2], and for thepredicted low-pressure direct-to-indirect transition opens
wurzite-to-rocksalt structure in CdSe dots [3]. Here, wethe door to obtaining unique information on theX and
show that reduced dimensionality causes another typg-X interband mixings in dots via measurements of their
of pressure-induced transition—the electronic direct-to-energy levels vs pressure. We predict surprisingly large
indirect transition—to occur aeducedpressures relative I'-X-L couplings in dots (50—100 meV), suggesting that
to the bulk. one (effective-mass) or a fetk - p) band models which

Pressure-induced dire¢t’;.) to indirect (X;.) transi- neglect (or significantly restrict) such interactions may be
tions occur inbulk zinc blende semiconductors [4,5] be- inadequate for describing such systems.
cause under pressure, thg. energy goes up while the  We construct?,;-symmetric InP quantum dots by in-
X1, energy goes down [Figs. 1(a) and 1(b)]. This reflectscluding in the model all atoms within a given radius. The
the fundamentally different charge distribution in thesedots are either P centered or In centered. All surface dan-
two states [6]: the antibonding;. state has a node along gling bonds are passivated [11] by attaching to them ficti-
the cation-anion bond, so it is destabilized (moves up irious atoms. The atomic arrays in the interior of the dot
energy) as this bond is shortened, while ¥g state has are assumed to be bulklike, which is a good approxima-
most of its amplitude in the interstitial volume, where notion for passivated dots [11]. We then solve the single-
atoms exist. As a result of the different signs of the  particle Schrodinger equation
andX,. deformation potentials, in materials where at zero
pressure the energy of thg,. state is not too far above the {——Vz + Zva(r - R, — da;Q)}lﬁi = €(Q)y;,

I';. state (GaAS, InP’, but not InAs or CdSe), a pressure- 2 n.a 1
induced first-orded’;. — X;. level crossing [7] occurs ()
before the material is structurally phase transformed.

Reduced dimensionality can alter the energetic separa-
tion between thd';.-like andX;.-like states even without
pressure [Figs. 1(b) and 1(c)]. This results from the fact 30 ' ' ' : ' ' ' '
that quantum confinement raises the energy f (with - -
lighter mass) faster than the energyXf. (with heavier R
mass) [Figs. 1(b) and 1(c)]. Thus, if the energy of the
X,. state is not too far above thg,. state in bulk, re-
duced size alone can cause a direct-to-indirect transition
to occurat zero pressure.Detailed calculations [8] with- .,_
out pressure effect predicted this to occur in GaAs films,
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wires, and dots as size diminishes. Because of the larger /
(~0.95 eV, measured [9])';. — X, separation in bulk i Y Ne S iy
InP relative to in bulk GaAs (0.55 eV [10]), no direct-to- 46 : ! ' ' . . ' .

indirect transition was predicted tf? occurin ﬁ'ee'St"’md'nq:IG. 1. Schematic illustration of the relative energy positions
InP dots at zero pressure [11]. Since, however, quantu T,., x,., and L,. states of InP, showing how th&-X
confinement in InP dots could reduce the. — X, en-  separation changes due to quantum size effect and pressure.
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as a function of volumé). Here,v,(r) is the screened, TABLE I. Calculated and measured lattice constamis (in
strain-dependent nonlocal pseudopotential of atom typd) and relative deformationsAa/a = (aeq — aw)/acq for

« (e, In, P, or passivan) fted [11] to the measuredifectio-ndrect tarsions n bl and i sohene) auanur
bulk band s.tructure and .effectlve masses, and to th w gives the values for level-crossing (C) transition, while the
calculated [via local density approximation (LDA)] de- second row gives the values for level anticrossing (AC).
formation potentials and charge densities. Using ous
pseudopotentials the calculatatisolutelnP deformation

P-centered InP dots

potentials are—1.39, —7.73, +0.88, and —3.38 eV for Quantity BulkinP__ D =348A D=202A
I'isy, e, X10, and Ly, respectively, while thab initio aeq (expt) 5.8658
LAPW (linearized augmented plane wave) values [12] deq (calc) 5.8265

are —1.00, —6.26, +0.65, —3.30 eV, respectively. The 9r—x (expt) 5.6489
measured [13,14felative I'y.—-I';5, and X;.—1"y5, de- ar—x (calc) 5.5852 2.6864C) 56511

formation potentials are-6.40 and +2.20 eV, respec- , Ja (expt) 0.0370 5'68,3,?('0‘0) 5??00
tively, compared with our calculated values.34 and A, /4 (calc) 0.0414 0.024%C) 0.0301
+2.27 eV, respectively. To solve Eq. (1) we expad} 0.0245(AC) 0.0286

in plane waves, and evaluate the matrix elements in thi — -
basis numerically. We diagonalize directly the Hamilton—gRef' [16], *Ref. [5], “The transition which occurs at lower

ian using the linear-size-scaling folded spectrum methof %"

[15]. We consider two experimentally accessible [2,3]to obtain the direct-to-indirect transition in quantum
dot sizes with diameters of 20.2 ard.8 A (175 and  dots: for theD = 34.8 A dot, the critical deformation
891 atoms, respectively). Precisely the same method (i.6s predicted to be reduced to60% of the bulk value.
pseudopotentials and basis set) is used to calculate thgperimental testings of this prediction of quantum-size
bulk band structure of InP, except that zinc blende periinduced reduction in the critical pressure are needed.
odic boundary conditions are applied. The reduction of the critical pressure in dots is caused

Figure 2 shows the energies of the bulk Iibl. and  mostly by the reduction of zero-pressu¥e.—I';. energy
Xi. conduction states vs lattice constantexhibiting a  separation in dot relative to in bulk. To estimate this
crossing az = 5.5852 A; the deformation relative to the effect we note that at zero pressuf@ = Q.,) and
LDA calculated zero-pressure lattice constant (at whicor p = 34.8 A dot, our calculated confinement energies
our pseudopotential is generatedpis/a = 0.0414. The Ae,(Q) = Eiot(Q) - egulk(g) for the lowesty = X|.-
measured [5] bulkAa/a = 0.0370 corresponding to a |ike (y = I';.-like) conduction states are 0.31 (0.58) eV.
transition pressure [5] of 112 kbar is within 10% (Table |
[5,16]).

Figure 3 shows the energies of three lowest conduction
states of P-centered InP dots vs lattice constant near the
critical transition point. We see that unlike the bulk,
where thel' — X transition is first order (i.e., level
crossing), the transition of the lowest conduction state
in dotscan be, depending on size, either first order (i.e.,

level crossing) or second order (i.e., level anticrossing). 2985 [ oD=2024
Table | shows the values of the deformations needed I
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FIG. 3. Variations of the three lowest conduction states
I'.(T), I'.(Xy.), andT'15.(X;.) in P-centered InP dots with
FIG. 2. Variations of thel';, and X;. band energies with lattice compression near the critical point: (@)= 20.2 A dot;
lattice compression in bulk InP near the critical point. (b) D = 34.8 A dot.
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Thus, theX,.-I';. energy difference is reduced in this dot X;. andX3.. In both cases, there are three equival€nt
by 0.27 eV relative to the bulk value. valleys. In zinc blende, if the origin of the coordinate
Interestingly, (i) the confinement energidg,({)) are  system is placed at the anion site [18], the low#&st
nearly pressure independent. They are 0.28 (0.60) eV abnduction state (e.g., in InP or GaP) is found [19] to
the transition volume&) = 0.93().4, and 0.31 (0.58) eV be X;. (s symmetry at the anionp symmetry at the
at ¢y for the X;. (I'y.) state of theD = 34.8 A dot.  cation), while the next lowest conduction state (about
This suggests that the reduced size affects the dot's wav@4 eV higher in bulk InP) isX;. (s symmetry at the
function macroscopically(i.e., by altering the envelope cation, p symmetry at the anion). When thanion is
part), while the pressure affects the wave functmir  perturbed (e.g., P-centered dots), the new states (marked
croscopically(by changing the periodic Bloch part). The with an overbar) relate to the parent zinc-blende states
fact that the confinement energies are close for the zergshown in parentheses) as indicated in Table IX;-
pressure dot and for the compressed dot, provides orgerived states yield thd’;. + I'j5. states (singly and
way to obtain the quantum size effect on those states atoubly degenerate, respectively), whXe.-derived states
Brillouin-zone edge, which proved to be difficult under yield the I'js. states (triply degenerate). The original
ambient pressure [17]. (ii) Th&;. confinement energy zinc-blendel’;. state retains itd';. symmetry. For the
obtained in our direct diagonalization approach [Eq. (1)]cation site perturbation (e.g., In-centered dots), the roles
is surprisingly larger than what was expected from of X;. andX;. are exchanged (Table Il). Now, states of
effective-mass approximation (EMA): using the calcu-the same symmetry must repel each other (anticross) in
lated effective masses [11};(I';.) = 0.095, m;(X,.) =  response to a symmetry-preserving perturbation. This is
2.04, the EMA gives 0.06 (1.31) eV for the confinement the case forl';.(I';.) and I';.(X1.). In contrast, states
energy ofX;.-like (I';.-like) conduction state. Thus, the with different symmetries can cross. This is the case for
EMA predicts that thd” — X transition will already oc- TI';.(I';.) and I'j5.(X;.). The symmetry considerations
cur at zero pressure for thi® = 34.8 A dot. Actually, explain the behavior seen in Fig. 3. Figure 3(b) and
we find that an accurate description of twaolelowest  Table | show that in the larger daB4.8 A), crossing
bulk conduction band (not just nedr and X as in the occurs first, atha/a = 0.0241, while anticrossing occurs
EMA) is needed to predict the correftX energy sepa- at a slightly larger deformatiola/a = 0.0245. The
ration (thus the critical pressure) in dots. (i) Our cal- order of these events can change with size [see Fig. 3(a)].
culations further show that the reduction bfX energy The “anticrossing gap” (the smallest energy difference
separation relative to the bulk value is not a simple monobetween repelling curves in Fig. 3) measures the effective
tonic function of dot size (the reduction is 0.15, 0.27,T"-X coupling (i.e., 2Vrx). We find 2Vry = 0 for
and 0.00 eV forD = 20.2, 34.8, and= A dots, respec-
tively). (iv) One interesting issue regarding InP dots is _
the envelope-function symmetry of the top valence state. (b) D=34.83A -
We find that the envelope islike both at zero pressure (a=5.6876A, before trans.)
and near the transition pressure. This is consistent with -
point (i) that the pressure does not change the property () D =20.2A
due to envelope difference. {a=516690A mear frans;)
To understand the level crossings and anticrossings evi-
dent in Fig. 3 we consider the symmetries of the states of
the bulk and the dots (Table Il). In the diamondlike bulk
band structure, the lowest conduction state is twofold
degenerate (neglecting spin), while in zinc-blende band
structure, it is broken into two singly degenerate states

TABLE Il. Symmetries of theI-like, X-like, and L-like
conduction states in bulk InP and in InP dots with different
atoms at the dot center. Overbar denotes the state in the dot =
while its bulk parentage is given in parentheses. (c) D =34.8A
(a=5.6850A, after trans.)

.y

Bulk states Anion-centered Cation-centered
I, T..(T) T..(T0) FIG. 4. Spectral decomposition of the lowest conduction
X T1(X10) + Tpae(X10) Ts.(X10) wave functions of the following P-centered dots onto those
e lelle, Reddlel S bulk states with wave vectdk in the plane passing, L, K,
X 0 Tise(X0) I'e(Xse) + T'oe(X3e)  y, X points of zinc blende Brillouin zone: (d) = 20.2 A dot
L. Fe(Lye) + Tise(Lye)  Thie(Lye) + Tise(Lye) at the anticrossing transition; () = 34.8 A dot before the
Tyse Tise(Ts0) Tise(Ts0) transition; (c)D = 34.8 A dot after the transition. The larger

the sphere size, the larger the contribution from this bulk state.
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-2.80 ' ' . ' In summary, we study the interplay between quantum
L ~ j size and pressure effects in InP dots. We find that the
s e quantum confinement energy is nearly independent of
the pressure. We predict tHé — X transitions in InP
X0 - 1 dots to occur at finite pressure (unlike GaAs [8]), but
-3.00 sl 10 significantly below the bulk value. The unexpectedly
oy large confinement energy for aftlike state is important

, , , ) , in describing thel-X transition. Suchl’-X transitions

568 569 570 571 572 can be used to reveal the extent of interband coupling
aas| ] in dots. We predictl’-X coupling of 34.2 (3.3) meV

' b0 and L-X coupling of 71.6 (10.2) meV foD = 20.2 A

Ry (D = 34.8 A) dots.
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