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The phonon structure of GaP quantum dots is studied using an atomistic potential model. The dot eigen-
modes are obtained from a direct diagonalization of the dynamical matrix and classified using an efficient
dual-space analysis method. Our calculations provide a theoretical explanantion for several experimental ob-
servations(1) Depending on the spatial localization, the phonon modes of dots are either dot-ittiatidike)
or surfacelike(2) The frequencies of the dot-interior modes can be qualitatively described by the “truncated
crystal method” using a single branch and a single wave vector of the bulk-phonon dispersion. In contrast, the
surface modes cannot be described by this md8gIThe dot-interior modes have a dominant bulk parentage
from a specific part of the Brillouin zone, while the surface modes do(ApThe frequencies of the bulklike
I'-derived longitudinal optica(LO) and transverse opticdlTO) phonon modes are found to decrease with
decreasing dot size. This decrease reflects the downward dispersion of the bulk optical-phonon branches away
from theI point. (5) The surface modes located between the bulk TO- and LO-phonon bands have a signifi-
cant bulkI" character, and are thus Raman detectaB)eThe dot-interior modes exhibit only a slight LO/TO
mode mixing, while the surfacelike modes show a strong mode mik8@163-18209)12203-3

l. INTRODUCTION moded® ). Furthermore, an accurate description of the
phonon structure has also been fotfnth be important in
Phonons in zero-dimensional quantum dots are beginningalculating the exciton-phonon interactions: the microscopic
to attract attentioh '’ because of the interesting differences model and the macroscopic dielectric model for the optical
they exhibit relative to the bulk modeg?and because of the phonons gav® rather different scattering rates in GaAs/
implications for carrier dynamics~2" The lack of transla- AlAs quantum wells. The necessity to obtain accurate bulk
tional periodicity in dots affects both the phonon states angphonon dispersion curves suggests thaatamisticdescrip-
the electron-phonon interaction. For example, the removal dfion for phonons in dots is needed. However, the atomistic
the translational symmetry relative to the bulk is predicted toapproach raises another problem, namely, how to analyze
cause mixind' of the transverse optic4TO) and longitudi- and classify the vibrational modes in dot systems consisting
nal optical (LO) modes, as recently has been observed byf several thousands of atoms. This problem does not occur
Krausset all in PbS dots. Furthermore, the exciton-phononin simplified model calculatiort$'~’where the symmetry
interaction in dots can be enhanced so significantly that ibf the model usually provides series of good quantum num-
results in a frequency renormalization of the LO-phononbers to identify the modes.
mode, which has been observed by Zineinal? in the ab- In the present paper we use an atomistic approach to study
sorption spectrum and by Itogt al® in the luminescence the vibrational structure of GaP quantum dots. We develop
spectrum of CuCl dots. Although numerous Raman scatteran empirical valence-force field/ FF), consisting of a short-
ing measurements have been carried out in €48dSe$  ranged part to describe the covalent bonding and a long-
CdSSe_,,"® CdTe? and GaP(Ref. 10 dots, the conclu- range part to describe the Coulomb interaction between
sions regarding the dependence of the exciton-phonon coypoint-charged ions. This atomistic force field reproduces ac-
pling strength on the quantum-dot size are conflicting:curately the bulk-phonon dispersion curves. We apply it to
Shiang et al* find that the exciton-phonon coupling de- spherical GaP dots containing up to 2000 atoms and use a
creases with decreasing dot size, while Scamaetim 8 find  dual-space method to efficiently analyze and classify several
that the coupling increases with decreasing size. thousands of vibrational modes of these dots. Specifically,
Despite numerous experiments, there are only a few thewe use a “mode projection approach” iaciprocal spaceo
oretical investigationis'**~" of phonons in quantum dots. understand the relationship between the phonons in dots and
Since the electront&!® or vibrational states of dot can be  their counterparts in bulk, while a “localization radius” con-
thought of as a linear combination of thalk periodic states structed in real space is used to investigate the spatial local-
from different bands and Brillouin-zone wave vectors, it isization of the dot eigenmodes. Using these techniques, we
important that a theory of phonons in dots uses a realistifind that the phonon modes in dots are either bulklike or
description of the bulk-phonon dispersion. Indeed, the detailsurfacelike states.
of the shift of the vibrational frequencies with the dot size (&) The modes that are localized within the interior of the
may depend crucially on the bulk-phonon dispersisee dot have a clear bulk parentage in terms of their projection
Sec. Il D). Almost all of the theories of phonons in dots onto the bulk-phonon states, and, therefore, can be approxi-
either neglect the bulk phonon dispersion or assume a comnated by a single band at a single-wave vector of the bulk-
tinuum model as an approximatidine., an elastic model for phonon dispersion. The frequencies of thelerived LO and
the acoustic modé$and a dielectric model for the optical TO dot-interior modes are found to decrease with decreasing
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dot size. This is consistent with experimeH’tsUnIike the TABLE I. The force-field parameter@n units of N/m and the
case in PbS dotjsyve find no significant LO/TO mixing for effective charges used in the present calculation. The dielectric con-
the bulklike modes in GaP dots. stant ise()=9.11.

(b) The surfacelike modes are localized at the perifery of
the dot, and their eigenvectors are superpositions of manyatomi ijj Biik Yiik Jjik zx
bulk-phonon states from different bands and different points 5, 9607 -31.75 —11.75 19.66 205

of the Brillouin zone. The surfacelike modes located between
the bulk LO- and TO-phonon bands have a significant bulk-
I' character and, thus, may be Raman active. In contrast to

the bulklike modes, these surfacelike modes exhibit signifiwherep and o label the Cartesian coordinates. The phonon

P 96.07 57.07 29.57 19.66 —2.05

cant LO/TO mixing. frequenciesw=2mv, (of branchn and wave vectok)
and eigenmode®,, (&) of bulk GaP are then obtained by
Il. THEORETICAL METHODS diagonalizing the dynamical matrix:
A. Phonon frequencies and eigenstates: Bulk and dots
The atom-atom force fielt) ({r;}) = Usg+ U, & used here 2 [D, (68 |K)~ 05,5 0:1Q0(E)=0. ()
a,¢

includes a short-range partgk), which describes the cova-

lent bonding, and a long-range paitd) which describes the Here ¢ is the atomic index inside the primary cell, i.e;,
Coulomb interaction between point-charged ions. For &tom =+ R, , whereR, is a lattice vector. The matrix element
bonded tetrahedrally to atomsandk, the short-range inter- D, ,(£€'|K) is

action is
1 - )
1 D, o(£€'[K) === @, ,(1£]"¢)e W IRO-RI,
Usr{riPh=— 2 ajj(ri—ad)? ’ MM, 77

% 1<l ()

1 2 E 0 0.2 whereM is the mass of atom. The displacement of atom
+ a_g ™ <k Bii(Fij k= Fij - Ti) corresponding to the phonon eigenmdgg(£) is

1 2 2 0o .0 BN 1 al kR
+ a_g Z ]Zk Yjik(rij —ag) (Fij - Fig—Fij - Tik) unk(')_\/—Wank(l)e : (6)

1 Equationg1)—(6) are also valid for quantum dots except that
+= 2 2 Si(rh—ad)(ri—ad), (1) only k=0 is considered.

8 1 =k The constants{«;;, B, ¥jik, ik} Of the short-range
wherer;; =r;—r, is the vector connecting atomsndj, and force field in Eq.(2) ar.1d. the ion-effective chargg" in Eq.
{aij ,Bji » Vi »5;i} are short-range force constards is the (2 are obtained by fitting the. caICL;Iated .b.ulk-phonon fre-
equilibrium bond length. The first two terms in EQ) are  guencies of GaP to the experiméft. Specifically, the ef-
the bond-stretching and bond-bending terms familiar fromf€ctive charge is calculated from the experimental LO/TO
the commonly used Keating’s VFF modéfs23 while the  SPlitting at the zone centdf point using the relatiofd
remaining two terms describe the coupling between the
bond-stretching and bond-bending and between the bond-
stretchings of two nearest bonds, respectively. For compound
semiconductors there is an additional Coulomb
interactiorf?>term between the ions, which is simulated by where Q is the volume of the bulk-unit cell, and is the
point charges at the ionic positions: reduced mass of the two atoms in the compound semicon-
ductor. The short-range interatomic interaction parameters
J are then obtained by fitting the measufd phonon fre-
Ur(rih=2 =t (2)  quencies at buld’, X, andL points using a least-square
=) b procedure. The resulting parameters for GaP are given in

Here, Z* is the effective charge of ion and e() is the ~ Table I.
dielectric constant at infinite frequency. We use Ewald’s
method* to calculate the sum in Eq2) for periodic-bulk B. Method for analyzing the dot eigenmodes
systems. For finite quantum dots, the summation in(Exis
calculated directly.

The atomic force constantd, ,(i,j) are obtained from
the force fieldU=Ugg+U g as

1 (Z4)?

@ e’ v

2 _ 2
W o=wigt4m

* 7%
i

For quantum dots with several thousands of phonon
eigenmodes it is important to find an efficient and transparent
way of analyzing the characters of these numerous eigen-
modes. We do this by using a dual-space technigjes, in

2U real space and in reciprocal space
D, (i,j)= , 3) In real space, we define the “localization radius” for a
P i pdro normal modex as
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wherer is the dot centerR, tells us in what part of the dot é 8+ @@
is the eigenmoda localized, distinguishing modes that are gL LA 4

localized inside the dot‘bulklike modes”) from those lo- g )
calized at the periphery of the d@tsurfacelike modes?. g 4r v : 7
In reciprocal space we use the projection approach to es- =L ‘."TA N ;

tablish the relation between the dot modes and the bulk 0 , , , ,
modes®® We first expand the dot displacement®" in the r X r L

bulk statesu’’® of branchn and wave vectok:

FIG. 1. The calculated phonon dispersion of bulk GaBlid
. . lines), in comparison with experimental datefs. 26 and 2y
USOt(')Zg f dkChuni (). ©  (symbols.

The projection coefficient€()) are calculated using the or- dependence of phonon frequencies in quantum dots. The cal-
thogonality ofuPl. We define theBrillouin-zone parentage culated bulk dispersion also agrees well with the recent first-
P, (k) of a dot mode\ as the contribution of the bulk eigen- Principles result obtained by Ozglirand Zunge? using the

modes with the wavevector length in forming this dot density-functional linear-response theory. For example, the
mode: largest frequency difference between the LO- and TO-

phonon bands along tHd11] direction is 2.04 THz in our
B 012 model and 1.70 THz in the first-principles calculatfSrin
Px(k)—f dk5(|k|—k)§n: [Cri[%. (10 comparison, an earlier calculation of Kushwaha and
Kushwahd’ using an eight-parameter bond-bending force
This quantity tells us which part of the bulk Brillouin zone model gave 3.8 THz as the largest LO/TO frequency differ-
(BZ) contributes to a given dot eigenmode. We also defingnce, and the calculation of Kagaya and sﬁmﬂ;ing the

the bulk-I" parentage T(n,K,) measuring the extent to Heine-Abarenkov model potential gave an upward TO band
which the dot eigenmode is derived from the bulk states neadispersion.

I
B. Phonons in GaP quantum dots

Keut ~
T)\(ancur):f dkj dk|C(I2, (11 We have studied four spherical GaP dots:

° GayaPra1, GCpadP225, GasdPazs, and GagsdPioer With di-
wherek is the direction angle of wave vectér Typically, ~—ameters B-22.2, 26.2, 32.5, and 43.4 A, respectively. The
we choose K, as 2/37/D (whereD is the diameter of the atomic positions in the dots are assgmed to be the same as in
dot), which is determined by the first node=27/D of the the bulk. We use the same force field for GaP dots_as that
spherical Bessel functiojy(kr). Finally, in order to inves- US€d for the bulk, except that the boundary condition is
tigate the possibility of mode mixing in dots, we define the €hanged appropriately. \We aim to simulate “free-standing
bulk-band parentagef the dot modex as quantum dots such as those genergted in porous form by

anodization currenf? The dot surface is thus assumed to be
free without passivating atoms and without surface recon-
AA(”)ZJ dk|ChY[%. (120 struction. We directly diagonalize the full dynamical matrix
of Eq. (5) to obtain the phonon frequencies and eigenmodes,
WhenA, (n) of the dot modex has significant contributions  which are then subjected to the analysis of HG8)—(12).
from differentbulk phonon bands, we say that there is a Figure 2a) shows the phonon densities of stat€9)

“mode mixing,” e.g., LO with TO. for the four studied dots. The phonon DOS has been broad-
ened by a Gaussian with a width of 0.9 THz. We also show,
Ill. RESULTS AND DISCUSSIONS for comparison, the bulk-phonon DOS, calculated using 408

specialk points? in the irreducible Brillouin zongcorre-
sponding to 409& points in the whole zone Note that in
Figure 1 shows the calculated phonon-dispersion curvethe following we usev? rather thanv as thex-axis scale in
of bulk GaP, compared with the experimental d&&.The  order to achieve higher resolution in the optical region. Due
calculated TO- and LO-phonon frequencieatI” are 10.97 to the absence of passivation at the dot surface, a few dot
and 11.98 THz, respectively, close to the experimentamodes ¢ 10 out of several thousands, not shown in Fig. 2
valueg’ of 10.95 and 12.06 THz. Although the theoretical fit are found to have very small imaginary frequencies, signal-
is done only at thd”, X, andL points, Fig. 1 shows that the ing a dynamical instability of the unpassivated dots. We note
calculated dispersion curves agree well with the experimenfrom Fig. 2a) the following features.
tal data throughout the Brillouin zone for both the acoustic (i) While the phonon DOS of the small dotD(
and optical branches. Specifically, the downward dispersior=22.2 A) is quite different from the bulk DOS, they be-
of the bulk TO- and LO-phonon bands near thepoint is  come more similar with increasing dot size.
reproduced quite well by our model. We will see lat8ec. (i) Some phonon modes appear in the frequency range
[11 D) that this feature is important for describing the sizewhere there are no bulk modes. These regions are shaded in

A. Phonon dispersion of bulk GaP
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FIG. 2. (a) Density of phonon states for GaP quantum dots of G, 3. “Bulk T parentage’T,(n,K¢,) [Eg. (11)] of the pho-
different sizes. The diameters of ddis A) are indicated on the left  ,on modes of th® =32.5 A dot for bulk-phonon branah Part(a)
sidg of each curve. The bulk phonon DOS is also shown for comshows the contribution from bulk LOnE6) phonons and patb)
parison. The shaded areas mark the frequency regions where Shows the contribution from bulk TOn4+5) phonons. We use
facelike dot modes appear. The bulk TO- and LO-phonon frequeng  —2./3#/D in Eq. (11). The “localization radii” for this dot are
cies are indicated by vertical arrow$) Localization radiilEq.(8)]  shown in Fig. 2b).
of the D=32.5 A dot, measuring the location of the mode with
respect to the center of the dot. The identitjesy., TAX)] of .
highly localized modegwith small localization radjiare indicated ~ (TA modes near the point), LA(L), TO(X) (TO modes
by vertical arrows. along the[110] direction, TO(X), and LOE) modes, re-

spectively. These dot-interior modes are clearly separated

Fig. 2. Region | $?=60-90 THZ) is the phonon gap be- from the surface modes.

tween the bulk acoustic and optical modes, and region I (iii) The dOt. mo.des with intermediate_ Iocalizatiqn radii
(v?=120-130 TH3) is the phonon gap between the bulk (arou'nd'll A in Fig. 2 have their vibrational amplitudes
TO and LO modes. We will see later from the “localization both inside the dots and near the dot surface.

radii” [Fig. 2(b)] that these “gap modes” are localized on (iv) We find that the Qistribution§ ofllo.calization radi,
the”dot[ slgrf:f:e).] gap 'z vs v, for different dot sizes contain similar featurgsom-

(iii) Although the “gap modes” exist even in the very Pare Fig. Zb) with Fig. 6 below, showing the localization

large dots(with several thousands of atojnsheir peak in- radii of a much smaller dgt This surprising “self-

tensities relative to the bulklike modes decrease significantl?'m'lamyn exists for bOt.h the dot-interior modes and the
with increasing dot size. surfacelike modes, and it holds to the smallest dot size con-

sidered.
] ] To study the evolution of an individual dot mode with the
C. Mode analysis using the dual-space approach sizeD, we have to identify the same phonon mode in differ-

The “localization radii” [see Eq.(8)] for the dot with  ent dots. We are particularly interested in the dot modes that
diameterD=32.5 A are shown in Fig. (®). Comparison derive from the bulkl' states, since such modes play an
with the phonon DOS in Fig. (@) shows the following fea- important role in Raman scattering. We use for this purpose
tures. the “bulk-I" parentage’T, (n,K.,) defined in Eq(11). Fig-

(i) The gap modes in regions | and Il have their modeure 3a) shows the bulk- LO character and Fig.(B) gives
centers close to the dot's surfgdgg. 2b)], thus being “sur-  the bulkI” TO character for th® = 32.5 A dot phonons with
facelike modes.” frequencies above 10 THz. We see in Fip)3hat a single

(i) The dot modes that correspond to the sharp peaks afot moddlabeled LO(")] originates predominantly from the
the bulk DOS have their localization radii in the dot’s inte- bulk LO phonon nead”, and another dot modHabeled
rior, thus being “bulklike” (dot-interio) modes. Our TO(I')] originates predominantly from the bulk-TO phonon
“Brillouin-zone parentage” analysis and the frequencies ofnearl’. Between these T®()- and LO(")-like modes there
the dot modes indicate that the modes/4t 9, 40, 95, 113, exist some surface modgsenoted as spin orb{S0) in Fig.
and 138 THZ in Fig. 2(b) are derived from the bulk TA() 3, see Fig. ) for their localization radil, which have con-
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FIG. 4. Variation of the frequencies of th&(I'), LA(X), o ’

TO(T"), and LO(") dot modes with the dot size. The corresponding ~ FIG. 5. “Brillouin-zone parentages'P, (k) [Eq. (10)] of the

bulk frequencies are taken as zero reference points. bulklike A(T), LA(X), TO(I'), LO(T'), and surfacelike SO
modes of thdd =32.5 A dot. The definition of these modes is given

tributions from both bulk TO- and LO-phonon bands. The'n Sec- Il D.

fact that the surface modes in Fig. 3 have sizable contribu- )

tions from bulkk points nearl’ implies that these modes SiZ® in porous GaP nanocrystallites. The frequency of the

might be Raman active. Indeed, in a micro-Raman scatteringcPUstic modé\(I") increasesas the dot size decreases.

study of porous GaP nanocrystallites, Tiginyaztal° ob- Analytically fitting the calculated results gives
served a small peak between sharp bulk derived LO- and 1.04

TO-phonon peaks. They suggested that the origin of this 8.84D [A(D)]

peak is due to the dot surface—a suggestion that is supported —74.75D%%  [TO(I')]

by our theoretical result. Av= 13

—392.77D%3* [LO(I')]

_ 1.84
D. Evolution of mode frequencies with dot size 181.52D [LA)],

Once the character of the dot modes is identified for dif-whereAw is in units of THz andD is in units of A. The fitted
ferent dot S|ze$F|g 3)’ we can trace the size dependence ofresults are shown in Flg 4 as solid lines. We see that, while
the frequencies of these mod@sg. 4). In order to facilitate ~ the frequency shift of the\(I') mode is almost inversely
the understanding of the evolution of phonon frequency witHinear with the dot size, it is close toDf for the other three
the dot size, we choose four special modes: the bulk-derive@hodes.

LO(T) and TO(), the I'-derived acoustic modé\(T’), To understand this frequency shift with the dot size, we

which is the dot's mode of the lowest-acoustic frequency/fecall from Eq.(9) that, in general, the frequency ofbailk-

and theX-derived longitudinal acoustic mode LXJ, which  like mode can be expressed as a linear combination of the
is the dot's mode of the highest-acoustic frequency. The bulk-phonon frequencies:

character of theA(I') mode and theX character of the

LA(X) mode can be seen from their Brillouin-zone parent- (ydot)ZEZ |C()\)|2(Vbulk)2
ages(see Fig. 5 beloy These four modes are all dot-interior A Nk nk 7
states according to their localization radii. We see from Fig.

4 that both the TO[) and LO[) modes shifdownin fre-  One may wonder whether, giveivi}, there is a way to
guency with decreasing dot size. This is consistent with thegues&/gOt without doing a full calculation oCEfQ). Specifi-

experimental measuremetftswhere both LO- and TO- cally, the question is whether there exists in Eig) a single

phonon Raman peaks were found to shift to lower frequenwave vectork* and a single branch, most associated with
cies with inceasing anodization curreine., decreasing dot the dot mode\, which satisfies

(14

TABLE Il. Comparison of the frequencies of the four dot mod€$’), LA(X), TO(I'), and LO(),
described by Eq(13), as obtained from direct diagonalization of the dot's dynamical matrix and as obtained
from the truncated crystal method of E45) (in parentheseslsotropically averaged bulk-phonon dispersion
is used in the truncated-crystal model for spherical dots.

Frequencies of dot modé3Hz)

Dot diameter(A) A(T) LA(X) TO®) LO(T)
22.2 0.38(1.19 6.84(6.20 10.83(10.9 11.79(11.90
26.2 0.29(1.02 7.01(6.29 10.88(10.93 11.78(11.92
32.5 0.21(0.83 7.15(6.39 10.92(10.94 11.86(11.94

43.4 0.19(0.62 7.28(6.38 10.94(10.95 11.92(11.99
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TABLE Ill. Bulk-band parentagé\, (n) [Eqg. (12)] of bulk-phonon bandsn=1, ... ,6) in forming the
A, LA(X), TO('), LO(I'), and SO modes of thB=32.5 A dot.

ContributionA, (n) (in %) of bulk bandn to dot modex

Dot mode\ n=1+2 (TA) n=3 (LA) n=4+5 (TO) n=6 (LO)
A(T) 86.5 3.9 8.1 1.5
LA(X) 0.8 91.3 4.1 3.9
TO(T) 5.4 0.5 87.7 6.4
LO(T) 0.1 3.6 0.9 95.4
SO 1.9 4.1 315 62.5
pdote ,,gL’Lk_ (15)  tion radius[e.g.,R,~12 A in Fig. 2b)] and, therefore, de-

o stroys the conditions for the applicability of the truncated-
We use the “Brillouin-zone parentageP, (k) to answer crystal model.
this. Figure 5 shows, for th®=32.5 A dot, the Brillouin- Since the surfacelike modes are localized in real space on
zone parentages of the bulklikgI’), TO(I'), LO(I'), and  the dot surface and, therefore, contain contributions from the
LA(X) modes with frequencies®=0.046, 119.2, 140.7, and 1k GaP modes all over the Brillouin zone, there is not a

51.1 THZ, respectively. sinalek* : . . .
' . ) ) glek* to be used in Eq.15) to describe their frequencies.
We see from Fig. 5 that the above considered bUIkIII(eThis property of the surface modes is illustrated in Fig. 5,
modes all have a dominant BZ parentage peak around the\'/{}hich shows, for comparison with the bulklike
bulk origins [e.g., A(I'), TO(I'), LO(I') near I, and 1y ") o) "TO(T), and LA(X) modes, the Brillouin-
LA(X) nearX_], i.e., for the bulklike do'F modes there exists a,0ne parentage of a surfacelike opti¢80) mode with v
K* that satisfies Eq(15). For thel'-derivedA(I'), TOM),  _4155'6 THZ for the D=32.5 A dot. We see from Fig. 5

and LO(I") modes, the peak positions of the Brillouin-zone - ; ; ; ;
parentages are located nélf | = 2/D . In fact, thisk* has that the surfacelike mode is delocalized in reciprocal space.

been usetf in the “truncated crystal” method to estimate

the electronic-orbital energy in dots from the bulk-band 1.0 L s
structure using Eq15). In the truncated-crystal method one 08 L § i
seeks a wave vectdk* for which the envelope function D-22R *
vanishes at the dot boundary. For spherical dots the smallest 06 r ' *‘% 1

k* that satisfies this boundary condition isrD. This ap-
proach then relates tHmulk dispersionv,, to the frequency
v, in dots. The smaller the dot, the further ddes=1/D
move away from thd” point. Thus, the slope of the bulk

04 -
02 -

Bulk band parentage A, (n)
(o]

dispersion away fronI" determines, in this model, the size 1.0

dependence of the frequency of the dot's mode. Since the 08 L

frequency of the bulk GaP optical phonaifég. 1) decreases

whenk departs from thé&’ point, the frequencies of the dot’s 0.6

TO(I") and LO(") modes should exhibit eedshiftrelative 04 -

to their bulk values. This expectation is confirmed by our

results obtained from the direct diagonalization of the dy- 02

namical matrix(Fig. 4). The scaling exponent of 1/D7 in 0

Eg. (13) can also be qualitatively understood from a TC-type 15

argument: since the frequencies of the bulk acoustic-phonon ~

branches neal’ are linear functions of the wave vecter ) ul

«k, and sincek*«1/D, we obtain thatésv=x1/D (i.e., 7 5

=1), as indeed given by Eq13) for the A(I') mode. The 5

bulk-phonon dispersion relations of the LO- and TO-phonon _:.; 7

modes afl” and of the LA-phonon mode & are parabolic S

and, thus, lead taSv=1/D?, i.e., 7=2 in Eq. (13). More = 3 L
guantitatively, Table Il compares the frequencies of the bulk- 0 20 40 60 80 100 120 140 160

like dot modes, as obtained from direct calculations, with
those obtained from Eq15). We see that the two methods
give the same trend of the frequency change with the dot g ¢ «“Bulk-band parentage’A,(n) [Eq. (12] of (8) n=6

size, and that they give quantitatively accurate results for the, ik L0-phonon bandand (b) n=4+5 (bulk TO-phonon bands
bulklike LO- and TO-derived modes. However, for thel’) in forming dot modes with frequenay?>40 THZ. The results for
dot-phonon mode, the frequencies obtained from the tweheD=22.2 A dot are shown. The shaded areas indicate the modes
methods are quite different. This is probably due to the Surthat have a sizable LO/TO mode mixing. Paf®@lshows the local-
face effect, which causes this mode to have a large localizazation radii of the dot modes in order to facilitate the comparison.

Frequency V2 (THZ)
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E. Mode mixing rocal and real space. In particular, we conclude the follow-

An interesting possibility is the LO/TO mode mixing of N9: . o
the phonon modes in quantum dots, which can be induced by (1) The bulklike modesare localized inside the dot and

the lack of translational symmetry in dots. Table 11l gives the'@ve & clearly pronounced bulk Brillouin-zone parentage in
“pulk-band parentage”[Eq. (12)] of the five dot modes reciprocal space. The frequencies of these modes can be ap-

shown in Fig. 5 for théd =32.5 A quantum dot. We see that proximated by the “truncated crystal method” with a single-

in this relatively large dot there is no significant mode mix- Pulk phonon band at a single-wave veckdr. The bulklike
ing for the bulk-derived A(F), TO(F), LO(F), and I'-derived TO- and LO-phonon dot modes both shift down in

LA(X) modes. However, there exists a significant Lo/Tofrequency with decreasing dot size. Unlike the case in PbS

1 . = !
mode mixing for the surface-related SO mode. This effecflOtS: there is almost no LO/TO mixing for the bulklike
persists even in the very small GaP dots; Fig) 6hows the ~ M0Jes.

bulk TO and LO band parentadEq. (12)] for the modes of (2) The surface modeare located in the frequency range
the D=22.2 A dot. Again, we see that significant LO/TO ¥~ = 120130 THZ between the bulk TO- and LO-phonon

mode mixing exists only in the frequency range where, acPands, and in the rang€=60—90 THZ between the bulk

cording to the analysis of the localization radii in Figcg A~ @nd TO-phonon bands. These surface modes are local-

the modes are surfacelike. ized at the perifery of the dot. Their eigenmodes represent a

superposition of many bulk bands withpoints from all over

the bulk Brillouin zone. The surface dot modes in the fre-

quency rangev>=120-130 THZ have considerable bulk
We have developed an atomic-force field for GaP, whichTO and LO characters and, therefore, should be Raman ac-

gives an accurate bulk-phonon dispersion. This atomistitive. There is significant LO/TO mode mixing for the sur-

model is then used to calculate the phonon frequencies arfdcelike dot modes.

eigenmodes of GaP quantum dots. The resulting several

thogsa_nds of dot eiggnmodes have been analyzed u_sing the ACKNOWLEDGMENT

projection approach in reciprocal space and the localization
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