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Phonon properties of one-dimensional nanocrystalline solids
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We study phonon properties of one-dimensional nanocrystalline solids that are associated with a model
nanostructured sequence. A real-space renormalization-group approach, connected with a series of
renormalization-group transformations, is developed to calculate numerically the local phonon Green’s func-
tion at an arbitrary site, and then the phonon density of states of these kinds of nanocrystalline chains. Some
interesting phonon properties of nanocrystalline chains are obtained that are in qualitative agreement with the
experimental results for the optical-absorption spectra of nanostructured solids.

Research on nanometer-sized materials, including nangarent compounds and too large to behave like atoms or
crystalline solids, nanostructured semiconductors, andnolecules. This means that it is not convenient to apply di-
nanometer-sized amorphous materials, was initiated monectly either molecular dynamics or crystalline dynamics to
than a decade ago. Recently, due to developments in matethe study of their phonon spectral properties. Based on the
als processing and synthesis, it is possible to produce artiffact that nanocrystalline solids consist of series of individual
cial structures with nanometer sizes whose chemical compaianocrystals in which the atomic arrangements are periodic
sitions and shapes can be controlled. Many types oWith short-range orders differing from those in crystals or
nanostructured materials, such as the nanocrystalline solidgasses, here we develop a real-space renormalization-group
AlLO; (Ref. 1) and TiG,,? nanostructured semiconductors (RG) scheme, which was introduced in Ref. 7, and then ex-
GaAs-AlLGa,_,As (Ref. 3 and Si* nanometer-sized glasses tended widel§ to the study of electronic and phonon prop-
SiNy (Ref. 5 and SiQ, and so on have been successfully erties of condensed matter, to study the phonon properties of
fabricated in the laboratory. It is found experimentally thatnanocrystalline solids. Some interesting conclusions are ob-
these nanostructured materials exhibit various interestintpined.
physical properties caused by interface effects and size ef- As one knows, one-dimensional problems are connected
fects, which are significantly different from those of crystal- with clear physical ideas and effective mathematical meth-
line and glassy materials with the same chemical composieds. Due to the rich physical properties of one-dimensional
tions. This may be the reason why experimental studies ofianostructured solids, such as GaAs@4;, ,As (Ref. 3
nanostructured materials have been remarkably attrattiveand Si? we focus on a nanocrystalline chain presented sche
As for theoretical investigations of physical properties ofmatically in Fig. 1a), which contains two types of individual
nanostructured solids, however, difficulties arise becauseanocrystald ; andL, with N; andN, atoms, respectively.
nanostructured solids are too small to behave like their bulkd’he nanocrystalline chain is a periodic one with the unit cell
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L,+L,. As far as atom configurations in an individual two nearest-neighbor sites. Depending on the local environ-
nanocrystal withN sites are concerned, two kinds of sites ment of sitei, we choose the spring constadts; ;. ,} to

can be distinguished: One is crystal sites which have periodibave five kinds of value&;} (i=1,2, . .. ,5 associated with
configurations, another is boundary sites whose periodicity i& nanostructured sequence, while the ma$seg}s take two
broken. Our theoretical work is mainly on phonon propertiesvaluesM; andM,. For the sake of convenience, analogous
of these kinds of nanocrystalline chains, which are clearlyto defining pseudosite parametdis; .} by the five rela-
related to their absorption specttAS) and luminescence tions

spectra, satisfying the vibrational equafion

T,=K{/M4
w_wz Uﬁrﬂuiﬂ T,=K,/M,
m ymimiy tioa={ Ta=Ks/M, @
K . T,=K4/M,
+WUFl:O’ (1) Ts=Kg/VM 1M,
wherem; andU; are the mass and the vibrational amplitudewe choose six other pseudosite parametdest (i
at sitei, andK; ;. represents the spring constant coupling=1,2, ... ,6 given by
|
€,=2K1/My if Kii-1=Kjir1=Ky
€2=2K3/M; if Kii—1=Kji+1=Kz
o e3=(K;+K3)/M; if Kjj_; and K;jj; are K; and Kj 3
! e,=(Ky+Ky)IM, if Kjj—; and Kjj.; are K, and K,

65:(K3+K5)/M1 if Ki,i—l and Ki,i+1 are K3 and K5
€6=(K4+Kg)/M, if Kjj—; and Kj;,; are K, and Ks.

In addition to{t; .}, these pseudosite paramet¢eg (i matrix I, one finds that the matrix eleme@t; satisfies
=1,2,...,.6 are associated with six kinds of site§ (i

=1,2,...,8, of whichS; andS,, respectively, are the crys- (Z-€)Gij= 6, +> Gy, 1,j=0,+1%2,..., (5
tal sites of nanocrystals, andL,, andS;, S,, S5, andSg are K

the boundary sites of interfaces between nanocryka#d  \yhere 5, is the Kronecker delta anfl=w?+i0*.

L, [see Fig. 18)]. Then Eq.(1) can be rewritten as In order to calculate the Green's functi¢@;;} at sites{i}

of nanocrystalline chains, we first use a RG transformation
DY to decimate all the sites except half of the sigsn the
original nanocrystalline chain. The original chain is then
transformed into a simple periodic renormalized chain with
only sites of the kindSg, while the site parameters and
t;;., are replaced by two renormalized valugs and Tg
which has the same form as a tight-binding Hamiltorthn  [see Fig. 1b)]. From Eq.(5), the set of RG equations of
Introducing Green’s functionG(Z)=(ZI—H)~! with unit  pseudosite parameteeg and Ty is given by

(0?=e)Ui=t; 11U+t 20U g, (4)

Ta(V,-aZ2— T8N, -4 Yn,-4) T TE(ZaRy, -4~ T3Wn, 4Py, —4)
ZVi, -4~ TaX, - W, 4 ’

€= €t

(6)
r_ 21212 2
T4=TiTT3TATE(Z4Vn, - 4= T3Xn, - aWi,-a),

corresponding to the RG transformatibr{”, where
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9=(Z—€)/2Ty, Z,=(Z~ €6)Wn,- 4= T5Yn, 4,
h=(Z-€,)/2T,, (7) 22:(2_56)8N2—4_T421QN2—4- (10)
Pn=(27€a) n(Q) = T #n-1(0), As the original chain is reduced to a simple periodic chain

with only one kind of siteS;, one can easily calculate its
physical properties in many ways. Here we present a further
RG transformatiorD® in order to decimate the renormal-
ized periodic chain successively. Each procedure removes
half of the sites in the periodic chaisee Fig. 2. Assuming

the pseudosite parameters are symboled bpd T, we can
also obtain, from Eq(5), the set of RG equations

Qn=(Z—€4) 7/\(h) =T 7%\ —1(D),
Rn=(Z—€3)Py—T1Pn-1,
SN=(Z—€4)Qn—T2Qn-1,
Xn=(Z~ e5)PN—T37n(9),

€' =e+2T%(Z—¢€), T'=T%(Z—e), (11)

Yn=(Z—ee)Qu—Ti7n(h),
corresponding to the RG transformatiéy?, wheree’ and

Vyn=(Z—€s)Ry—T5Pn, T’ are the renormalized parameters of the pseudosites in the
renormalized subchain.
Wy=(Z~ €5)Sy—T5Qn After infinite iterations of above transformations, some of
a certain kind of sites in the original chain are always pre-
Zl=(Z—55)WN2_4—T§SN2_4, served with renormalized pseudosite parameters. Applying

suitable combinations of the RG transformations presented

Z,=(Z—e€s5)Yy —4_T523QN >y abovg, a given ;ite in the ori.ginal .chain should remgin ina

2 2 certain renormalized subchain. It is found that the final re-

and 7Z(X) is theNth Chebyshev polynomial of the second
kind, which satisfies the recursion relation

2+
X = 2X U4 (X) = P o(X), ® f @)
with the initial conditions7/_,(X)=—1 and 7/_,(X)=0.
Correspondingly, by introducing other RG transformations
D (j=2,3,..., andN; +N,) based on the RG scheme, one
can also transform the original nanocrystalline chain into
other simple periodic renormalized chains in each of which
half of the sitesS; (i=1, or 2,...,5 in the original chain
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stance, we can use a RG transformatidj} to transfer the
original nanocrystalline chain to a renormalized simple peri-
odic chain with only the kind of site§s [see Fig. 1c)]. (b)
From Eq.(5), the set of RG equations corresponding]t@) I
is given by

T§(21XN1—4* TEPN1—4WN2—4) + Té(VN1—422* TgRNl—ASNZ—s)
Z)Vy, -4~ T5Ry, - aWi, 4 '
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©
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whereg, h, Py, Qn, Ryy Sy Xy Yns Vi, and Wy are
given by relationq7), and
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. FIG. 3. The phonon DOSarbitrary unit$ of nanocrystalline

chains with site parameteks; =180, K,=140,K3=170, K,=150,
Ks=160, M =102, andM,=145, in which the frequency coordi-
FIG. 2. A schematic representation of the RG procedure for anate represents? (in units of K,/180 andN;/N,=(a) 10/20 and
nanocrystalline chain, in which half of the sit8s remain. (b) 20/40.
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w?=3.120 184 37 of the nanocrystalline chain with/N,=10/20,

of which the total number of sites is 1500 and the site paramkters
(i=1, 2, 3, 4, and pbandM; (j=1 and 2 are the same as those in
Fig. 3. (b) The eigenvector structure at the eigenfrequency
w?=5.752 142 151 of the nanocrystalline chain wity/ N,=10/20,

of which the total number of sites is 300 and the site paramé&ters
(i=1, 2, 3, 4, and bandM; (j=1 and 3 are same as those in Fig.
3.

FIG. 5. The phonon LDO%arbitrary unit$ at two different sites
of nanocrystalline chain witiN;/N,=10/20, in which the fre-
quency coordinate representé, and the site parametels (i=1,
2,3, 4, and pandM; (j=1 and 2 are chosen to be the same as
those in Fig. 3(a) The nearest boundary sig. (b) The crystal site
S,.

. . . .. where Im andN denote, respectively, the imaginary part of a
maining sites are almost isolated, because the pseudosite R%mplex quantity and the number of sites in the studied
rameterT; converges to zero after successive iterations Ohanocrystalline chain. Comparing a GaAs@®& ,As

, " —X
RG procedures. Thus, from E(p), the local Green's func-  anosiructured soffdto the kind of nanocrystalline chain

tion at sitei satisfies studied here, we choose the site parameters ti €180,
B K,=140, K;=170, K,=150, Kz=160 (arbitrary unit3,
Gil(2)=1UZ~€), (12) M;=102, and M,=145 (arbitrary unit3. Two types of

where € is the final value of the pseudosite parameter. Scpanocrystalline chains, witiN;/N,=10/20 and 20/30 are

we can calculate many physical properties of these kinds oyudied.

; : ; : - . Figures 3a) and 3b) show the DOS of the two nanocrys-
nanocrystalline chains, which are associated with the Greent%\lline chains with sizedN;/N,=10/20 and 20/40, respec-

function. For example, in order to compare with experimen-, . It is obvi that the oh ¢ f al
tal results on spectral properties of AS and luminescence cltive y. 1L 1S obvious that the phonon spectrum of hanocrystal-

nanostructured solids, we calculate numerically the local"® chains is divided into high- and low-frequency regions

: o etween which there is a gap. In the low-frequency region,
phonon density of stated DOS) at certain sites, and the . oo
density of state$DOS) of the nanocrystalline chains, which the LDOS exhibits smooth structures. This indicates that the

are given by spectrum in the low-frequency region is generally extended.
Similar conclusion can be reached from Figa)4 which
1 shows the wave function at the eigenfrequency
pi(w?)=——=1m G;j(w?+i0"), 0?=3.12018437 of a nanocrystaline chain with
m N,/N,=10/20, and with periodic boundary conditions,
where the number of sites is 1500. In the high-frequency
region, however, multiple sharp peaks appear. Using the

1
2y . 2.0t
ple) IM2iGii(@"+107)], (13 TQLI (tridiagonal QL Implici) routine, we show, in Fig.

N
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4(b), the eigenvector structure of the nanocrystalline chairphenomena are found in experiments on StéFigures %a)

with N;/N,=10/20, wherew?=5.752 142 151. Owing to the and 5b) display the phonon LDOS at a boundary sgand
limitation of the capacity of our computer, here we considera crystal siteS, of a nanocrystalline chain. Similar conclu-

a system with 300 sites, and stationary boundary conditionssions to those reached above can be found. Furthermore, it
One can see, from Fig.(d) as well as from Figs. @ and can be seen from Figs.(& and §b) that, in the high-
3(b), that the sharp peaks correspond to the localized statdgequency region, there are fewer sharp peaks in the LDOS's
which are confined within a very small region. This kind of Of the crystal sites than in the LDOS's of the boundary site.
localized states is similar to the confined states found in twoJ hiS observation implies that the sharp peaks in the high-
dimensional quasicrystal€which are different from the ex- frequency region are due mainly to the boundary sites in the
tended states in crystals, the critical states in quasiperiodiganocrystalline chain. _

systems, or the localized states in amorphous materials. Ad- N summary, we have constructed a chain model of nano-
ditionally, the positions of the highest frequency sharp peakerystalline solids. By applying a real-space renormalization-
sare shifted to higher frequencies as the numbgrandN, ~ 9roup scheme, physical properties as well as the local
decrease. In terms of the optical spectroscopy theory, thereen’s function at any given site of the nanocrystalline

infrared AS coefficienta(w) of matter is directly propor- chains can be calculated. As typical examples, the phonon
tional to the DO DOS and LDOS at several sites have been calculated nu-

merically. In the low-frequency region, nanocrystalline
chains generally possess extended states. In the high-
a(0)*|[M(w)[?p' (w), (14 frequency region, however, the phonon DOS of the nano-
crystalline chains exhibit multiple sharp peaks corresponding
wherep’ (w)=2wp(»?) and the weight integrdM (w)|? of the  to localized states due to strong interface effects. As the sizes
dipole transition is a continuous function of the frequeacy of the individual nanocrystalline grains decrease, the posi-
These facts imply that the infrared AS of one-dimensionalions of the highest frequency sharp peaks shift to the higher
nanocrystalline solids are shifted to higher frequencies, i.efrequency side, while the number of peaks at the high-
are blue-shift phenomena, as the sizes of individual nano-frequency region decreases. This shows that there exist size
crystals decrease. This conclusion is identical to the experiffects in the nanostructured chains.
mental resultson nanostructured solids. Another interesting _ . _
feature in the phonon DOS of nanocrystalline chains is that We thank J. Q. You for useful discussion. This work was
the number of sharp peaks decreases as the sizes of ing@dpported by a key project of the National Climbing Program
vidual nanocrystals decrease. It is interesting that similaResearch of China on fundamental research.
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