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We have formulated the size and temperature dependence of the phonon relaxation dynamics for

CdS, CdSe, Bi2Se3, and Sb2Te3 nanostructures based on the framework of bond order–length–

strength correlation, core-shell configuration, and local bond averaging approach. The Raman

shifts are correlated directly to the identities (nature, order, length, and energy) of the

representative bond of the specimen without needing involvement of the Gr€uneisen mode

parameters or considering the processes of phonon decay or multi-phonon resonant scattering.

Quantitative information of the Debye temperature, the atomic cohesive energy, the reference

frequencies from which the Raman shifts proceed, and the effective coordination numbers of the

randomly sized particles, as well as the length and energy of the representative bond, has been

obtained. It is clarified that the size-induced phonon softening arises intrinsically from the cohesive

weakening of the undercoordinated atoms in the skin up to three atomic layers and the thermally

derived phonon softening results from the thermally lengthening and weakening of bonds.

Developed approach empowers the Raman technique in deriving quantitative and direct

information regarding bond stiffness relaxation with applied stimuli such as coordination,

mechanical, thermal, and chemical environment, which are crucial to practical applications.

VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4759207]

I. INTRODUCTION

Compound semiconductors such as CdS, CdSe, Bi2Se3,

and Sb2Te3 are of technological importance in various scien-

tific and technological branches. These semiconductors have

widely been used in field effect transistors,1–3 infrared-THz

detectors,4,5 magnetic sensors,6,7 and devices involving

electron-phonon coupling, photoabsorption, and photoemis-

sion in carrier transportation.8–10 Overwhelming contributions

have been made to explore the phonon dynamics in terms of

Raman shifts under various conditions such as changing parti-

cle size11–14 and varying operating temperature.15–18

Generally, a red-shift of Raman optical phonons occurs

when the solid size is reduced. The size-induced phonon red

shift has been suggested to be activated by surface disor-

der,19 surface stress,20–22 and phonon quantum confine-

ment.23,24 The phonon confinement model24 suggested that

strong phonon damping happens with decreasing solid size,

whereas correlation function calculations25 argued that the

phonon softening arises from the drop of local dielectric con-

stant, instead of phonon damping.

When the specimen is being heated, the Raman phonons

also undergo a red shift. Traditionally, phonon dispersions

and their concomitant anharmonic effects are described in

terms of mode Gr€uneisen parameters c ¼ �@x=@V or

cE ¼ �@Lnx=@LnV. The mode Gr€uneisen parameters have

also been employed to describe the strain effect on

the change of volume.26 Anharmonic coupling for multi-

phonon decay channels16 are also involved with derivative

of information regarding the correlation between the Raman

shift and temperature without intrinsic information being

derived.

Currently available models for the optical phonon

softening are based on assumptions that the materials are

homogeneous and isotropic, which is valid only in the long-

wavelength limit. When the size of the solid is in the nano-

meter range, the continuum dielectric models become in-

valid. Therefore, deeper insight into the physical origin of

the size- and temperature-induced red shift is highly desira-

ble. Furthermore, the sophisticated Raman measurements

challenge for more useful information than insofar one can

obtain.27,28

The objective of this work is to show that our original

set of the bond-order–length–strength (BOLS) correlation

mechanism,29 the core-shell configuration, and the local

bond averaging (LBA) approach30 has enabled us to repro-

duce the size and temperature trends of Raman shifts with

clarification of their physical origin of the vibration fre-

quency shift. Reproduction of the observations revealed

that the size-induced softening of CdS, CdSe, and Bi2Se3
nanostructures arises from the cohesive weakening of the

a)Authors to whom correspondence should be addressed. Electronic

addresses: zfzhou@xtu.edu.cn and ecqsun@ntu.edu.sg.
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undercoordinated atoms in the skin of a nanosolid and the

thermal-softening of CdS, Bi2Se3, and Sb2Te3 phonons as

arises intrinsically from the thermal lengthening and weak-

ening of the involved bonds. This set of approaches has also

enabled us to gain quantitative information of the atomic co-

hesive energy EB(0), the effective coordination numbers

(CNs) for the randomly sized particles, and the Debye tem-

perature as well as the reference frequency x(1) from which

the Raman shift proceeds.

II. THEORY

A. The Raman shift

Instead of the Raman phonon decaying or scattering, we

emphasize that the solution to the Hamiltonian of a vibration

system is a Fourier series with multiple terms of frequencies

being folds of that of the primary mode.31 Generally, one

can measure the Raman resonance frequency as

x ¼ x0 þ Dx , where x0 is the reference point from which

the Raman shift Dx proceeds under the applied stimuli. The

x0 may vary with the frequency of the incident radiation and

substrate conditions but not the nature and the trends induced

by the applied stimuli. By expanding the interatomic poten-

tial in a Taylor series around its equilibrium and considering

the effective atomic z, we can derive the vibration frequency

shift of the harmonic system28,32,33
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As the first-order approximation, the lattice vibration

frequency x can be detected as Raman shift Dxðz; dz;Ez; lÞ
from the reference point, xð1; db;Eb; lÞ, which depends

functionally on the order z, length dz, and energy Ez of the

representative bond for the entire specimen (with z being

involved32) and the reduced mass of the dimer atoms of the

representative bond with l ¼ m1m2=ðm1 þ m2Þ
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B. Size and temperature dependence

The BOLS theory29 indicates that bonds between under-

coordinated (z) atoms become shorter and stronger

CiðziÞ ¼ di=d0 ¼ 2=f1þ exp½ð12� ziÞ=8zi�g ðbond contractionÞ
C�m
i ¼ Ei=Eb ðbond strengtheningÞ

:

�

(2)

The index i is counted up to three from the outmost

atomic layer inward as no atomic CN imperfection is justi-

fied at i> 3. The subscripts m and b denote the nature of the

bond and in the bulk as a standard, for alloys and compounds

m is four.29 The bond contraction coefficient Ci varies only

with the effective CN (or z) of the atom of concern regard-

less of the nature of the bond or the solid dimension. Fig.

1(a) illustrates schematically the BOLS correlation using the

pairing atomic potential, u(r). When the CN of an atom is

reduced, the equilibrium atomic distance will contract from

one unit (in d0) to Ci, and the cohesive energy of the short-

ened bond will increase in magnitude from one unit (in Eb)

to Ci
�m. The solid and the broken u(r) curves correspond to

the potentials of the pairing atoms with and without CN

imperfection, respectively. The u(r) curve slides towards

shorter atomic distance along the Ci
�m line. Therefore, the

CN imperfections of the nanostructures lead to the decrease

of the average atomic cohesive energy, EB(0)¼ ziEi, as

observed from carbon allotropes.34

Taking the atomic coordination z and the temperature as

the input parameters, the bond length and energy will change
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FIG. 1. (a) Atomic CN imperfection modified pairing

potential energy. (b) Illustration of the temperature de-

pendence of the reduced specific heat (inset) and its

integration with respect to temperature (or the specific

internal energy U(T/hD)).
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T0 is the ambient reference temperature. For bulk

material, the reduced mass l and the z remain constant, and

hence the Raman shift is proportional to the E1/2/d in

dimension. The unknown x(1) is the reference point

from which the Raman shifts proceeds. The a(t) and g(t)

are the thermal expansion coefficient and the specific heat of

the representative bond, respectively. These expressions

indicate that heating will lengthen and weaken the bond

while atomic CN reduction will shorten and strengthen the

bond.

Combining Eqs. (1) and (3), we can formulate the size-

and thermal-effect35

xðK; TÞ � xð1; T0Þ

xðzb; T0Þ � xð1; T0Þ
ffi

ð1þ DRÞ ðsize� softeningÞ

ð1� D
TÞ1=2exp
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� �
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:
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<

:
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The size and thermally induced bond energy perturba-

tion (DR and DET¼DTEB) follow the relationship
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(5)

For a spherical dot, the z2¼ 6, and z3¼ 12.36 ci is the

portion of atoms in the ith atomic layer compared to the total

number of atoms of the entire solid of different dimensional-

ity (s¼ 1, 2, and 3 correspond to a thin plate, a rod, and a

spherical dot, respectively). K¼R/d is the number of atoms

lined along the radius R of the nanosolid. The g(T)¼CV/z is

the specific heat per bond and xb (zb, T0) is the Raman shift

of bulk at 0K. The DT is the integral of the specific heat

reduced by the bond energy in three-dimensional Debye

approximation (hD). When T is higher than hD, the three-

dimensional specific heat (CV) approaches a constant of 3R

(R is the ideal gas constant). The x(1), hD, and EB(0) are the

uniquely adjustable parameters in calculating the DT. From

matching to the measurements we can quantify the afore-

mentioned coefficients without involving hypothetic parame-

ters or scattering processes.

III. RESULTS AND DISCUSSIONS

A. Size dependence

Considering the contribution from the outermost three

atomic layers, a core-shell configuration is implemented.

Generally, both theory and experimental results show that

the size trend of a quantity Q(K) follows the linear depend-

ence on the inverse of size 1/K, with K being the dimension-

less form of size or the number of atoms lined along the

radius of a sphere30

xðKÞ � xð1Þ ¼
�A

K
ðMeasurementÞ

DR xð1Þ � xð1Þð Þ ðTheoryÞ
:

(

(6)

Hence, the frequency shift from the dimer bond vibra-

tion to the bulk value, xð1Þ � xð1Þ ¼ �A=ðDRKÞ, is a con-
stant as DR / K. As shown in Figs. 2(a) and 3(a), the BOLS

predicting red shift of nanosolid CdS, CdSe, and Bi2Se3 are

in good agreement with the experimentally measured results.

Meanwhile, we can obtain the reference frequencies of these

specimens, x(1)¼ 26.22, 94.70, 106.57, 169.22 cm�1. Tak-

ing zb¼ 12 for the bulk CdS, CdSe, and Bi2Se3, as a refer-

ence, the z-dependent frequency x(z) for the possible Raman

modes can be derived from Eq. (4)28

xxðziÞ � xxð1Þ

xxðzbÞ � xxð1Þ
¼

zdðzbÞ

dðziÞ

Ezi

Eb

� �1=2

¼ zibCz
�ðm=2þ1Þ ðx ¼ A1

1g; E
2
g; and LOÞ

xxðziÞ ¼ xxð1Þ þ ½xxðzbÞ � xxð1Þ�zibCz
�ðm=2þ1Þ

:

8

>

<

>

:

(7)

With the given peak values of the A1
1g, E

2
g, and longitudinal optical (LO) modes of 72.5, 131.5, 300, and 212 cm�1 for

the bulk CdS, CdSe, and Bi2Se3, the general expression for the z-dependent frequency can be derived
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xðziÞ¼zibCz
�ðm=2þ1Þ½xðzbÞ�xð1Þ�þxð1Þ

¼zibCz
�ðm=2þ1Þ�

46:33þ26:22 ðBi2Se3A
1
1gÞ

36:80þ94:70 ðBi2Se3E
2
gÞ

193:43þ106:57 ðCdSÞ

42:78þ169:22 ðCdSeÞ

ðcm�1Þ:

8

>

>

>

>

<

>

>

>

>

:

(8)

Therefore, we can reproduce the z-dependent A1
1g and

E2
g modes of Bi2Se3 and the LO modes of CdS and CdSe

with the derivative of the referential vibration frequencies

using Eq. (8). Figs. 2(b) and 3(b) show the theoretical repro-

duction of the z-dependent Raman frequencies of the A1
1g,

E2
g, and LO modes. In combination of Figs. 2(a) and 2(b),

we can correlate the atomic CN and the particle size to

obtain the relative change of bond length and bond energy,

FIG. 2. (a) Comparison of the BOLS

predictions with the theoretically calcu-

lated and the experimentally measured14

red shift of Bi2Se3 phonons. (b) Theoret-

ical reproduction of the CN-dependent

Raman frequencies of the A1
1g/E

2
g

modes. (c) Correlation functions of the

atomic CN and the size for the Bi2Se3
A1

1g and E
2
g modes.

FIG. 3. (a) Comparison of the predic-

tions with observations11–13 on the size-

dependent LO shifts of the nanosolid

CdS and CdSe. (b) Theoretical reproduc-

tion of the CN-dependent Raman fre-

quencies of LO mode. Panel (c) and the

inset show the CN-size relationship for

the LO mode.
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as shown in Fig. 2(c). Using the same wise, the atomic CN-

size relationship of CdS and CdSe can be obtained as shown

in Fig. 3(c) and the inset. Based on Eqs. (1) and (2) and the

BOLS derivative, hCNðKÞi ¼ 12½1þ
P

i�3 ciðzi=12� 1Þ�,
we could reproduce the CN-size trend, shown in solid lines

in Figs. 2(c) and 3(c).

B. Temperature dependence

Fig. 1(b) illustrates the temperature dependence of the

reduced specific heat Cv (in units of gas constant R) and its

integration with respect to the temperature T (or the termed

specific internal energy), U(T/hD). At high T, especially

when T> hD, the integration of the specific heat or the spe-

cific internal energy depends linearly on T as shown in Fig.

1(b). At low temperatures, on the other hand, the integration

shows a nonlinear relationship with respect to the tempera-

ture in a T4 form. The range of nonlinearity depends highly

on the Debye temperature hD, which can be seen from

U(T/hD) in Fig. 1(b).

Like other V2VI3 compounds, Bi2Se3 and Sb2Te3 have 5

atoms in a rhombohedra unit cell, and four modes are Raman

active, 2Egþ 2A1g, with the frequencies in the 30–200 cm�1

range.17,18 For the clarity and convenience, here we focus on

the A1g for Bi2Se3 and Sb2Te3 and the LO mode for CdS.

The fit of the frequency shift in the Raman spectrum was

firstly conducted at T> hD. Since the thermal expansion coef-

ficient a is normally in a range of 10�6 K�1 � 1. It is reasona-

ble to ignore the thermal expansion for the first order

approximation for T> hD. Hence, Eq. (4) can be simplified as

xðzb; TÞ ffi xðzb; T0Þ � ½xðzb; T0Þ � xð1; T0Þ� �
g

2Ebð0Þ
T;

ffi xðzb; T0Þ � ½xðzb; T0Þ � xð1; T0Þ� � BexpT:

(9)

When the reference frequency is unknown, experimental

slope B¼ [x(zb, T0) � x(1, T0)]Bexp and the Ebð0Þffi½xðzb;T0Þ
�xð1;T0Þ��1=2�g=B. By matching theory with the param-

eters of EB(x), a(t),
37,38 and hD

39–41 to the measured T-de-

pendent Raman shift of CdS, Bi2Se3, and Sb2Te3, as shown

in Fig. 2, the reference frequencies were calculated as 106.57

cm�1, 40.57cm�1, and 30.25cm�1, respectively. Then, from

the relation of Bexpffi1=2�g=Ebð0Þ with g1¼3R/z (T>hD),

the cohesive energy EB of Bi2Se3, Sb2Te3, CdS bulk, and

CdS nanostructures can be estimated as 1.24, 1.09, 2.13, and

1.72eV/atom, respectively, as listed in Table I. The atomic

CN imperfection of the nanostructures leads to the decrease

of the average atomic cohesive energy, according to BOLS

theory; therefore the CdS bulk EB is higher than nanostruc-

tures. Fig. 4(a) shows the thermal softening of CdS phonons.

Matching to the measured T-dependent Raman shift of

CdS, Bi2Se3, and Sb2Te3, as shown in Figs. 4(a) and 4(b),

turns out the Debye temperature, reference frequencies, and

the atomic cohesive energy. At T	 hD/3, the Raman shift

turns gradually from the nonlinear to the linear form when

the temperature is increased. The slow decrease of the

Raman shift at very low temperatures arises from the small
Ð T

0
gdt values as the specific heat g(t) is proportional to T3 for

the three-dimensional system at very low temperatures.

These results imply that the Debye temperature determines

TABLE I. Quantity information of atomic cohesive energy (EB), Debye temperature (hD), and reference frequencies (x(1)) derived from the reproduction of

the T-dependent Raman shift of Bi2Se3, Sb2Te3, and CdS bulk and nanostructures.

hD (K)

Raman mode EB (eV) x(1) (cm�1) Bexp (cm
�1/K) Output Reference

CdS (bulk) LO 2.13 106.57 0.012a 450 460b

CdS (nano) LO 1.72 106.57 0.015a 300 300b

Sb2Te3 A2
1g 1.09 30.65 0.018c 165 162d

Bi2Se3 A2
1g 1.24 40.57 0.015c 185 182e

aReference 16.
bReference 41.
cReference 15.
dReference 40.
eReference 39.

FIG. 4. BOLS reproduction of the meas-

ured T-dependent Raman shifts of (a)

CdS bulk and nanostructures [Ref. 16],

(b) Bi2Se3 and Sb2Te3 [Ref. 15] with

derived information as given in Table I.
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the width of the shoulder. In Fig. 4(a), the Debye tempera-

ture of CdS bulk is higher than CdS nanostructures, and

hence the linearity of the optical frequency shift in the

Raman spectrum for CdS bulk extends to higher tempera-

ture; the slope of Dx-T for CdS nanostructures is greater

than that of CdS bulk because the average atomic cohesive

energy of CdS nanostructure is smaller, which is the thermal

softening of CdS Raman shift respond to different atomic co-

hesive energy. The inverse cohesive energy, 1/EB(0), deter-

mines the slope at high temperatures in the T-dependent

Raman shift curve.

IV. CONCLUSION

From the perspectives of BOLS correlation, core-shell

configuration, and LBA approach, we have been able to clar-

ify, formulate, and correlate the size and thermal softening

of the Raman phonons of CdS, CdSe, Bi2Se3, and Sb2Te3
without involvement of the mode Gr€uneisen parameters or

the multi-phonon resonant scattering or decay. Quantitative

information of atomic cohesive energy, the reference fre-

quencies, and Debye temperature in each case has been

obtained, which is beyond the scope of conventional

approaches. Agreement between the calculation and experi-

mental data may demonstrate that not only the current

expression could represent the true situation of the thermally

driven optical phonon frequency red-shift in the Raman

spectrum but also the enhanced power of the Raman spec-

troscopy in quantifying the information.
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