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Abstract

The Raman spectra of neodymium-doped yttrium orthovanadate Nd:YVO4 (NYV) and neodymium-doped gadolinium

orthovanadate Nd:GdVO4 (NGV) have been measured at room temperature with different geometrical configurations. On the

basis of the group theory and lattice dynamics theory, all the Raman peaks are assigned, and a correlation between the thermal

conductivity and the Raman scattering strength is presented. The thermal conductivity of Nd:GdVO4 and Nd:YVO4 crystals along

[1 1 0] and [1 0 1] directions are calculated and a good agreement with experimental results is obtained. The higher thermal

conductivity of NGV crystal is mainly attributed to the fact that the effective radius of Gd3� ion in NGV crystal is close to that of

Nd3� ion, which in return, enhances the crystal field strength of the laser crystal.
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1. Introduction

Because of its high absorption coefficient, large

emission cross-section and long fluorescence lifetime,

Nd:YVO4 (NYV) crystal has been applied in the high

efficiency laser-diode pumped solid-state lasers [1]. In

recent years, a new laser crystal, Nd:GdVO4 (NGV), has

been receiving considerable attention [2,3]. Compared

with NYV, NGV crystal has almost entirely similar laser

properties, but much higher absorption coefficient and

larger emission cross-section [4]. Besides, most impor-

tantly, NGV crystal is characterized by its unexpectedly

high thermal conductivity along [1 1 0] direction, which

is comparable to that of YAG crystal [4,5].

The thermal conductivity of laser crystal is of

importance from both fundamental and applied per-

spectives, and the dissipation of heat in high power laser

devices is an important design consideration. However,

despite large numbers of work, both experimental and

theoretical, on optical and structural properties rela-

tively little work has been reported on the thermal

conductivity theory of laser crystal. Furthermore, it has

not been understood very well why the thermal con-
ductivity of NGV crystal is larger than that of NYV

crystal. In this paper, a correlation between the thermal

conductivity and the Raman scattering strength is

presented according to lattice dynamics theory. The

Raman spectra of neodymium-doped yttrium orthova-

nadate Nd:YVO4 (NYV) and neodymium-doped gado-

linium orthovanadate Nd:GdVO4 (NGV) have been

measured at room-temperature with different scattering
configurations. On the basis of the group theory, all the

Raman peaks are assigned. The thermal conductivity of

Nd:GdVO4 and Nd:YVO4 crystals along [1 1 0] and

[1 0 1] directions are calculated and a good agreement

with experimental results is obtained.

2. Theoretical model

From lattice dynamics theory the thermal conductiv-

ity k is given by [6]
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k�
1

3
Cvu2t; (1)

where Cv is the lattice specific heat, u is the average

velocity of sound, and t is the phonon lifetime.

Hofmeister [7] showed that optic modes could be more

important to thermal conductivity k than the acoustic

modes. For molecular crystal (having s atoms in a

molecule), the contribution of optic modes on the

specific heat of crystal can be expressed as [8]

Cv�A
X3s

j�4

x2
j

exj

(exj � 1)2
; (2)

where A is a constant, xj �/hvj /kT , vj is the vibration

frequency of normal optical mode j , h is the Plank

constant and k is the Boltzman constant. At low

temperature t is relatively long and is dominated by

extrinsic effects such as crystal defect and finite crystal

size and Cv:/(T /U )3 where U is the Debye tempera-

ture. As the temperature increases intrinsic temperature

decided by Umklapp process become dominant, thus
causing a decrease in t . The Debye temperature of NYV

crystal [9] is about 442 K. At room temperature, the

dependence of t on the concentration of doped atom is

difficult to account for in detail since we are in a regime

where both extrinsic and intrinsic scattering processes

are important. As an approximation, we only consider

the effect of extended defect on t . The scattering of the

phonons from an extended defect can be described on
the basis of spherical objects scattering model, the

lifetime being given by [10]

t�1� 4p5F 6nuṽ4 for l�2pF

pF 2nu=4 for lB2pF
;

�
(3)

where l is wavelength of phonon, n and F are the

concentration and diameter of extended defects as

spherical objects. For larger extended defect in crystal,

lB/2pF . Thus, the dependence of k on n can be

expressed as

k�
4Au

3nF 2p

X3s

j�4

x2
j

exj

(exj � 1)2
: (4)

The Raman scattering intensity (integrated intensity)

of lattice mode v can be expressed as [11]

I(v)�K
(v0 � v)4

v(1 � e�hv=kT )
; (5)

where K is the constant and v0 is incident light

frequency. Usually, v /v0B/0.1, we omit the items such

as (v /v0)2, (v /v0)3 or higher expansion terms in Eq. (5)

and obtain

I(xj)�K0

exj (1�4xj=x0)

xj(e
xj � 1)

(6)

From Eqs. (4) and (6), the correlation between the

thermal conductivity and Raman scattering intensity is

given as follows

k�
B0u

nT2F 2

X3s

j�4

ṽ4
j

(1�4ṽ0=ṽj)
2ehcṽj=kT

I2(ṽj); (7)

where B0 is a constant, c is the velocity of incident light,

ṽ0 is the wavenumber of incident laser v0, and ṽj is the

wavenumber of lattice vibration mode vj .

3. Crystal preparation and analysis of normal modes

The single crystals of NYV and NGV, obtained from

State Key Lab of Crystal Materials of Shandong
University, were cut carefully along a -, b -, and c-axes

with a precision of 1?, then were optically polished, with

the size of about 9�/9�/12 mm3 and 8�/8�/10 mm3,

respectively. Raman spectra were measured on a SPEX-

1403 Raman spectrometer, using a 300-mW argon ion

laser at 514.5 nm with a power density of 1.8 W cm�2 at

the sample. Raman spectra were collected three times

with a resolution of 0.15 cm�1 and a precision of 1
cm�1 in the frequency range from 50 to 1000 cm�1.

Uniaxial crystals NYV and NGV crystallized with a

zircon-type structure in the tetragonal system, conform-

ing to the space group I41/amd at room-temperature. As

the unit cell contains two VO4
3� anions and two Y3� (or

Gd3� or Nd3�) cations, the factor group analysis shows

that there are in total 36 normal modes classified as

follows [12]:

G�2A1g�1A1u�1A2g�4A2u�4B1g�1B1u�1B2g

�2B2u�5Eg�5Eu:

The classification into acoustic, optical translational,

optical rotatory and internal modes is summarized in

Table 1. According to Table 1, the Raman- and Infrared

active optic phonon modes are obtained as follows:

Table 1

Classification of the modes in zircon crystal

D4h N TA T R I Raman-active IR-active

A1g 2 0 0 0 2 axx�/ayy , azz

A2g 1 0 0 1 0

B1g 4 0 2 0 2 axx�/ayy

B2g 1 0 0 0 1 axy

Eg 5 0 2 1 2 axz , ayz

A1u 1 0 0 0 1

A2u 4 1 1 0 2 ez

B1u 1 0 0 1 0

B2u 2 0 0 0 2

Eu 5 1 1 1 2 ex , ey

N , TA, T , R , and I are number of total, acoustic, translational,

librational and internal modes, respectively.
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It is clear that theoretically observable Raman peaks

and infrared reflection bands are not more than 17 and

11 in number, respectively. The Raman scattering

tensors are [13]

A1g�
a 0 0

0 a 0

0 0 b

2
4

3
5;B1g�

c 0 0

0 �c 0

0 0 0

2
4

3
5;B2g

�
0 d 0

d 0 0

0 0 0

2
4

3
5;

and

Eg�
0 0 e

0 0 0

e 0 0

2
4

3
5�

0 0 0

0 0 e

0 e 0

2
4

3
5:

Because of equivalence of the axes X and Y for the

measurement of Raman spectra of the non-polar modes

of uniaxial crystals with the point group 4/mmm, the

interesting geometrical configurations are X(ZZ)Y,

X(YY)Z, X(YX)Y and Z(YZ)X, corresponding to the
symmetry species A1g, (A1g�/B1g), B2g, and Eg, respec-

tively.

4. Experimental results and discussion

Non-polar lattice vibration modes, belonging to the

symmetry species A1g, were observed in NYV and NGV

crystal at room-temperature with X(ZZ)Y scattering

geometry, and the spectra in a frequency range from 50

to 1000 cm�1 are shown in Fig. 1. For NYV crystal, two

Raman-active optical phonon modes at 380 cm�1 (v2)
and 895 cm�1 (v1) were recorded. Compared with

Raman spectra [14] of the aqueous solution of VO4
3�

ion, the v1 and v2 can be assigned as a V�/O stretching

vibration mode and an in-plane O�/V�/O bending

vibration mode, respectively. For NGV crystal, two

Raman-active optical phonon modes at 380 (v2) and 887

cm�1 (v1) were recorded in Fig. 1(b).

Fig. 2 shows Raman spectra of NYV and NGV
crystals for the X(YY)Z scattering configuration, which

corresponds to the symmetry species (A1g�/B1g). Com-

pared scattering lines of X(YY)Z with that of X(ZZ)Y,

the B1g symmetry species Raman lines recorded for

NYV crystal are 161, 263, 492, and 821 cm�1; for NGV

crystal are 156, 246, 263, 484, and 813 cm�1.

In Fig. 3, we assign the band at 264 cm�1 as B2g mode

for NYV and NGV crystals. The spectra bands of 824
cm�1 (for NYV) and 814 cm�1 (for NGV) are spillover

resulting from slight misalignment of the crystals or

scattering from crystal defects. Fig. 4 shows Raman

spectra of NYV and NGV crystals corresponding to Eg

species modes. For NYV crystal, five Raman-active

modes were already recorded as 166, 262, 494, 819 and

922 cm�1; for NGV crystal, they are 156, 246, 485, 811

and 913 cm�1.

In the NYV and NGV crystal, the 4b site is four

coordinated. In a crystallographic cell there are four V�/

O tetrahedral configurations, each having four oxygen-

ion neighbors at the V�/O distance of 0.1706 nm. The 4a

site is four coordinated and in a crystallographic cell

there are four YO8 (or GdO8 or NdO8) dodecahedral

Fig. 1. Raman spectra of NYV and NGV at room temperature for the

symmetry species A1g with the scattering configurations X(ZZ)Y.

Fig. 2. Raman spectra of NYV and NGV at room temperature for the

symmetry species (A1g�/B1g) with the scattering configurations

X(YY)Z.

GVib�2A1g(R)�4B1g(R)�1B2g(R)�5Eg(R)

�3A2u(IR)�4Eu(IR): (8)
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configurations, each having four nearest oxygen-ion

neighbors and four next-nearest oxygen-ion neighbors.

In general, the difference of ion radius between doped-

ion and host-ion may cause deformation or distortion of

molecule cluster in crystal, which in return, changes the

crystal field and the Raman scattering intensity. Keep-

ing in mind that the effective radius of Gd3� ion is 0.111

nm that is close to that of Nd3� ion (0.115 nm), but the

effective radius of Y3� ion (0.106 nm) is much smaller

than that of Nd3� ion. Therefore, the crystal field

strength in NGV is larger than that in NYV crystal, and

this may be the reason that Raman-active mode strength

recorded for Nd:GdVO4 is stronger than that for

Nd:YVO4 crystal (Figs. 1, 2 and 4).
All the Raman peaks observed in our experiment are

assigned in Table 2, while the variety of Raman

scattering intensity and the red-shift of wavenumber

are also compared. It is easy to see that the red-shift of

stretching modes of GdO8 and VO4 clusters is more

significant than that of bending modes (Table 2). The

fact that the mass of Gd atom is larger almost two times

than that of Y atom, can explain red-shift of Raman
lines in NGV crystal. From Table 2, we can find that the

scattering intensities of Raman-active modes in NGV

crystal are related to the scattering geometry projects.

For example, the scattering intensity of 880 cm�1 mode

of NGV crystal is about 22 000 Counts s�1 for X(ZZ)Y

project; however, it decreases to about 12 000

Counts s�1 for X(YY)Z project. These results indicate

that the anisotropy of GdO8 and VO4 clusters in NGV
crystal is enhanced, thus the thermal conductivity has an

obvious change along different directions.

The thermal conductivity ratio of kNGV/kNYV is

calculated using Eq. (7) and the calculated results are

listed in Table 3. For X(ZZ)Y and X(YX)Y scattering

projects, the phonon propagates along [1 1 0] direction,

thus the kNGV/kNYV along [1 1 0] direction is calculated

to be 1.935 and 2.025, respectively. For X(YY)Z and
Z(YZ)X scattering projects, the kNGV/kNYV along [1 0 1]

direction is calculated to be 1.225 and 1.143, respec-

tively. The calculated results agree well with experiment

results [4,15].

In this paper, we only consider the effect of extended

defect on the phonon lifetime t . In fact, IR reflectance

and Raman spectra implicitly contain information on

the lifetimes of the vibration modes (i.e. t�/1/
2pFWFM, where FWFM is the full width of the peak

at half maximum), if phonon�/phonon interactions are

accounted for [16,17]. Recently, Hofmeister [18] has

successfully calculated thermal conductivity of spinels

and olivines using Raman spectra method. Her model

can be extended directly into zircon-type laser crystals.

This work is carrying out in our laboratory and the

results will be reported in future paper.

5. Conclusion

We have measured the Raman spectra of Nd:YVO4

and Nd:GdVO4 crystals at room-temperature, and

assigned all the Raman peaks using space group theory

and lattice dynamics theory. The broadening and

splitting of Raman lines are related to the crystal field
strength in NGV crystal, which is much stronger than

that in NYV crystal. For the optical lattice vibration

modes, a correlation between the thermal conductivity

Fig. 3. Raman spectra of NYV and NGV at room temperature for the

symmetry species B2g with the scattering configurations X(YX)Y.

Fig. 4. Raman spectra of NYV and NGV at room temperature for the

symmetry species Eg with the scattering configurations Z(YZ)X.
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and the Raman scattering strength is presented, and the

thermal conductivity ratio of Nd:GdVO4 and Nd:YVO4

crystals along [1 1 0] and [1 0 1] directions are calculated

respectively for the first time. The higher thermal
conductivity of NGV crystal is mainly attributed to

the increase of atom mass and radius compared with

NYV crystal, which in return, changes anisotropy of

molecular clusters and the crystal field strength in laser

crystal. In the future study, we consider that choosing

Gd-like ion (with large effective radius and heavy atom

mass) as host ion may obtain inspiring discovery.
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Table 2

The assignment of the normal vibration modes of NYV and NGV crystals

Raman shift (cm�1) INGV/INYV Red-shift Symmetry Approximately

NYV NGV /(ṽNYV�ṽNGV) species description

161 156 0.225 5 B1g O�/Gd(Y)�/O bend

166 156 0.312 10 Eg Gd(Y)O8 bend

262 246 0.741 16 Eg Gd(Y)O8 stretch

263 263 0.832 17 B1g Gd(Y)O8 stretch

264 264 1.22 0 B2g NdO8 stretch

380 380 1.33 0 A1g v2, O�/V�/O bend

492 484 1.33 6 B1g

494 485 Eg

819 811 0.832 8 Eg VO4 symmetry stretch

821 813 1.45 8 B1g VO4 symmetry stretch

824 814 0.854 10 spillover

895 887 1.31 8 A1g v1, VO4 asymmetry stretch

922 913 1.12 9 Eg v1, VO4 asymmetry stretch

Rotatory and internal modes.

Table 3

The calculated thermal conductivity ratio (kNGV/kNYV)

Phonon propagation direction [1 1 0] [1 0 1]

Scattering projects X(ZZ)Y X(YX)Y X(YY)Z Z(YZ)X

kNGV/kNYV Calculation 1.935 2.025 1.225 1.143

Experiment [15] 1.99/0.2 1.19/0.1
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