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The room temperature phonon modes of the isostructural (Nd,Yb):Y,Gd; _(VO,) laser crystals were
determined using the Raman scattering technique, and the observed wavenumbers follow the overall
mode distribution expected for REVO,4 (RE=rare earth) compounds with the tetragonal zircon structure,
D?. They were assigned according to the group theory in terms of the internal modes of the VO,
tetrahedron and the external modes of the Y,Gd; _,(VO,) lattice. No appreciable changes in the phonon
wavenumbers were observed for Yb:GdVO,4 (Yb=0.008, 0.015, 0.020, 0.025, and 0.035), indicating that
the force fields in the GdVO4 lattice are not strongly altered by Yb doping at the Gd site. However, most
of the phonon wavenumbers in the systems (Nd,Yb):Y,Gd; _,(VO,4) shifts upwards (one-phonon-like
behavior) when Y replaces for Gd.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The REVO, series of compositions (RE=Pr to Lu including
Sc and Y) exhibits the tetragonal (zircon-type) D} structure
with four molecules per unit cell (Z=4). Among several other
applications, these compounds have been used as laser hosts due
to their good optical quality and high chemical durability. For
instance, a large number of papers demonstrating laser action in
the systems Nd:YVO, and Nd:GdVO, have already been pub-
lished [1-9]. Since Nd:YVO,4 and Nd:GdVO, crystals are isostruc-
tural and have similar melting point, it is possible to obtain an
infinite soluble Nd:Y,Gd; _,VO4 solution and grow crystals with
good optical quality.

The mixed crystals have attracted an increasing interest due to
their potential application for high pump power pulsed lasers.
Moreover, laser action in either continuous-wave (cw) or pulsed
mode has been demonstrated. In 2010, Liu et al. [10] reported on
the actively Q-switched laser performance of the Nd:Y,Gd; _,VO4
crystals. Liu et al. [11] also reported on the cw laser performance
of the Ybo.g09:Y0.575Gdo 416V 04 crystal. Ng et al. [12] demonstrated
a passively Q-switched Nd:Gdge4Y0.36VO4 laser with a Cr**:YAG
saturable absorber. He et al. [13] demonstrated a passively mode-
locked Nd:GdosYosVO4 laser with a semiconductor saturable
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absorber mirror. Liu et al. [14] discussed the improvement of
passive Q-switching performance of Nd:Gdpe4Y036VO4 as com-
pared to that of Nd:YVO, and Nd:GdVO,. Zhang et al. [6] demon-
strated laser performance at 1.34 um for Nd:Gdoglap;VOa.
Yu et al. [15] demonstrated cw laser performance at 1.06 pm for
Nd:Lu,Gd, _,VO,4 pumped by a diode laser.

Because of the tightly bound VO, tetrahedra in REVO,4 a
simplified structure can be considered as being composed of
two sublattices of RE and VO, ‘“molecules”, with both RE
and VO4 occupying the crystallographic sites D,4. For a REVO,4
crystal with zircon-type structure, the first-order Raman phonon
spectrum consists of narrow lines that correspond to Raman-
allowed zone-center modes, which obey definite polarization
selection rules.

Room-temperature Raman phonons of some of the REVO,4
compounds have been reported previously. Polarized results can
be found for PrvVO,4 [16], NdVO4 [16], GAVO,4 [17], TbVO, [17],
DyVO, [17], and ErVO,4 [18], while unpolarized results can be
found for TmVO, [19], LaVO,4 [20], CeVO4 [21], SmVO, [22],
EuVO,4 [19], HoVO4 [23], YbVO,4 [19], and LuVO, [23]. Recently,
Santos et al. [24] provided a more accurate description of the
room-temperature phonons for SmVO, HoVO, YbVO, and
LuVO, single crystals. Of the 12 zone-center Raman phonons
expected, they observed 10 phonons for SmVO, and HoVO,4 and
9 for YbVO, and LuVO,4. The phonon symmetry assignment was
given based on correlations with previous results for other REVO,
compounds. Also, they analyzed the correlation among the
observed Raman wavenumbers and the rare earth atomic number
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(Z) in order to determine the extent of the variation as RE
increases in Z along the lanthanide series.

For a mixed RE,RE; ,(VOg4) crystal the following features may
be observed from the phonon spectrum: (i) a broadening of the
first-order Raman lines; (ii) activation of forbidden Raman pho-
nons; (iii) appearance of broad Raman bands reflecting the
phonon density of states; (iv) wavenumber shifting of some peaks
proportional to the concentration of the dopant element (i.e., one-
phonon-like behavior), and (v) splitting of some peaks involving
different elements that share the same lattice site (i.e., two-
phonon-like behavior).

In the present work, we use Raman spectroscopy to investigate
the extent of the modification of the GdVO, phonons due to the
doping of the Gd site by Y, Yb, and Nd. We observed that the
wavenumber of most of the vibrations increases when Y replaces
for Gd in the (Nd,Yb):Y,Gd;_,(VO,) crystals, while it remains
approximately constant when Yb replaces for Gd in the
Yb:Gd(VO,4) crystal. Besides providing information about the
disorder on the zircon structure as x increases, Raman spectro-
scopy yields information about the maximum phonon energy,

used in the analysis of loss mechanism of a given electronic
transition (lifetime).

2. Experimental

Single crystals of (Nd,Yb):Y,Gd; _x(VO4) were prepared follow-
ing the procedure described elsewhere [25-27]. The concentra-
tions of Nd®>*, Gd®>*, Y®*, and Yb>* ions were measured by the
X-ray fluorescence (XRF) analysis method. The crystal struc-
tures were measured using an X-ray powder diffractometer
(XRPD) (Bruker, model: Smart PPEX II) with CuKol line
(A=1.5406 x 1071 m). We observed that all as-grown (Nd,Yb):
Y,Gd; _(VO,) crystals possess the tetragonal (zircon-type) struc-
ture belonging to the DJ? space group. Backscattered polarized
Raman spectra were recorded on a Jobin-Yvon Model T64000
triple spectrometer with a spectral resolution of 2cm~!. The
instrument was equipped with a liquid-N,-cooled charge-coupled
device system. For spectral excitation, green 514.5 nm radiation
from a Coherent Model Innova 70 Ar*-ion laser operating at
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Fig. 1. Room temperature polarized Raman spectrum of Nd:Y,Gd; _,VO,4 (x=0.0, 0.17, 0.53, and 0.81), recorded in different polarizations: (a) (zz), (b) (xx), (c) (zx), and

(d) (xy).
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30 mW was employed. Scattering geometries for the spectra
listed in the text, tables and figures follow the usual Porto’s
notation [28].

The typical crystal selected for the Raman study consisted of a
parallelepiped, whose average dimensions were 6 x 6 x 2 mm?>.
They form three families of rare-earth vanadates, namely:
(i) yNd:YyGd;_x(VO,4), where y=0.005 and x=0.0, 0.17, 0.37,
0.53, 0.63, 0.7, 0.81, and 1.0; (ii) yYb:Gd(VO,), where y=0.008,
0.015, 0.020, 0.025, and 0.035; and (iii) yYb:Y,Gd; _»(VOy,4), where
(y.x)=(0.0135, 0.87), (0.0118, 0.74), (0.0092, 0.58), (0.0071, 0.41)
and (0.0048, 0.3).

3. Results and discussion

Kolitsch and Holstam [29], showed that the REVO, (RE=Nd,
Yb, Y, and Gd) are isostructural, exhibiting a tetragonal (zircon-
type) structure belonging to D} space group with four molecules
per unit cell (Z=4), where RE and VO4 occupy D4 crystallographic
sites. In Ref. [30], Isasi et al. showed that in the mixed
Y,Gd; _x(VOy,), the rare-earths Y and Gd share the same D4
crystallographic site.

By considering that the zircon structure is composed of two
sublattices of RE3* (or RE'/RE") ions and VO3~ “molecules”, and
using the group theory analysis the Raman-active modes can
be decomposed in terms of the irreducible representations of
the Dy, point group as I'=Aqg(v1,V2)+B1g(2T,v3,v4)+ Bag(v2)+
Eg(2T,R,v3,v4), where v; (i=1,...,4) correspond to the internal
modes of the VO4 tetrahedron, and T/R corresponds, respectively,
to the translational (T) or rotational (R) motion involving both the
RE and VO, ions.

Fig. 1(a)-(d) show the room temperature Raman spectra of
Nd:Y,Gd; _(VO,4) for (zz), (xx), (zx) and (xy) polarizations, respec-
tively. These polarizations yield the Raman modes of Aqg, A1g+Big, Eg,
and B,; symmetry, respectively. For x=0.0, Fig. 1(a) shows the two
Aqz modes predicted by the group theory analysis. They correspond to

Table 1
Wavenumbers (in cm~') and symmetry assignment of y(Nd,Yb):Y,Gd; _(VO,).
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the symmetric bending (v,) at 379 cm~! and the symmetric stretch-
ing (v{) at 885cm™ .

It should be noted that the A;4(v,) vibration mode exhibits an
inhomogeneous splitting (4~11 cm~"') similar to those observed
in Ref. [31] for Nd:GdVO,. This splitting has been observed even
for pure GdVO,4 [32]. Let A and B be the low- and high-frequency
components of the Ay(v2) doublet with integrated intensities
I and I, respectively. As x increases A and Ig/l4 decrease.

In Ref. [32] the splitting of the Aqg(v2) mode over a wide
temperature range 14-800K was investigated. The splitting
observed was associated with the thermally activated process of
disorientation of the VO4 groups in the zircon structure.

Similar splitting was observed for TbVO, when P replaces for
V [33]. For pure TbVO,4 the structure has an exact translational
symmetry and no splitting of the A;4(v,) is observed, indicating
that the VO, tetrahedra are well oriented. However, for mixed
Tb(V; _xPy)O4 crystals the local structure could a priori differ from
the average tetragonal structure due to the random distribution of
VO4 and PO4 groups in the D,4 sites. So, while the Tb sublattice
retains a good approximation, its translational symmetry, the
(V, P)O4 sublattice does not. In either case, the disorder in the
distribution of VO, tetrahedra leads to the appearance of the
Aq4(v2) doublet observed for some rare-earth orthovanadates.

Fig. 1(b) shows, in addition to the A;; modes, the four Big
modes expected. We assign the asymmetric stretching (v3) mode
at 810 cm~! and the asymmetric bending (v4) at 485 cm~!. The
modes at 125 and 263 cm~! are related to T-like vibrations. Of
the five expected E; modes, we observe (Fig. 1(c)) four modes at
156, 247, 443, and 826 cm ™~ . The modes at 443 and 826 cm~! are
assigned as v4 and vs vibrations, respectively. The remaining two
modes at 156 and 247 cm~! are likely to involve R- and/or T-like
motions of the atoms. In Fig. 1(d) we observe an intense vibration
at 263 cm™!' corresponding to the v, mode with B,, symmetry.
We recall that, according to Ref. [34], the modes R(E,), T(B1), and
v2(Bag) have similar wavenumbers. The calculated ratio between
the wavenumbers corresponding to the v,(B»g) and T(B;,) modes

Crystal Content Internal modes External modes
A1g Eg Big Big Eg Alg Byg Big Eg Eg Big
(v1) (vs) (vs) (va) (va) (v2) (v2)
Nd:Y,Gd; _xVO4 x=0.00 885 826 810 485 379 263 263 247 156 125
x=0.17 888 830 813 487 382 265 263 251 160 131
x=0.37 890 833 815 489 383 265 264 254 162 138
x=0.53 892 836 816 490 383 265 265 256 164 145
x=0.63 892 837 817 491 383 265 265 258 165 148
x=0.70 893 838 817 492 382 265 265 259 165 150
x=0.81 894 840 818 492 383 265 266 262 166 154
x=1.00" 895 819 821 492 380 264 263 262 166 161
yYb:GdVO4 y=0.008 885 826 810 485 443 379 263 263 247 156 125
y=0.015 886 826 811 485 443 379 263 263 247 157 125
y=0.020 886 826 811 485 444 380 263 263 247 157 124
y=0.025 886 827 811 485 444 380 263 263 247 157 124
y=0.035 886 827 811 485 444 380 263 263 248 157 124
yYb:Y,Gd; _,VO,4 y=0.0048 889 832 814 488 382 264 264 253 160 135
x=0.30
y=0.0071 890 834 814 489 382 264 264 254 161 140
x=0.41
y=0.0092 891 836 816 490 383 264 264 257 163 146
x=0.58
y=0.0118 892 838 816 491 382 264 264 259 165 151
x=0.74
y=0.0135 892 839 817 491 382 263 263 261 166 155
x=0.87

@ Ref. [31].
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is 1.03, while from our measurements we have 1.0. The asterisks
indicate leakage from other polarizations, since the REVO, com-
pounds are known to exhibit a relatively large birefringence
(>0.2).

The wavenumbers observed for x=0.0 agree with those
reported in Refs. [17,32] for GAVO,4. The Raman results indicate
that the phonon spectra of Nd:GdVO,4 exhibits a relatively small
alteration, suggesting that the GdVOy, lattice is largely insensitive
to Nd doping, at least for a Nd concentration of 0.005. In going
from NdVO4 to GdVO, the wavenumbers of the internal VO4
modes increases by 1.7% on average [24], while the observed shift
for Ndg p5:GdVOy, is 0.15%. The wavenumbers observed are listed
in Table 1, where we also list the wavenumbers of Nd:YVO,4 [31],
which are similar to those of YVO4 [32,35].

When x goes from 0 to 1, most of these modes shift towards
higher wavenumbers. The wavenumber of the internal v;(Ag),
v3(Eg), v3(Big), and vy(Aig) modes, and external E; (156 and
247 cm™') and By, (125cm™') modes increase, while that of
the external By, (263 cm™') mode remains practically constant.

The hardening of the internal mode wavenumbers was first
explained as resulting from the RE contraction, which would lead
to a closer packing of the (PO4)*~ units as one proceeds from
monazite-type LaPO4 to zircon-type LuPO4 and a shortening of
the P-O distances to yield higher wavenumbers [36]. However,
crystallographic studies of the REPO,4 series performed by Beall
et al. [37], Mullica et al. [38-40], and Ni et al. [41] have shown
that the length of the RE-O bonds decreases rather than the P-O
separation when Z increases. Usually, the PO, tetrahedra are
bonded very tightly, and so it is unlikely that they can be
deformed when the crystal is heated or under pressure [42].

Such variations also occur for the REVO, compounds, where
the V-0 distance decreases by 0.2%, while the distance RE-O is
reduced by 6% on average in proceeding from La to Lu [24]. This
implies that the crystal lattice is contracting in a manner that
keeps almost constant the size of the VO, tetrahedron.

In Ref. [25] it is shown that the crystal lattice of the system
Ndg.005:YxGd{ _x(VO4) contracts when x goes from 0 to 1. In
accordance with Refs. [43,44], the RE-O distance is reduced by
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Fig. 2. Room temperature polarized Raman spectra of yYb:GdVO, (y=0.008, 0.015, 0.020, 0.025, and 0.035), recorded in different polarizations: (a) (zz), (b) (xx), (c) (zx),

and (d) (xy).
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1.7% on average when Y replaces for Gd, while the V-0 distances
increase by 0.4%. This indicates that the increase in the wave-
number of the internal modes is related to the decrease of the
RE-O distance due to the lattice contraction, which leads to an
increase in the energy of the VO, tetrahedron yielding higher
stretching and bending wavenumbers [24].

Three out of the four external modes also shift towards higher
wavenumbers as Z increases. This effect is also related to the
overall lattice contraction (~4%) when x goes from 0 to 1 [25].
The wavenumber of the B;; mode at ~263 cm~! remains practi-
cally constant, since it is primarily associated with the VO,
motion [33].

Due to the lack of luminescence quenching, larger amounts of
Yb3+ than Nd** can be incorporated into GdVO, lattice for high
pump power pulsed lasers. So, we have grown yYb:Gd(VO,) crystals,
with y=0.008, 0.015, 0.020, 0.025, and 0.035. Their Raman spectra
are shown in Fig. 2(a)-(d). In addition to the modes observed
in Fig. 1(a)~(d), we observe a vibration at 444 cm~! which is assigned
to the v4 mode with E; symmetry [32]. No changes were observed in
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the Raman spectra for different Yb®>*+ concentrations, indicating that
Yb?+ doping produces no significant modification in the zircon-type
structure of GdVO, crystal. The wavenumbers of the Yb:GdVO,
compounds are also listed in Table 1.

This result agrees with those previously reported by
Hu et al. [45] who observed from the X-ray powder diffra-
ction technique, that the Yb>* ions do not alter the essential
zircon-type structure of GdVO,4 even for doping levels as high as
0.17. For y=0.0646, the variation of the unit cell volume is
only ~0.5%.

Having realized that Yb®>* doping at the Gd site does not
change the lattice structure, the modification in the Raman
spectra of yYb:Y,Gd; _,(VO4) observed from Fig. 3(a)-(d), should
be mainly due to the Y doping as observed for Nd:Y,Gd; _(VOy).
The wavenumbers of yYb:Y,Gd;_,VO4 as a function of Y content
are also listed in Table 1, where we observe that most of the
observed wavenumbers in the system y(Nd,Yb):Y,Gd;_x(VOy,4)
exhibit a one-phonon-like behavior, as expected for REVO,4
compounds with zircon-type structure.

aA, z2)

be:Yde 1_XVO 4

Yy

x=0.87

-
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x=0.3 } \
T

Intensity (arb.units)

T
100 200 300 400 500 600 700 800

T T T T T
850 900

Raman shift (cm™)

Fig. 3. Room temperature polarized Raman spectrum of yYb:Y,Gd; _,VO,4, with (y,x)=(0.0048, 0.3), (0.0071, 0.41), (0.0092, 0.58), (0.0135, 0.87), (0.008, 1), recorded in

different polarizations: (a) (zz), (b) (xx), (c) (zx), and (d) (xy).
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4. Conclusion

We investigated the changes in the phonon spectra of mixed
(Nd,Yb):Y,Gd; _»(VOy,4) crystals at room temperature. The phonon
symmetry assignment was given and the observed wavenumbers
were correlated with x to establish systematic variations. For
Yb:GdVO,, neither broadening nor wavenumber shifting of the
modes were observed, indicating that Yb doping up to 0.035
produces no significant modification of the GdVO, structure. For
Nd:Y,Gd; _»(VO,4) and yYb:Y,Gd; _,(VO4) we observed that the
wavenumber of most of the modes increases with increasing x;
irrespective of Nd and Yb levels considered. This one-phonon-like
behavior is due to the lattice contraction when Gd is replaced by Y.
As these materials can be used in quantum electronics, the under-
standing of disordering should be taken into account when inter-
preting their optical and laser properties.
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