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ABSTRACT A laser crystal of Yb:LuVO4 with high optical
quality was grown by the Czochralski technique. Its thermal
properties including specific heat, thermal expansion coeffi-
cients, and thermal conductivities along the a- and c-axis have
been measured for the first time. Continuous-wave laser out-
put up to 3.5 W at 1031 nm was obtained at room temperature
through end-pumping by a high-power diode laser. The corres-
ponding optical conversion efficiency was 43% and the slope
efficiency was 72%.

PACS 42.55.Xi; 66.60.+a

1 Introduction

Neodymium doped vanadate crystals have proven
to be excellent laser materials [1-3]. Among these crystals,
Nd:LuVOy is a relatively new one [3,4], and its laser oper-
ation at 1.06 and 1.34 wm has been reported by our group
[5.6]. Recently, ytterbium (Yb) doped vanadate crystals, such
as Yb:YVO, and Yb:GdVOy, have also been developed as
promising laser materials for building continuous-wave (cw)
and ultrashort pulse sources in the 1 wm range [7-11].

Yb:LuVOy4, anew member of the Yb doped vanadates, ap-
peared only very recently. Some preliminary laser results for
room temperature cw operation have just been reported [12].
However, fundamental thermal properties like specific heat,
thermal expansion coefficients, and thermal conductivity have
not been studied yet. These thermal properties are very im-
portant for practical applications in laser oscillators and am-
plifiers, especially in the high-power regime, since the heat
management sets the ultimate limit to the achievable power
level. When a large temperature gradient is generated inside
the laser crystal, this leads to thermal expansion, thermal lens-
ing and thermally induced birefringence. These thermo-optic
effects can seriously affect laser performance, modify res-
onator stability and even crack the crystals. Thermal proper-
ties are also important for the crystal growth and processing
of active elements. If a crystal possesses large anisotropic
thermal expansion coefficients, small specific heat and low
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thermal conductivity, it may be easily cracked during its
growth and processing when subjected to a large temperature
gradient.

Thermal properties are therefore very important parame-
ters in assessing the practical applications of any laser crys-
tal. Furthermore, it is known that some thermal properties of
laser host materials are affected by the doping process, e.g.,
the thermal conductivity of Yb:YAG is substantially reduced
in comparison to that of undoped YAG. Therefore, it is im-
portant to measure all these thermal properties of Yb:LuVO4
crystal. In this paper, we present our experimental results for
the specific heat, thermal expansion coefficients, and thermal
conductivities of Yb:LuVOy,, and also describe its cw laser
performance at room temperature under high-power diode

pumping.

2 Crystal growth and structure characterization

of Yb:LuVOy4

Crystal growth of Yb:LuVO4 has been achieved
by the float zone method [13]. The most common technique
in growing vanadate crystals is, however, the conventional
Czochralski method, which can yield large size crystals with
high optical quality. Following similar growth procedures re-
ported recently for Nd:LuVOy crystals [14], we have grown
large size Yb:LuVOy crystals.

Figure 1 shows one of Yb:LuVOy crystal boules grown
from an a-oriented seed, the dimensions of which are about
18 x 35 x 25mm?>. The as-grown Yb:LuVOy crystal is jas-
mine, this color did not change after the crystal was annealed
in a furnace at about 1100 °C for 10 h in air. Neither cracks nor
small-angle boundaries were found inside this crystal boule.
Its quality was checked by using a 5 mW He-Ne laser: no
light scatter pellets were observed, indicating the high qual-
ity of the Yb:LuVOy crystal. Several samples of different sizes
were prepared from this annealed crystal boule for use in the
experiment.

The lattice structure of the as-grown Yb:LuVO, sin-
gle crystal was studied by using X-ray powder diffraction
(XRPD) technique (. = 1.54184 A). Based on the XRPD data
acquired, the unit cell parameters of Yb:LuVOy crystal were
calculated through the TEROR program [15].

The XRPD peaks obtained for a sample of
Ybo o15Lup 935 VO, are displayed in Fig. 2a. Figure 2b shows
the JCPDS file for LuVOy crystal [16]. One can see that
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FIGURE 1
division)

As-grown Yb:LuVOy crystal (the scale shown is 10 mm per

the diffraction peak positions and intensities of the grown
Yb:LuVOy, crystal are in accordance with the JCPDS file
for LuVO,, confirming that the grown Yb:LuVOs crys-
tal possesses the structure of ZrSiO4 with the space group
of I4;/amd. The unit-cell parameters calculated by the
TREOR program are a = b =7.0389 A, ¢ = 6.2350 A, and
V =308.920 A3. These results are in close agreement with
the data given in the JCPDS for LuVO4 (a = b = 7.0243 A,
c=6.2316A,and V =307.472 A3).

3 Measurement of thermal properties

The thermal expansion coefficients and thermal
conductivity, both being symmetrical second-rank tensors,
possess only two independent nonzero components in their
principal frames for Yb:LuVO,, which belongs to the tetra-
gonal crystallographic system. Accordingly, the correspond-
ing tensors have a diagonal form

T1 0 0
0 Tn O |, (H
0 0 Tz

where T;, T»; and T3 are the principal components with
T\ =Typ.

The average linear thermal expansion coefficients along
the a-, b- and c-axes can be calculated according to the follow-
ing formula:

AL 1
o= )
Ly AT

where « is the average linear thermal expansion coefficient;
L is the sample length at 7} (initial temperature); AL is the
length change when the temperature changes from Ty to T (fi-
nal temperature); and AT =T — Ty,

The thermal conductivity components of Yb:LuVO, can
be calculated from the measured thermal diffusion coeffi-
cients along a- and c-axes with the following expression
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FIGURE 2 X-ray powder diffraction patterns: (a)
as-grown Yb:LuVOy crystal; (b) JCPDS file:17-
0880
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FIGURE 3 Specific heat of Yb:LuVOy crystal
versus temperature
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where A is the thermal diffusivity coefficient, o the density,
and C,, the specific heat.

A thermo-mechanical analyzer (TMA, Perkin-Elmer) and
a differential scanning calorimeter (DSC) were employed
to measure the thermal expansion coefficients and the spe-
cific heat. The crystal used for thermal expansion coefficients
was 5.97 x 6.50 x 7.12mm? (a x b x ¢). The measurement
was performed in a temperature range from 25 to 300 °C,
and the thermal expansion coefficients were calculated to
be oy = ap =6.35x 1075, and o, = 13.3 x 1079 K, along
the a-, b- and c-axis, respectively. One can see the consider-
able anisotropy in the thermal expansion of Yb:LuVOy crys-
tal. This implies that crystals of Yb:LuVO4 must be cooled
down to room temperature at a low rate after the growth;
otherwise cracks will easily occur inside the crystals. In our
crystal-growing process, the cooling rate was chosen to be
30-50 °C/h to obtain high-quality crystals of large size.

Figure 3 shows the variation of the measured specific
heat of Yb:LuVO,4 with temperature. It is seen that the spe-
cific heat changes approximately linearly with temperature,
decreasing smoothly from 0.34 to 0.28Jg~'K~!, when the
temperature is increased from 50 to 500 °C. This behavior is
different from that observed in other Nd-doped vanadate crys-
tals [17, 20, 21], further study should be done to explain this in
the future.

The thermal diffusivity coefficient was measured with the
laser flash method (NETZSCH LFA 447 Nanoflash), from
which the thermal conductivity can be calculated. Two thin
Yb:LuVO, plates of size 6 x 6 x 2mm? cut along the a- and
c-axes were used in the thermal diffusivity measurement.

Figure 4 shows the temperature dependence of the thermal
conductivities of Yb:LuVOy crystal along the a- and c-axis
(K4, k), determined by use of (3) (the crystal density is about
6.33 g/cm®). As expected, the magnitude of the thermal con-
ductivity is greatly reduced when the crystal temperature rises
from 29 to 290 °C: «, decreases from 5.14 to 1.96 Wm 'K,
and «, from 5.78 to 2.19 Wm~'K~!. From this figure one
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FIGURE 4 Thermal conductivity of Yb(1.56%):LuVO4 and Nd(0.9%):

LuVOy crystals along the a- and c-axes

also notices that for the whole temperature range in which the
measurement was conducted, the thermal conductivity along
the c-axis is larger than along the a-axis by a factor of about
1.12. This means that the anisotropy of thermal conductivity
is not significant in Yb:LuVQy crystals.

For comparison, Fig. 4 also illustrates the variation with
temperature of the thermal conductivities of Nd:LuVOy, de-
termined with the same technique using samples of the same
sizes. In comparison with Yb:LuVO4, Nd:LuVOy4 has ap-
proximately 1.5-2.0 times larger thermal conductivities over
the temperature range of measurement. It can also be seen
that the trend of reduction in the magnitude of the ther-
mal conductivity with temperature rising is more pronounced
in the case of Yb:LuVO, in comparison to Nd:LuVOy. In
general it can be expected that Yb-doping affects the crys-
tal lattice vibrations and hence the thermal conductivity to
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crystals Nd:YVO42P¢  Nd:GdVO,%¢  Nd:LuvO,'e Yb:GdVO4" Yb:LuvVO,f YbVO,X
(0.9 at. %) (2 at. %) (1.56 at. %)

Thermal conductivity ¢:523,0r11 c:11.4 c:9.94 c: 8.1 c:5.78 c: 5.1

(W/mK) a:5.10 a: 10.1 a: 8.14 a:7.1 a:5.14 a:3.9

Thermal expansion a:2.2 a: 15 a: 1.7 - a: 6.3 a:2.1

coefficient (10~° /K) c: 84 c: 1.3 c: 9.1 - c:13.3 c: 8.3

Specific heat at 330 K (cal/mol K) 24.6 32.6 31.6 23.58 25.47

J/gK) 0.50 0.50 0.34 0.37

Density (g/cm?®) 422 5.45 6.33 5.45 6.33 6.17

2 Ref. [17]

b Ref. [8] Nd doping concentration is 0.5 at. %

¢ Ref. [18]

d Ref. [19] Nd doping concentration is 0.7 at. %

¢ Ref. [20]

f this work

€ Ref. [21]

b Ref. [7]

K Ref. [22]

TABLE 1

a much less extent than Nd-doping, because compared to
Nd-ion, Lu-ion is much closer in size and mass to Yb-ion.
The opposite trend observed here is attributed to the differ-
ent doping levels in the Yb:LuVOy (1.56 at. % in the crystal)
and Nd:LuVOyq (0.9 at. % in the crystal ) samples used in the
present study and the small thermal conductivity of YbVOy
crystal [22]. Some of the important thermal properties of Yb-
and Nd-doped vanadates at room temperature are summarized
in Table 1. From this table, we can see that the thermal con-
ductivities of Yb doping vanadate crystals are smaller than
the Nd doping ones. (One can compare the thermal conductiv-
ity of Nd:GdVO4 and Yb:GdVOq crystal, and the difference
is about 3-4, and our measured results of Yb:LuVO4 and
Nd:LuVOy are almost the same.).

4 cw laser performance

The cw laser performance of Yb:LuVO,4 using
a sample from the same boule was studied and a high-power
high-brightness fiber-coupled diode laser (200 wm fiber core
diameter, 0.2 NA, Apollo) with an output of 50 W of output
power at emission wavelengths of 974-983 nm, depending
on the output level, was used as pumping source. A 1.5 mm
thick, uncoated a-cut Yb:LuVOy crystal, fixed to a water-
cooled copper holder, was placed into a plano—concave res-
onator which was arranged in a hemispherical configuration.
A 25 mm radius-of-curvature concave mirror with a transmit-
tance of T = 1% at 1030 nm served as the output coupler. The
total physical cavity length was about 26 mm. The pumping
light was focused by a re-imaging unit and delivered through
the plane mirror upon the laser crystal with a spot radius of
about 100 pm.

Figure 5 shows the relationship between the output power
and the absorbed pump power obtained with the Yb:LuVOy4
laser. The laser reached its threshold at an absorbed pump
power of 3.3 W. The output of the laser was linearly polar-
ized parallel to the c-axis of the Yb:LuVOy crystal (7 polar-
ization), in consistency with the previous work [12]. At an
absorbed pump power of 8.1 W, the laser produced an output
power of 3.5 W at an emission wavelength of 1031 nm, re-
sulting in an optical conversion efficiency of 43%. The slope

Thermal mechanical properties of Yb- and Nd-doped vanadates at room temperature (the indicated doping level refers to the crystal)
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FIGURE 5 Output power versus absorbed pump power of the diode-

pumped Yb:LuVOy laser

efficiency within the whole operational range was determined
to be 72%. From the presented output—input dependence it can
be seen that no output saturation occurs at the highest pump
level applied in the experiment, suggesting that further power
scaling should be possible. (Under the present cooling con-
ditions used in the experiment, the maximum output power
generated by the Yb:LuVOy laser was limited. To scale the
laser to higher output power, it is essential to use a more effi-
cient cooling system.)

5 Conclusions

Yb:LuVOy, crystals of high optical quality were
grown by the Czochralski method. It was confirmed by X-ray
powder diffraction that they possess the structure of ZrSiOy.
The thermal expansion coefficients, specific heat and thermal
conductivities of Yb:LuVO, have been determined experi-
mentally. Room temperature high power cw laser operation of
Yb:LuVOy crystal was achieved under diode pumping, gener-
ating an output power of 3.5 W with an optical efficiency of
43% and a slope efficiency as high as 72%.
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