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Thermophysical parameters of the LBO crystal

S.G. Grechin, A.V. Zuev, A.E. Kokh, N.V. Moiseev, P.A. Popov, A.A. Sidorov, A.S. Fokin

Abstract. The thermophysical parameters (linear thermal
expansion coefficients, thermal conductivities, and heat
capacity) of the lithium triborate (LBO) crystal are measured
and compared with previously published data.
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1. Introduction

The lithium triborate crystal (LiB;Os, LBO) finds wide
application in various problems of nonlinear optics due to a
good combination of physical properties, including a large
transparency range; a high effective nonlinearity coefficient;
wide angular, spectral, and temperature phase matching
ranges; a high level of threshold damage; etc. The use of
diode pumping for solid-state lasers allowed one to design
sources with high average power densities. The recent
advances in the growth of large-aperture LBO crystals
make it possible to use them for frequency conversion in
high-energy lasers. However, to solve the problem of
creating nonlinear optical frequency converters for lasers
with high energies and average powers, one should study
the thermophysical properties of these crystals.

As a whole, the LBO crystal properties (first of all,
physical) are rather well studied and the calculated phase-
matching angles, as well as the calculated spectral and
angular tuning characteristics, well agree with the available
experimental data. The results of the first measurements of
linear thermal expansion coefficients (TECs) published in [1]
showed that LBO crystals have high and anisotropic TECs,
which are positive along the x and z axes and negative along
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the y axis. In conventional frequency conversion problems,
the conversion efficiency is determined by the mismatch in
the wave vectors and does not directly depend on the
temperature expansion coefficients. However, in the case
of the most general orientation of the crystal cut, the
anisotropy of TECs leads to thermal deformations of the
crystal faces, because of which all phase-matching ranges
(angular, spectral, and temperature) can differ at different
methods of crystal mounting [2].

Temperature-noncritical generation of the third har-
monic of Nd** lasers and temperature-noncritical
birefringence in the LBO crystal were realised in [3] and
[4], respectively. The authors of [3] and [4] found that the
experimental data significantly differed from the calculation
results for thermal deformation variations (thermal strains),
which was explained by imperfect data on the TECs of LBO
crystals published in different papers. Therefore, it is
necessary to perform independent measurements of the
temperature expansion coefficients, as well of the thermal
conductivity and heat capacity coefficients for LBO crystals.

2. Linear thermal expansion coefficients of LBO
crystals

The linear thermal expansion coefficients have attracted the
most attention among the whole group of thermophysical
parameters. The first measurements of TECs performed in
1990 [1] were based on the measurements of a change
observed in the X-ray diffraction upon heating a sample
uniformly pressed in a platinum holder. The authors
measured the TECs in a wide temperature range, which
was necessary to optimise the crystal growth process. The
temperature dependences of TECs were found based on the
measured temperature dependences of lattice parameters
along the main axes (Fig. 1). The approximation expres-
sions for the temperature range 0—800°C are [1]*

o, = (107.1 4+ 32.04 x 107°T
—206.3 x 107°7T%) x 107 (K™), (1)
o, = —(95.35+ 148.1 x 107°T

+38.49 x 107°7%) x 107° (K™"), (2)

*In this study, the TECs are given in the crystallo-optic coordinate system
(taking into account the ach — xyz relation between the coordinate
systems in the LBO crystal).
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Figure 1. Dependences of TECs in the temperature range 0—800°C
according to [1].

o, = (33.74+ 034 x 107°T
—50.67 x 107°7%) x 107* (K™ 1). 3)

A distinguishing feature of the obtained results is that all
the TECs monotonically tend to zero with increasing
temperature and reach zero in the region of 800°C. At
the temperature 7 =0°C, the -coefficients are: o, =
107.1 x 107 K™, o, =-954%x10"° K', and o, =
33.7x 107 K~! (Table 1). Almost the same values are
given in the supplemental information provided by Fujian
Institute (China), Cleveland Crystals (USA), and other
companies: o, = 108.2x 107® K™!, o, = —88 x 107° K,
and o, = 33.6 x 10°® K. )

The data of [1] on the crystal deformations along the x
and z axes were used in [5], the author of which performed a
more accurate approximation of the experimental data for
the temperature-induced changes in the lattice parameters
and obtained the following temperature dependences of
TECs:

o, = (62.6 +332.12x 107°T
—584.49 x 107°7%) x 107¢ (K", 4)
o, = (29.859 +28.308 x 107°T

—88.008 x 107°7%) x 107 (K™"). (5)

The TECs obtained in [5] at 7=0°C are given in
Table 1. These data were used to process the measured
temperature changes in the optical path and to determine
the temperature derivatives of refractive indices. The results
well agreed with the experimentally measured temperature
tuning characteristics for different frequency conversion
processes.

Table 1. TECs of LBO crystal.

T(AT)/°C o, /10K «,/10°K™" «. /10 K™ Literature
0 107.1 —-954 33.7 [1]
0 62.6 - 29.86 [5]
25-150 66.4 —52.8 27.3 [6]
25-600 65.77 —62.51 29.08 [7]
25-783 57.96 —47.72 28.42 [7]
25-250 86.355 —64.477 34.741 [8]
20530 101 ~71 31 9]
0 51.5 —43.5 22.6 This paper

The authors of a subsequent paper [6] measured the
temperature expansion coefficients by a dilatometer.
Although the measurements were performed in the temper-
ature range 20— 500 °C and the temperature dependences of
the crystal deformations were plotted (with an error not
exceeding 3 %), the authors published the average TECs
only for the temperature region 25—150 °C (Table 1). In [7],
the TECs were measured by X-ray diffraction for a sample
100 um in size in the temperature region 25—783°C (the
results for two temperature regions are given in Table 1).

With the use of a dilatometer, the authors of [§]
measured TECs for a crystal defined by them as
Li,O(B,03); (LOBO), which is structurally completely
equivalent to the LBO crystal. The obtained TECs for
the region 20—250 °C are also presented in Table 1. Table 1
also contains the TECs in the region 20—530 °C determined
in [9] by X-ray diffraction.

Comparing the TECs measured by different methods,
one can see that these coefficients differ by two and more
times. This made it necessary to perform independent
measurements.

3. Measurements of linear thermal expansion
coefficients

In this study, we measured the TECs of LBO crystal by two
methods: by measuring the sample size with a DIL-402
(All-Russian  Scientific Research Institute of Aviation
Materials) low-temperature dilatometer and by measuring
the temperature-induced changes in the position of the X-
ray diffraction maximum (Bryansk State University). We
studied the samples of LBO crystals grown in the Institute
of Geology and Metrology SB RAS under change of the
heat field symmetry and its rotation [10], which had a high
optical quality and a rather low optical absorption
(~ 10 ppm cm™' at a wavelength of 1064 nm).

The measurements in the region of 143-473 K were
performed with a DIL-402 dilatometer equipped with a
cryostat. Prior to the experiment, the setup was calibrated
by standard corundum and quartz samples with a heating
rate of 60 K h™'. The samples had a cubic shape with an
edge length of 10 mm and the faces oriented perpendicular
to the principal crystal axes with an error of 430’.

For measurements in the region 55-305 K, we used a
modified DRON-3 X-ray diffractometer with a special low-
temperature chamber [11]. The Bragg reflections from the
crystallographic planes (001) were recorded in the Co «
emission line (1 = 1.78892 A), and the reflections from the
(010) and (100) planes were measured in the Co f§ emission
line (4 = 1.62075 A) with an average temperature step of
about 3 K. The diffraction maxima for the (001), (010) and
(100) planes were observed at the angles 20 ~ 152°,
20 =~ 140°, and 20 = 148°, respectively. The error in the
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interplane distance calculated from the Wulf—Bragg equa-
tion did not exceed +6 x 107> A. The samples of LBO
crystals were 4 x 12.5 x 1.5 mm in size and were heated with
a rate of 60 K h™'.

The measurements performed by different methods well
agree with each other in both the values and the temperature
dependence behaviour of TECs. The TECs measured in the
temperature range 55—473 K are shown in Fig. 2. An
important difference between these results and the data
given in [1] (see Fig. 1) is that, in our case, the moduli of all
the temperature coefficients increase with increasing temper-
ature.
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Figure 2. Dependences of TECs of LBO crystal in the temperature range
50-480°C.

At the temperature 7 = 0 °C, we obtained the following

coefficients o, = 51.5 x 107 K™', o, = —43.5x 107° K",

and o, = 22.6 x 107® K™, which in general agree with the
results of [5—7], but considerably differ from the results of
[1], [8], and [9]. At temperatures from —223 to 250 °C, the
temperature dependences of TECs are approximated as
follows (with an error not exceeding 2 %)™

ot = (53.64 4+ 027374288 x 107*7%) x 1076 (K1),  (6)
o, = —(44.87 +0.1917+ 1.02 x 107*7%) x 107 (K™"), (7)

a0, = (23.0440.0947 — 0.26 x 1074 T*) x 10 (K™").  (8)

For practice, it is more convenient to use the approx-
imation in the temperature range from —20 to 230°C (the
approximation error does not exceed 0.2 %):

oy = (51.37 402587+ 5.51 x 107*T%) x 10°°(K™"),  (9)
o, = —(43.256 + 0.23177 — 0.85 x 107*7?) x 10°° (K", (10)
o, = (22.465 +0.1127— 1.17 x 10747?) x 107° (K™"). (11)

4. Measurements of thermal conductivity
coefficients

The thermal conductivity and its temperature dependence

k(T') are strongly and in a complicated manner influenced

“Hereinafter, all the approximation expressions are given for the tempe-
rature in Celsius degrees.

by the structural properties of the material. Therefore, a
priori predictions of the k(T") dependence are unreliable and
the experimental investigations are of decisive importance.
The measurements performed in [12] yielded the average
thermal conductivity coefficient of 3.5 W m 'K™'. The
thermal conductivity coefficients measured in [13] at room
temperature are 3.03+0.05 W m 'K~! along the z axis
and 3.97+ 0.05 W m 'K~ in the direction perpendicular
to it (it was not indicated whether along the x or y axis).
The websites of various companies usually give a value of
3.5 W m 'K~ without identification of crystallographic
direction and crystal temperature.

In the present work, the thermal conductivity coefficients
were measured at the Bryansk State University by the
steady-state longitudinal heat flow method in the temper-
ature range 50-300 K. The LBO crystal samples were
4 x4 x40 mm in size, their faces being oriented along
the principal axes of the crystal with an error not exceeding
30’. The equipment and measurement technique were
described in [14]; the error in determination of the thermal
conductivity coefficient did not exceed 5 %. The measured
dependences k(T) for three optically uniform samples whose
long edges were oriented along the x, y, and z crystallo-
graphic axes are given in Fig. 3 [curves (3), (2), and (1),
respectively]. At T = 50 K, the coefficient £(7) is minimum
for the z axis. In contrast, in the region of 7> 100 K, the
maximum thermal conductivity is observed for the highest-
order symmetry axis of the crystal lattice, which is typical
for this type of crystals.
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Figure 3. Dependences of the thermal conductivity coefficient of LBO
crystal in the temperature range 50—300 °C.

At T = 300 K, the coefficients k for the x, y, and z axes
were found to be 3.49+0.17, 4.10+020 u 5.20+
0.26 Wm™" K™!, respectively. The approximations of
dependences (/)—(3) in Fig. 3 at temperatures from
—60 to 27°C have the form (the approximation error
does not exceed 0.5 %)

B 27315+ T o

kx71.9843143'53+T(Wm K™, (12)
B 273.15+ T o

k},—2.3964148'301+T(Wm K™, (13)
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27315+ T

ke =3 166 e T T T

(Wm K. (14)

The temperature dependence k(7)) of the studied samples
is determined by the purity of their chemical composition
and by the small amount of structural point defects. The
study of the thermal conductivity of two samples oriented
along the y axis with different densities of so-called growth
bands revealed no pronounced deviations from the char-
acteristics of the reference crystal. The same was observed
for a sample that contained a small-angle grain boundary
lying perpendicular to the x axis of the sample. In all the
cases, the corresponding differences did not exceed the
reproducibility error of £3 %, which determined the pos-
sibility of comparing the data obtained with our
experimental setup for different samples.

5. Measurement of heat capacity

The heat capacity of LBO crystal was determined
experimentally in [15] and by calculations in [16]. According
to [15], the heat capacity in the temperature range
80—-300 K monotonically increases from 24.74 to
121.63 Y mol™' K™'. The LBO heat capacity calculated in
the temperature range from 0 to 600 K [16] well agrees with
the experimental results of [15].

In this work, to measure the heat capacity C,(T), we
crushed the LBO crystals that were used to measure the
thermal conductivity. The measurements were performed at
the Bryansk State University by adiabatic calorimetry with
stepwise heating. The C,(T) measurement method is
described in [17]. The error in the heat capacity determi-
nation did not exceed 1% in the temperature range
56—-302 K. The obtained results (Fig. 4) are almost the
same as the data of [15] in the overlapped temperature
regions. At temperatures from —217 to 27 °C, the expression
approximating the dependence shown in Fig. 4 has the form

C, = 950.02 + 3.1537 — 0.003517* (J kg 'K™").  (15)

The heat capacity C,(T) changed from 105 (7=
—217°C) to 1022 J kg 'K™' (I'=29.3°C) or from 12.5
(T=56.5K)to 123 J kg 'K (T'=302.4 K). At T=0°C,
the heat capacity was C, =950 J kg 'K

C,/J mol™ K™ C,/T kg™ 'K
i 11000
100 |
4500
50 |-
0 1 1 1 1 1 0
50 100 150 200 250 T/K

Figure 4. Dependences of the heat capacity of LBO crystal in the
temperature range 50—300 °C.

6. Conclusions

The results taken from the literature and obtained in this
study on the linear thermal expansion, thermal conductiv-
ity, and heat capacity coefficients for the LBO crystal are
presented for a wide temperature range. The TECs, whose
values given in different papers are noticeably different,
have been measured in this study by two different methods
and approximated by appropriate expressions. It is shown
that the moduli of all the TECs increase with increasing
temperature, which is qualitatively different from the
previous results. The measured thermal conductivity and
heat capacity coefficients are presented. At the temperature
T =0°C, the TECs are found to be a, = 51.5 x 106 Kil,
o, =-435x107° K™', and «, = 22.6x 10 K™'. The
thermal conductivity coefficients at 7= 27°C along the x,
y, and z axes are 3.49+0.1, 4.00+0.20, and 5.20+
0.26 Wm~' K™', respectively. The heat capacity C,(T)
changes from 105 Jkg ' K™' at T=-217°C to
1022 J kg ' K™!' at T=29.3°C; the heat capacity is
C,=950J kg ' K™ at T=0°C.

Since the temperature derivatives of the refractive indices
have been measured, as a rule, using the previously
published data on TECs, it is necessary to measure them
more precisely.
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