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Abstract.  The anisotropy of optical properties of nonlinear lithium 
borate (LBO) crystals in the range of 0.2 – 2 THz is investigated by 
time-domain THz spectroscopy at room temperature and at T = 
81 K. It is shown that the birefringence dramatically decreases 
upon cooling, as a result of which phase-matching conditions can-
not be implemented. At the same time, the absorption coefficients 
ax and ay are found to decrease significantly with decreasing tem-
perature, due to which the LBO crystal becomes a promising mate-
rial for generating THz radiation via optical rectification and fab-
ricating periodic structures and optical elements.

Keywords: lithium borate crystal, LBO, THz radiation, absorption 
coefficient, refractive index.

1. Introduction 

Biaxial nonlinear lithium borate LiB3O5 (LBO) crystal has a 
unique set of physical and chemical properties [1]. Its maxi-
mum transparency window ranges from 155 to 3200 nm;  in 
addition,  the  absorption  coefficient  of  this  crystal  does  not 
exceed 10–5 cm–1 in the spectral range of 500 – 1200 nm in view 
of  its  structural  features,  which  exclude  incorporation  of 

impurities [2, 3]. Among the known nonlinear crystals, LBO 
has the highest radiation resistance: it  is 11.2 GW cm–2 at a 
wavelength of 1.064 mm of a nanosecond  (25 ns) Nd : YAG 
laser [4]. The short-wavelength edge of the transmission band, 
lying in the vicinity of 155 nm, makes it possible to avoid two-
photon absorption of the main and second harmonics of vis-
ible- and near-IR-range lasers. Noncritical phase matching of 
types I and II can be implemented in wide spectral ranges of 
the  maximum  transparency  window.  The  existing  growth 
technologies allow one to obtain LBO crystals of decimeter 
sizes with a mass above 1.5 kg  [5].  In  total, despite  the  fact 
that the quadratic nonlinear susceptibility coefficients of non-
linear LBO crystals are rather small (d31 = 0.67 pm V–1, d32 = 
0.85 pm V–1, and d33 = 0.04 pm V–1 [1]), their physical proper-
ties and the advance in growth technology determine their use 
for frequency conversion of high-power lasers [3].

The current state of things in this field gives grounds for 
application of the LBO crystal as an efficient converter of the 
radiation of  visible-  and near-IR-range  lasers  into  the THz 
range. However, to date, there are no published data on the 
practical  application  of  this  converter.  There  are  a  limited 
number of studies of the optical properties in the THz range. 
IR  reflection  spectroscopy  and  Raman  spectroscopy  were 
used  to  investigate  the  spectral  properties  in  the  range  of 
40 – 2500 cm–1 [6 – 8]. A detailed study of the optical proper-
ties in the range of 0.2 – 2.4 THz (6.7 – 80 cm–1) was performed 
by a team of Russian and British scientists [9]. The dispersion 
properties measured by time-domain THz spectroscopy were 
approximated  in  the  form  of  Sellmeier  equations;  it  was 
shown  (with  their  use)  that  there  is  a  possibility  of  phase-
matched conversion of laser radiation of the visible and near-
IR ranges into the THz range. According to the data of [9], 
despite the low (several tenths of cm–1) absorption coefficient 
of crystals in the phase-matching direction in the range of up 
to 0.5 THz, available decimeter-long LBO crystals cannot be 
used to generate THz radiation. With allowance for the tem-
perature dependence of the phonon absorption in LBO crys-
tals, which determines the loss in this range, the problems of 
designing frequency converters of decimeter length and cov-
ering a higher THz-frequency range can be solved by cooling 
crystals. The temperature dependence of the optical proper-
ties  in  the THz range was  investigated by Chinese scientists 
using  a  time-domain THz  spectrometer  [10];  however,  they 
studied the optical properties for differently polarised waves, 
propagating in the directions of two from three optical axes. 
In addition, the absorption coefficients evidently became neg-
ative at frequencies below 0.5 THz, a fact suggesting incorrect 
normalisation of THz signals and throwing into question the 
reliability  of  determining  the  refractive  indices.  Correct 
knowledge of optical properties  is a necessary condition for 
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using  the  potential  of  LBO  crystal  to  the  full  extent  when 
mastering the THz range.

In this paper, we report the results of a detailed compara-
tive study of the behaviour of the absorption coefficients and 
refractive indices of LBO crystals in the range of 0.2 – 2 THz 
upon their cooling from room temperature to the liquid nitro-
gen temperature.

2. Experimental 

The LBO crystals under study were grown by the flux method 
at  the Sobolev  Institute  of Geology  and Mineralogy of  the 
Siberian Branch of the Russian Academy of Sciences [5]. The 
samples were polished plane-parallel plates 10 ´ 10 mm in size 
with a thickness of 2068 ± 5 mm, cut orthogonally to the x, y, 
and z optical axes, which are related to the a, c, and b crystal-
lographic  axes,  respectively  [1].  Measurements  were  per-
formed using a  time-domain THz spectrometer;  this  instru-
ment, as well as the technique for processing output signals, 
were  described  in  [11].  The  samples  were  cooled  to  liquid 
nitrogen  temperature  using  a  continuously  filled  cryostat. 
Before  starting  an  experiment,  the  optical  scheme  of  the 
spectrometer  was  aligned  according  to  the  technique 
described in [12]. 

3. Results 

Cooling  nonlinear  LBO  crystals  to  a  temperature  of  81  K 
leads to a dramatic decrease in the absorption coefficients ax 
and ay (Figs 1a, 1b) to an undetectable level; at the same time, 

the absorption coefficient az varies only slightly: by no more 
than 1.5 cm–1 at a frequency of 1 THz (Fig. 1c).

Cooling  an  LBO  crystal  also  significantly  reduces  its 
refractive indices nx and ny (by ~0.37 and ~0.47, respectively) 
(Figs 2a, 2b). At the same time, the refractive index nz (Fig. 2c) 
slightly (by ~0.07) increases, which can be explained by the 
short-wavelength shift of the neighbouring long-wavelength 
phonon absorption peak. An estimation yielded the follow-
ing  values  of  temperature-dispersion  coefficients  for  the 
refractive indices in the THz range: dnx /dT » 1.7 ´ 10–3 K–1, 
dny /dT ≈ 2.2 ´ 10–3 K–1, and dnz /dT » –3.2 ´ 10–4 K–1; they 
are  two to  three orders of magnitude  larger  than  the corre-
sponding values for the visible spectral range. An inevitable 
consequence of  the  significant  decrease  in  the birefringence 
values nx – nz (from ~0.33 at room temperature to ~0.04 at 
81 K) and ny – nz  (from ~0.43  to ~0.03)  is  that  the phase-
matching  conditions  for  THz  generation  cannot  be  imple-
mented  by  the methods  of  nonlinear  crystal  optics. On  the 
other hand,  the dramatic decrease  in  the  absorption  coeffi-
cients ax and ay upon cooling to liquid nitrogen temperature 
is  favourable  for  increasing  the potential  efficiency of opti-
cal – THz conversion of femtosecond laser radiation by opti-
cal rectification. In addition, due to the original set of physi-
cal properties and large (above 0.3 mm) coherence length [13], 
cooled LBO crystals can be used to fabricate high-efficiency 
periodic structures for frequency converters into the low-fre-
quency (less than 1 THz) THz range and highly stable optical 
elements with orthogonally oriented optical axes x and y for 
different  purposes.  LBO  crystals  oriented  along  the  optical 
axis z  can be used as a material  for  temperature-insensitive 
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Figure 1. Absorption coefficients (a) ax, (b) ay, and (c) az of nonlinear LBO crystal at temperatures of 298 and 81 K. The insets in panels (a) and 
(b) show fragments of the same curves on an enlarged scale.
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Figure 2. Refractive indices (a) nx, (b) ny, and (c) nz of nonlinear LBO crystal at temperatures of 298 and 81 K.
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elements  of  subcentimeter  THz  optics  with  high  technical 
characteristics.

4. Conclusions

A  complex  study  of  the  variations  in  the  complete  set  of 
absorption coefficients and refractive indices of biaxial non-
linear LBO crystal in the range of 0.2 – 2 THz with a change in 
temperature from room temperature to 81 K was performed 
for the first time using a time-domain spectrometer. Cooling 
was  found  to  reduce  the  absorption  coefficients  for  waves 
polarised along the x and y axes to an undetectable level; at 
the same time, the birefringence drops by an order of magni-
tude,  thus making  the  crystal  structural  properties  close  to 
isotropic.  The  optical  properties  of  crystal  for  the  waves 
polarised along the optical z axis change only slightly. Being 
cooled, the LBO crystal remains promising for use as an opti-
cal rectifier and for designing periodic structures and highly 
stable  optical  elements  of  the  THz  range,  including  those 
operating at room temperature.
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