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(Lu2O3). Initial growth attempts of sesquioxides utilized 
the Verneuil method [2, 3] or the floating zone technique 
[4]. The resulting mm-size crystals of low quality were uti-
lized for the initial determination of the optical and thermo-
mechanical properties of these materials and even allowed 
for first flash-lamp-pumped laser experiments [5]. After-
ward, different growth methods such as the laser-heated 
pedestal growth (LHPG) [6], the micro-pulling down tech-
nique [7] and the Czochralski technique [8] were applied, 
but still the crystals were limited in size and quality. It 
was not before 2008 that by the optimization of the heat 
exchanger method [9] the growth of cm-scale single-crys-
talline sesquioxides with excellent optical quality became 
possible [10]. In the following years, in particular cubic 
sesquioxide host material lutetia (Lu2O3) has been shown 
to be an excellent host material for various rare earth ions 
[11]. Efficient and high-power laser operation has been 
demonstrated utilizing various laser ions such as Yb3+ [12, 
13] at 1 µm, Tm3+ [14] and Ho3+ [15] at 2 µm as well as 
Er3+ at 3 µm [16].

These outstanding laser results obtained in the past 
motivate a reexamination of the thermo-optic properties of 
Lu2O3 that affect the parameters of the thermal lens. The 
lens-like behavior is related with three main effects, namely 
temperature dependence of the refractive index (expressed 
by the thermo-optic coefficient, dn/dT), end-bulging related 
to the thermal expansion coefficient α, as well as photoelas-
tic effect that is responsible for the lens astigmatism and 
birefringence losses. Under the plane stress approximation 
(that refers to the diode pumping case), first two terms are 
dominant [17]. Thus, the knowledge of dn/dT and α values 
as well as their combination, called thermal coefficient of 
the optical path (TCOP) [18], is crucial for the determina-
tion of the thermal lens parameters and, hence, the cavity 
design. Indeed, non-compensated thermal lens can lead to 

Abstract A detailed study of thermo-optic properties of 
1.5 at.% Yb:Lu2O3 single crystal is performed. Thermo-
optic dispersion formulas are derived for dn/dT coefficient 
and thermal coefficient of the optical path. At the wave-
length of 1.03 μm, dn/dT = 5.8 × 10−6 K−1. High-preci-
sion temperature-dependent measurements of the thermal 
expansion coefficient α are performed. At the room temper-
ature (RT), α = 5.880 ± 0.014 × 10−6 K−1. Temperature 
dependence of the bandgap is analyzed, yielding RT value 
of Eg = 5.15 eV and dEg/dT = –3.7 × 10−4 eV/K. Sensi-
tivity factor of the thermal lens is calculated for a diode-
pumped Yb:Lu2O3 crystal versus the pump spot radius and 
crystal temperature.

1 Introduction

The very high melting point of 2450 °C [1] imposes serious 
challenges for the growth of the cubic sesquioxide lutetia 
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the cavity instability, distortion of the output laser beam as 
well as rapid increase in the M2 parameter, violation of the 
mode-matching conditions and even laser ceasing [17].

Previously, a lot of attention was paid to the study of 
dn/dT and TCOP coefficients for sesquioxide ceramics 
[19–21] that is, however, not equivalent to the bulk single 
crystals in terms of its thermo-optic behavior. In particular, 
comprehensive temperature-dependent measurements for 
pure and Yb-doped Lu2O3 ceramics were reported by Car-
dinally et al. [19], however, without any dispersion analy-
sis. In contrast, there are only few investigations of bulk 
crystals, due to the above-mentioned problem of the growth 
of large-volume crystals typically required for such meas-
urements. In particular, Zelmon et al. [22] recently reported 
on the dispersion of dn/dT values for pure Lu2O3 by a 
standard minimum deviation method, however, without the 
determination of α and TCOP values. In the present paper, 
we report on a comprehensive study of dispersion of dn/dT 
and TCOP coefficients yielding useful thermo-optic disper-
sion formulas, as well as precise measurements of thermal 
expansion ones. Temperature dependence of the thermal 
lens parameters is also discussed.

2  Experimental

The 1.5 at.% doped Yb:Lu2O3 crystals used for the experi-
ments were grown from 5 N starting materials. The starting 
materials were heated up in an 80-mm-diameter rhenium 
crucible which was covered by a lid with a hole to moni-
tor the melt temperature by a W–Re thermocouple. Ther-
mal insulation of the crucible was provided by ZrO2 felts 
and Al2O3 ceramics. As growth atmosphere, a mixture of 
95 % N2 and 5 % H2 at a flow rate of 30 l/h was used. After 
heating the crystal to the melting point, the crucible was 
cooled down within 40 h. Despite the absence of a cool-
ing gas flow usually applied during the growth by the heat 
exchanger method [10], the large size of the crucible ena-
bled the growth of cm-scale monocrystalline regions with 
excellent optical quality. From these regions, two rectangu-
lar samples with dimensions of 9.6 × 4.9 × 4.9 mm3 were 
extracted. The small apertures were polished to laser qual-
ity with a parallelism of the two apertures of 24” (sample 
1) and 2” (sample 2).

For the thermo-optic study of Yb:Lu2O3 crystal, we used 
the laser beam deviation method for media with a linear 
thermal gradient [23]. The thermo-optic coefficient dn/
dT and the thermal coefficient of the optical path (TCOP) 
were determined around the room temperature (RT) with a 
precision of ~0.2 × 10−6 K−1 using sample 1. The thermal 
gradient (~50 K between the “hot” and “cold” surfaces, or 
~10 K/mm) was applied perpendicularly to the light propa-
gation direction. The experimental details can be found 

elsewhere [24]. The same sample was used for the deter-
mination of thermal expansion coefficient α with a hori-
zontal dilatometer Netzsch 402 PC, providing a precision 
of ~0.1 × 10−6 K−1. The measurements were performed in 
the temperature range 360–470 K.

Alternatively, thermal expansion coefficient was meas-
ured in Physikalisch-Technische Bundesanstalt (PTB) 
with PTB’s Ultra Precision Interferometer (UPI) described 
in [25]. For this, sample 2 with the same dimensions and 
specifications but a slightly better parallelism was used. 
The length of the sample was measured at different tem-
peratures by high-resolution phase stepping interferom-
etry [26–28]. Two J2-stabilized lasers at 532 and 633 nm 
were used subsequently for this purpose, and the results 
were averaged. All measurements were performed under 
vacuum conditions. The total uncertainty of the length 
measurements in this method is 1.0 nm. The temperature 
near the sample was determined with an estimated uncer-
tainty of 6 mK at RT by thermocouples placed right and 
left to the sample. The length of the sample was monitored 
over a total duration of 15 days where the temperature was 
decreased in steps of 5 K every 24 h.

The extraction of the coefficient α and its uncertainty 
from the measurements was made as described in detail 
in [29]. A least square fitting was performed so that a spe-
cific gauge block length as a function of the temperature is 
described by a polynomial fit of the degree n:

where ϑ = T − T0 and T0 is set to 303 K. From these data, 
the value for α in the temperature interval between 283 and 
323 K was calculated according to:

The temperature-dependent position of the UV absorp-
tion edge of a third Yb:Lu2O3 crystal was measured using 
Varian CARY 5000 spectrophotometer equipped with an 
Oxford Instruments cryostat (SU 12 model) with closed-
cycle helium gas flow in the temperature range between 
223 and 313 K. For these experiments, a 500-μm-thin pol-
ished plate was used.

3  Results and discussion

The values of the thermal expansion coefficient α for 
Yb:Lu2O3 are summarized in Fig. 1. Here open and filled 
circles represent data obtained with the dilatometry and 
interferometry, respectively. The temperature dependence 
of the value for α is clearly nonlinear. A profound change 
is observed only for the first 100 K above RT; the corre-
sponding temperature derivative of the thermal expansion 

(1)l(n) = a0 + a1ϑ + a2ϑ
2
+ · · · + anϑ

n,

(2)αn
=

1

l(n)
·
dl(n)

dT
using n = 3.
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coefficient dα/dT is +0.8 × 10−8 K−2. At higher tempera-
tures, a kind of saturation is observed. To fit the tempera-
ture dependence, a polynomial law was used:

The best-fitting values for the constants Ai are 
A0 = –1.96 × 10−6 K−1, A1 = 4.51 × 10−8 K−2, 
A2 = –7.30 × 10−11 K−3 and A3 = 3.68 × 10−14 K−3.

The inset in Fig. 1 shows a more detailed analysis of 
the dependence of α(T) for the temperature interval 283–
323 K. The error bars represent the total uncertainty that 
takes into account the arbitrariness of the polynomial’s 
order of 3, see [29]. Thus, we can state that the value for α 
at RT (293 K) is (5.880 ± 0.014) × 10−6 K−1. This value is 
in significant deviation to the value of α = 8.9 × 10−6 K−1 

(3)α(T) = A0 + A1T + A2T
2
+ A3T

3.

previously reported in [30]. We attribute this to the inferior 
quality and small size of previously available samples.

Measured thermo-optic coefficients dn/dT for Yb:Lu2O3 
crystal are shown in Fig. 2a. To fit their wavelength depend-
ence (dispersion), the theory of the temperature depend-
ence of the refractive index was involved [31]. It includes 
the impact of the volumetric thermal expansion (expressed 
by αvol = 3α value), as well as the temperature dependence 
of the bandgap Eg (expressed by a constant dEg/dT). The 
expression for dn/dT is then:

Here, n∞ is the refractive index of the crystal in the 
long-wavelength limit and λg is the wavelength corre-
sponding to the bandgap energy, λg(μm) = 1.2396/Eg 
(eV). The Sellmeier equation for the refractive index 
was taken from [22]. The best-fitting values are 
αvol = 18 ± 2 × 10−6 K−1, Eg = 5.2 ± 0.1 eV and dEg/
dT = –1.8 ± 0.5 × 10−4 eV/K. The fitting was extended 
up to ~2 μm, the region of interest for Tm- and Ho-
doped Lu2O3 crystals [14, 15]. The thermo-optic coef-
ficients for Yb:Lu2O3 are positive for the whole spectral 
range between 0.4 and 2 μm. This is mainly caused by 
a relatively strong temperature dependence of the band-
gap that has a positive contribution to the “overall” dn/dT 
value in Eq. (4). In contrast, volumetric thermal expan-
sion tends to decrease the refractive index with tempera-
ture. However, for Yb:Lu2O3 the latter is relatively weak 
and thus cannot change the sign of dn/dT. At the typical 
Yb emission wavelength of 1030 nm, the value for dn/
dT is 5.8 × 10−6 K−1. The dispersion of the thermo-optic 
coefficient in Yb:Lu2O3 is more pronounced in the short-
wavelength range close to the UV absorption edge, while 
in the near-IR it remains nearly unchanged.

(4)

dn

dT
(�) = −αvol
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Fig. 1  Temperature dependence of thermal expansion coefficient α 
for Yb:Lu2O3: open and filled circles represent data obtained with the 
dilatometry and interferometry, respectively, curve is their fitting with 
a polynomial law, Eq. (3). Inset shows detailed analysis of interfero-
metric data: gray region is the uncertainty estimation; solid curve cor-
responds to the experimental data

Fig. 2  Dispersion of the 
thermo-optic coefficient dn/
dT and thermal coefficient of 
the optical path (TCOP) for 
Yb:Lu2O3 crystal: points are the 
experimental data, and curves 
are their fitting with Eq. (4)
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To describe the thermo-optic dispersion in a simple ana-
lytical form, we used the following formula [32]:

Here, the light wavelength λ is expressed in μm. The 
expansion constants Bi are summarized in Table 1; B0 cor-
responds to the dn/dT value in the long-wavelength limit 
and the constants B1, B2 and B3 describe its dispersion close 
to the UV absorption edge. The deviation between the data 
calculated with Eqs. (4) and (5) is within 5 %.

For a uniformly heated crystal, both temperature depend-
ence of the refractive index and thermal expansion play a 
role in the “overall” change in the optical path length. Both 
contributions are summarized in a so-called thermal coef-
ficient of the optical path (TCOP) [33]:

These two equations correspond to different crystal con-
figurations, called “laser cavity” (W1) and “solid-etalon” 
(W2). In the first case, the light is considered to propagate 
through the crystal and surrounding air. In the second case, 
light propagation is considered solely inside the crystal (the 
case of microchip setup). The laser beam deviation method 
allowed us to measure the values for W1 directly, see points 
in Fig. 2b. In addition, using thermo-optic, Eq. (5), and 
Sellmeier [22] equations, it is straightforward to calculate 
the dispersion of both W constants, as shown in Fig. 2b.

The dispersion of TCOP values follows the behavior 
of the refractive index and the thermo-optic coefficient. 
At a wavelength of 1030 nm, W1 = 10.3 × 10−6 K−1 and 
W2 = 15.3 × 10−6 K−1. The analytical expressions for 
both TCOP values were derived using an expression simi-
lar to Eq. (5). The resulting Bi constants for the TCOP are 
summarized in Table 1. The positive values of the TCOP 
value for the “solid-etalon” configuration indicate the prin-
cipal possibility of microchip laser operation [34] with 
Yb:Lu2O3. This is related to the resulting positive ther-
mal lens that provides the desired stabilization of the laser 
mode in the plano–plano cavity (that would otherwise be 
unstable) [35].

(5)
dn

dT
(�) = B0 +

B1

�2
+

B2

�4
+

B3

�6

[

10−6 K−1
]

.

(6a)W1 = dn/dT + (n−1)α,

(6b)W2 = dn/dT + nα.

Previously, the dn/dT for Lu2O3 was measured by a 
conventional minimum deviation method [22] (TCOP 
values were not reported). At RT, it was found to be 
~7.2 × 10−6 K−1 around ~1 μm. This value is slightly 
larger than in the present study. Cardinalli et al. [19] deter-
mined the RT dn/dT value for 1 at.% Yb:Lu2O3 ceramics 
to be 8.1 × 10−6 K−1 at 633 nm, a value which is in good 
agreement with our result, 7.5 × 10−6 K−1.

Also the fitting parameters of the thermo-optic disper-
sion formulas, αvol is in good agreement with the expected 
value αvol = 3α = 17.64 × 10−6 K−1 resulting from the 
measured RT thermal expansion coefficient. For conclu-
sions regarding the Eg and dEg/dT values, we performed 
temperature-dependent measurements of the UV absorption 
edge in Yb:Lu2O3. For this, the absorption was measured 
versus the photon energy E. Then, the spectrum was recal-
culated as (αabsE)2; the approach that is known as Tauc plot. 
According to the Urbach’s rule for band tails and assum-
ing that the ultraviolet absorption is due to direct dipole-
allowed interband transitions, the extrapolation of the lin-
ear part of such a plot to zero yields the bandgap energy Eg.

The results are shown in Fig. 3. The lines correspond 
to the Tauc plots for the temperatures between 223 and 
313 K; the inset represents the obtained Eg values as well 
as the evaluation of the value for dEg/dT. The RT value 
of Eg for Yb:Lu2O3 crystal is 5.15 eV (λg = 241 nm) that 
is again consistent with the fitting data. For an undoped 
Lu2O3 crystal studied in a similar manner, the resulting 
value was Eg = 5.41 eV (λg = 220 nm), so 1 at.% Yb dop-
ing appears to result in a substantial variation of the band 
structure. Ordin et al. [36] recently reported Eg = 5.5 eV 

Table 1  Expansion coefficients in the thermo-optic dispersion for-
mulas for Yb:Lu2O3 crystal, Eq. (5)

Parameter Expansion coefficients

B0 B1 (μm2) B2 (μm4) B3 (μm6)

dn/dT 4.97 0.834 0.0051 0.0085

W1 = dn/dT + (n − 1)α 9.44 0.915 0.0009 0.0088

W2 = dn/dT + nα 14.44 0.915 0.0008 0.0088

Fig. 3  Temperature-dependent Tauc plot for Yb:Lu2O3 crystal; the 
spectra are measured from 223 to 313 K through 10 K (following the 
arrow); and inset represents obtained Eg values versus crystal tem-
perature
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for Lu2O3 that agrees with our data. The value of dEg/dT 
is –3.7 ± 0.5 × 10−4 eV/K. This is higher than the value 
obtained in the present paper from fitting. A similar devia-
tion was observed previously for double tungstates (DTs) 
[31]. It was referred to the impact of defect and impurity 
states located close to the band tails. Indeed, the growth of 
Yb:Lu2O3 induces color centers that cause dark, red or blue 
crystal coloration. A subsequent heat treatment (anneal-
ing) in air typically allows for a rediffusion of oxygen into 
the crystal removing the color centers [37]. For the crys-
tals examined in this report, this process may have been 
non-complete as indicated by a light yellowish color of the 
samples.

To calculate the optical (refractive) power of the thermal 
lens D in an efficient diode-pumped Yb:Lu2O3 crystal, the 
following formula can be applied [17]:

Here Pabs is the absorbed pump power, ηh is the frac-
tional heat load, i.e., the fraction of Pabs that is dissipated 
as heat, wp is the pump spot radius (a “top-hat” beam pro-
file is considered as a good approximation for the output of 
fiber-coupled laser diodes), and κ is the thermal conductiv-
ity. The ηh for Yb:Lu2O3 with high expected luminescence 
quantum yield [11] can be estimated to equal the Stokes 
shift, 1–λp/λf, where λp is the pump wavelength and λf is 
the average fluorescence emission wavelength [38]. For 
Yb:Lu2O3, we determined λf to be 1013.5 nm. The expres-
sion in squared brackets is called “generalized” thermo-
optic coefficient χ, ν = 0.288 is the Poisson ratio [39]. In 
the expression for χ, we omitted the so-called photoelas-
tic term that is responsible for the astigmatism of the lens. 
This is because the photoelastic constants required for its 
calculation are not reported for Lu2O3. In general, the con-
tribution of this term to the “overall” χ value in the case of 
diode pumping is low (e.g., <5 % for Yb:YAG [17]).

(7)D =
ηhPabs

2πw2
pκ

[
dn

dT
+ (n− 1)(1+ ν)α].

As can be seen from Eq. (7), the optical power of the 
thermal lens depends on the pump power level. To express 
this feature, so-called sensitivity factor is introduced [40]:

It shows the change in the optical power due to 1 W 
variation of the absorbed pump power. The values of sen-
sitivity factors of the thermal lens for Yb:Lu2O3 crys-
tals are plotted in Fig. 4a versus the pump spot radius 
(for two widely used pump wavelengths, λp = 936 
and 976 nm). For wp = 100 μm, the resulting sensi-
tivity factors are M936nm = 1.19 ± 0.05 m−1/W and 
M976nm = 0.58 ± 0.05 m−1/W, respectively. The devia-
tion is mainly caused by the lower Stokes efficiency and 
thus higher heat load when pumping at 936 nm. Thus, 
although the value χ ~ 12.6 × 10−6 K−1 is far from zero 
for Yb:Lu2O3 at ~1 μm, the thermal lensing in this crys-
tal is relatively weak. It is nearly 2.2 times weaker than for 
Yb:YAG for the same wp [17]. This results mainly from 
the high thermal conductivity of Yb:Lu2O3 of κ = 12.3 
Wm−1/K for 1 at.% doping with Yb [12].

Optical pumping of a laser crystal results in a complex 
temperature distribution in its volume responsible for the 
thermal lensing effect. On the other hand, this temperature 
rise leads to a variation of the material parameters like dn/
dT, α and κ. Thus, this will impact the value of sensitivity 
factor M. The question here is the definition of the crystal 
temperature used in the calculation of the material param-
eters. As the laser mode within the laser crystal has a radius 
of few hundreds of μm, an averaged temperature can be 
easily defined for this small volume. The values of tempera-
ture derivatives of dn/dT, α and κ for Lu2O3, as well as their 
RT values, are listed in Table 2. Calculated M factors for 
λp = 976 nm and wp = 100 μm vs. the crystal temperature 
are shown in Fig. 4b. The temperature rise of 200 K – con-
sidered to be above the limit for efficient diode-pumped bulk 
laser operation in ground state lasers based on Yb3+, Tm3+ 

(8)M =
dD

dPabs

.

Fig. 4  Sensitivity factors of the 
thermal lens M for Yb:Lu2O3 
crystal calculated with Eqs. (7) 
and (8) versus the pump spot 
radius (a) and crystal tempera-
ture (b)
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or Ho3+—results in a more than two times enhancement of 
the optical power of the thermal lens. The dM/dT parameter 
is then ~0.5 m−1/W per 100 K.

4  Conclusions

For the first time, the coefficient of thermal expan-
sion (CTE) α was determined for macroscopic samples 
of Lu2O3. The measurements performed at PTB’s Ultra 
Precision Interferometer (UPI) indicate a value of α 
(5.880 ± 0.014) × 10−6 K−1 at room temperature (293 K). 
This value is about 50 % lower than previously reported 
values. This refinement is of great importance for further 
laser experiments with rare-earth-doped sesquioxides when 
it comes to the choice of CTE-matched heat sinks or the 
cavity design.

For the latter purpose, we furthermore determined the 
dispersion of the thermo-optic coefficient, dn/dT, as well as 
the thermal coefficient of the optical path (TCOP). In this 
way, the thermo-optic dispersion formulas for the spectral 
range between 0.4 and 2 μm were determined. At the typi-
cal Yb wavelength of 1.03 μm, the dn/dT was determined 
to be 5.8 × 10−6 K−1. The physical reasons for positive val-
ues of dn/dT in Yb:Lu2O3 are analyzed, and the results are 
supported by the CTE measurements as well as the deter-
mination of the electronic bandgap energy (Eg = 5.15 eV 
at RT). The impact of material parameters on the thermal 
lensing properties in Yb:Lu2O3 crystal is discussed.
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