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Abstract: We report on a comparative study of anisotropy and dispersion 
of thermo-optic coefficients, dn/dT, and thermal coefficients of the optical 
path for monoclinic oxoborate YCOB and GdCOB laser host crystals. Near 
1 μm, all dn/dT coefficients are found to be negative: dnX/dT = –1.2, dnY/dT 
= –3.7 and dnZ/dT = –2.5 × 10−6 K−1 for YCOB, dnX/dT = –3.8, dnY/dT = –
4.8 and dnZ/dT = –3.7 × 10−6 K−1 for GdCOB. Thermo-optic dispersion 
formulas are derived for these crystals in the spectral range of 0.4–2 μm. 
The existence of athermal directions is predicted for both YCOB and 
GdCOB. 
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1. Introduction 

Monoclinic, point group m, calcium rare-earth oxoborate crystals like Ca4YO(BO3)3 (YCOB) 
and Ca4GdO(BO3)3 (GdCOB) doped with Nd3+ trivalent ions are well established laser 
materials [1,2]. Efficient continuous-wave, Q-switched and mode-locked Yb:YCOB and 
Yb:GdCOB lasers were reported [3–5]; in the last case generating pulses as short as 35 fs [5]. 
Recently, thin disk lasers [6] were also realized with Yb:YCOB, including mode-locked 
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operation. Eye-safe Er,Yb:YCOB lasers were studied as well [7]. The noncentrosymmetric 
oxoborate crystals also show good nonlinear properties [8,9] and are of practical interest for 
second-harmonic generation (SHG) and (chirped pulse) optical parametric amplification. 
Moreover, the feasibilty of Yb- [10] and Nd-doped [1,2] oxoborates for self-frequency 
doubling was also demonstrated which enabled the development of compact green lasers. 
Both YCOB and GdCOB compounds melt congruently [8,11], so they can be pulled directly 
from the melt which enables the growth of large-volume crystals. The structure, spectroscopic 
and nonlinear optical properties of YCOB and GdCOB were widely studied in the past years. 

Thermal properties of YCOB and GdCOB are not optimal. This includes a relatively low 
thermal conductivity (~2 W/mK) [12], and large and strongly anisotropic thermal expansion 
(up to ~12 × 10−6 K−1) [13]. This can lead to high thermal stress that typically causes crystal 
cracking, and a strong thermal lensing. The latter is the main detrimental effect that limits the 
power scaling capabilities of solid-state lasers [14]. Indeed, it can lead to cavity instability, 
degradation of the laser performance and beam quality, and even to ceasing of laser operation. 
Thermal lens considerations require knowledge of yet more important parameters such as the 
thermo-optic coefficient (TOC = dn/dT) and thermal coefficient of the optical path (TCOP). 
Unfortunately, there is a strong discrepancy in the scarce literature on this subject [15–17] 
concerning these two parameters which are important also in nonlinear optical applications in 
relation to temperature variation of the refractive index and associated phase mismatching. 

In the present paper, we report on a comprehensive comparative study of thermo-optical 
properties of YCOB and GdCOB, taking into account their intrinsic anisotropy. In addition, 
the dispersion of dn/dT coefficients is investigated, yielding thermo-optic dispersion formulas 
for a wide spectral range from 0.4 to 2 μm. The physical effects behind the negative dn/dT 
values, as well as their potential utilization (athermal behavior) are discussed, too. 

2. Experimental 

The studied YCOB and GdCOB single crystals were grown by the Czochralsky method. 
Monoclinic YCOB and GdCOB are biaxial and their optical properties are described in the 
frame of the optical indicatrix with the three principal axes, X, Y and Z corresponding to 
refractive indices nX < nY < nZ [9,15]. The axis corresponding to the medium refractive index, 
Y, is parallel to the b crystallographic axis. The two remaining axes, X and Z, are located in 
the a-c plane, see Fig. 1. The orientation of the optical indicatrix (a^Z ~26° and c^X ~15°) of 
GdCOB is nearly wavelength independent between 0.4 and 2.2 μm [18]. 

 

Fig. 1. Orientation of the optical indicatrix (X, Y and Z axes) with respect to the 
crystallographic frame (a, b and c axes) for monoclinic biaxial YCOB and GdCOB crystals 
[9,15]. 

From the as-grown bulk crystals, two rectangular samples were cut in the frame of the 
optical indicatrix having the dimensions of 6.01(X) × 7.41(Y) × 6.88(Z) mm3 for YCOB and 
6.97(X) × 5.17(Y) × 5.67(Z) mm3 for GdCOB. All faces of the samples were polished. 

Thermal expansion coefficients α for both crystals were measured along the X, Y and Z 
axes by a horizontal dilatometer, model Netzsch 402PC, for the temperature range RT (room-
temperature) – 200 °C, with a precision of 0.1 × 10−6 K−1. 

TCOPs were measured by the laser beam deviation method for a sample with a linear 
thermal gradient [19] with a precision of 0.2 × 10−6 K−1. To employ this method, two opposite 
faces of the rectangular samples were maintained at different temperatures (~0 °C for the 
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“cold” surface and ~50 °C for the “hot” one) thus producing a linear thermal gradient of ~6–8 
°C/mm. The temperature gradient was applied perpendicularly to the light propagation 
direction of a probe beam. The probe beam was formed by a telescope, iris and a Glan-Taylor 
prism to be linearly polarized and to have a nearly flat wave front (“top-hat” profile). The 
diameter of the probe beam in the sample was ~3 mm. We used a set of continuous-wave 
lasers emitting at 400, 532, 633, 652, 780, 980 and 1064 nm (laser power was <10 mW). 
Thus, the intensity of the probe beam was too low to produce any nonlinear effects in the 
sample [20]. As all wavelengths used were within the transparency range of YCOB and 
GdCOB, no additional heat was released in the sample by the probe beam [21]. The sample 
was only loosely fixed (without exerting a pressure) to avoid thermally induced stresses that 
could in principle modify the refractive index [22]. Under these conditions, a linear thermal 
gradient corresponds to a linear change of the optical path length. The latter causes a 
deviation of the probe beam from the straightforward direction. This deviation is proportional 
to the TCOP (W = dn/dT + (n–1)α, where α is the thermal expansion along the light 
propagation direction). Further details about the method used can be found elsewhere [22]. 

The three possible light propagation directions along the X, Y or Z axes (denoted further 
as X-, Y- or Z-cut) alongside the two possible principal polarizations yield a total of 6 TCOP 
values. As oxoborates exhibit anisotropy of the thermal conductivity coefficient κ (in 
particular, for GdCOB κX = 2.17, κY = 1.32 and κZ = 2.40 W/mK [12]), the temperature 
gradient was carefully measured for each sample orientation using a pair of sensitive 
thermocouples with a precision of ~0.1 °C. Considering the applied temperatures, it can be 
concluded that all TCOP values were determined at around room-temperature. 

The principal TOCs, dnX/dT, dnY/dT and dnZ/dT, were determined from the corresponding 
TCOP values, dn/dT = W–(n–1)α; the refractive indices n were calculated from Sellmeier 
equations [9,15]. It is important to note that each dn/dT value was determined independently 
from two measurements like in [23] (for instance, dnX/dT was derived from the data for E || X 
polarization, Y-cut and Z-cut samples). The coincidence of two dn/dT values is then an 
indicator of the correctness of our method and the deviation did not exceed 0.3 × 10−6 K−1. 

3. Results and discussion 

The measured thermal expansion coefficients amount to αX = 12.0, αY = 2.6, αZ = 6.2 × 10−6 
K−1 for YCOB, and αX = 11.1, αY = 3.6 and αZ = 7.7 × 10−6 K−1 for GdCOB, see Table 1 also 
showing a comparison with previous data. The degree of anisotropy of the thermal expansion, 
denoted as αX:αY:αZ, is higher for YCOB (4.6:1:2.4) as compared to GdCOB (3.1:1:2.1). 

Table 1. Thermal Expansion Coefficients for YCOB and GdCOB Crystals 

Crystal Thermal expansion, 10−6 K−1 Ref.
αX αc αY = αb αZ αa

YCOB 12.0 2.6 6.2 This paper
 12.6 4.1 7.5 [15]
  12.8 8.2 9.9 [13]
Nd:YCOB 10.9 4.2 5.9 [24]
 12.1 4.4 7.7 [15]
GdCOB 11.1 3.6 7.7 This paper
  14.3 8.3 10.2 [12]
  13.1 7.8 10.4 [25]
Nd:GdCOB 11.6 5.4 5.9 [24]

 
The anisotropy and dispersion of the TCOPs are analyzed in Fig. 2. The values at ~1 μm 

are also compiled in Table 2. For both YCOB and GdCOB crystals, TCOP values can be 
either positive (X- or Z-cuts) or negative (Y-cut). This means that the sign of the thermal lens 
which is directly related to the TCOP value [17], will also vary according to the crystal cut. 
Focusing (positive) thermal lens is then expected for X- or Z-cut YCOB and GdCOB crystals. 
All TCOP values decrease with the laser wavelength and this dependence is more pronounced 
at shorter wavelengths. 
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Microchip laser means a gain medium with two flat mirrors directly attached to its faces 
thus creating a plano-plano cavity without air gaps [26]. The key property of the laser 
material in this case is the thermal lens sign, as the laser mode is stabilized in the plano-plano 
cavity only by a positive thermal lens [27]. From this point of view, only X- and Z-cut YCOB 
and GdCOB crystals are suitable for microchip operation, Table 2. 

The difference in TCOP values for the same crystal cut and orthogonal light polarizations, 
and close emission cross-sections for these polarizations [10] mean that for YCOB or GdCOB 
lasers, it is in principle possible to observe the so-called polarization-switching effect [22]. 

 

Fig. 2. Dispersion of thermal coefficients of the optical path (TCOP) for YCOB and GdCOB 
crystals for principal light polarizations E || X, Y and Z: symbols are the experimental data, 
curves are their fitting. 

Table 2. Anisotropy of Thermal Coefficients of the Optical Path (TCOP) for YCOB and 
GdCOB Crystals at 1.06 μm 

Crystal Orientation TCOP, 10−6 K−1 
 E || X E || Y E || Z
YCOB X-cut – + 4.5 + 5.9
 Y-cut + 0.6 – –0.8
 Z-cut + 2.9 + 0.5 –
GdCOB X-cut – + 3.0 + 4.2
 Y-cut –1.4 – –1.1
 Z-cut + 1.4 + 0.6 –

 
Different-signed TCOP values for YCOB and GdCOB is a clear indication of negative 

TOCs (as the impact of the thermal expansion is positive). The dn/dT results are summarized 
in Fig. 3. At ~1 μm, dnX/dT = –1.2, dnY/dT = –3.7 and dnZ/dT = –2.5 × 10−6 K−1 for YCOB 
whereas dnX/dT = –3.8, dnY/dT = –4.8 and dnZ/dT = –3.7 × 10−6 K−1 for GdCOB (all TOCs 
are negative). Thus, the anisotropy of temperature dependence of the refractive index is 
higher for YCOB. All dn/dT values decrease with wavelength. For the entire spectral range 
studied, the relation dnY/dT < dnZ/dT < dnX/dT for YCOB and dnY/dT < dnX/dT < dnZ/dT for 
GdCOB, holds true. However, no direct link with the relation nX < nY < nZ, exists. This is 
similar to the behavior observed previously for monoclinic KGd(WO4)2 and KY(WO4)2 
crystals [28]. 
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Fig. 3. Dispersion of thermo-optic coefficients, dnX/dT, dnY/dT and dne/dT, for YCOB and 
GdCOB for principal light polarizations E || X, Y and Z: symbols are the experimental data, 
curves are their fitting. 

In Table 3, thermal coefficients of the natural birefringence, dΔ/dT (defined, e.g. for Z-cut 
crystal as dΔXY/dT = |dnX/dT – dnY/dT| where ΔXY = nX–nY) are presented. The values of 
dΔ/dT are relatively small, the maximum variation occurs for Z-cut YCOB as dΔXY/dT = 2.5 
× 10−6 K−1. In the case of Y-cut GdCOB, dΔXZ/dT is almost vanishing. 

Table 3. Thermo-Optic Coefficients (TOC) for YCOB and GdCOB Crystals 

Crystal TOC*, 10−6 K−1 
 dnX/dT dnY/dT dnZ/dT
YCOB –1.2 –3.7 –2.5
GdCOB –3.8 –4.8 –3.7
 dΔXY/dT** dΔXZ/dT dΔYZ/dT
YCOB 2.5 1.3 1.2
GdCOB 1.0 0.1 1.1
*At ~1 μm;
**dΔ/dT is the thermal coefficient of birefringence. 

 
For a monoclinic crystal, the orientation of the optical indicatrix axes is constrained by the 

crystal symmetry. There are three point groups corresponding to the monoclinic crystal class, 
namely 2, m and 2/m (Hermann–Mauguin notations) where 2 stands for a two-fold axis (C2) 
and m for a mirror plane. A “monoclinic” axis is selected for each point group. This axis is 
parallel to the two-fold axis for 2 and 2/m groups and it is perpendicular to the mirror plane 
for m and 2/m groups. The usual convention is to denote the monoclinic axis as the 
crystallographic b-axis while the angle β = a^c between the a and c axes located in the 
orthogonal plane is > 90°, see Fig. 1. The orientation of only one of the principal axes of the 
optical indicatrix is constrained to be parallel to the b-axis. However, as the notations for the 
axes of the optical indicatrix are determined from the relation for the refractive indices (nX < 
nY < nZ), any of the X, Y or Z axes may happen to be parallel to the monoclinic axis. It was 
shown for monoclinic crystals that the values of n depend mainly on the electronic 
polarizabilities of the species occupying the sites, i.e. mainly on the chemical crystal 
composition [29]. As a result, indeed all three cases (b || X, Y or Z) are possible for such 
crystals [30]. The calculation of n is based on the point-dipole model and uses the 
crystallographic refinement. To date, this approach has not been applied for oxoborates 
although the crystallographic data are known for these crystals [12]. 

Thus, to analyze the origin of negative TOCs in oxoborates, we used a recently developed 
phenomenological model. It does not directly take into account the crystal anisotropy but 
allows one to model the dn/dT dispersion for the principal polarizations separately which is 
useful for practical purposes. The model takes into account two main effects, the volumetric 
thermal expansion (expressed by the αvol value), and the temperature dependence of the 
electronic bandgap Eg (expressed by a temperature derivative, dEg/dT) [28,31]: 
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Here λ denotes wavelength; λg [µm] = 1.2398/Eg [eV], n(λ) is the Sellmeier equation, and n∞ 
is the refractive index in the long-wavelength infrared limit. Accordingly, the dn/dT value can 
be represented as a sum of the terms related to the above mentioned effects, (dn/dT)α + 
(dn/dT)g [30]. The first term, (dn/dT)α, has weaker wavelength dependence and it is negative. 
Indeed, the crystal volume increases due to volumetric thermal expansion; this decreases the 
material density and, hence, the refractive index. The second term (dn/dT)g plays the main 
role for wavelengths close to λg near the UV absorption edge and it is positive (as dEg/dT < 0). 

Using Eq. (1), it is possible to discuss phenomenologically the reasons for the anisotropy 
of TOCs in monoclinic crystals. The first of them is related to the difference in the band 
structure (i.e., in the value of electronic bandgap Eg and its temperature-dependence) for the 
principal light polarizations. This effect was detected for monoclinic double tungstates (Eg 
was different for light polarized parallel and perpendicular to the C2-axis) [32]. A second 
reason is the necessity to consider the anisotropy of the thermal expansion, i.e., to correct the 
αvol value with “anisotropy” factors. This will be a topic of a separate study. 

Negative TOC sign, like observed in YCOB and GdCOB crystals, implies that the impact 
of the volumetric thermal effect is dominant. However, in the UV region (dn/dT)g exhibits a 
more abrupt dependence on the wavelength. Thus, at some point the relation (dn/dT)α = –
(dn/dT)g holds resulting in zero TOC (meaning a constant refractive index upon heating [33]). 
This was observed experimentally for YCOB, Fig. 3, and is expected for GdCOB for λ < 0.4 
μm. Such switching of the dn/dT sign was reported previously for monoclinic double 
tungstates like KGd(WO4)2 [28] and some nonlinear crystals [31]. 

Experimental data on the TOCs were fitted with Eq. (1) using αvol, Eg (or λg) and dEg/dT as 
fitting parameters. The best fitting curves are shown in Fig. 3. The αvol value is determined as 
Σα'ii where α'ii are the diagonal elements of the thermal expansion tensor in its eigen frame. 
However, as shown in [34], this frame is very close to the optical indicatrix (rotated by an 
angle φ ~4°), thus αvol was estimated as 20.8 for YCOB and 22.4 × 10−6 K−1 for GdCOB. 
Typical values of the remaining fitting parameters are Eg = 5.4 ± 0.1 eV (i.e., close to the 
value reported in [35], Eg = 5.39 eV) and dEg/dT = –1.0 ± 0.3 × 10−4 eV/K. From the 
modeling, we conclude that the larger volumetric thermal expansion of GdCOB is responsible 
for the lower thermo-optic coefficients (as compared with YCOB), Fig. 3. 

The performed modeling allows one to derive simple analytical thermo-optic dispersion 
formulas [33]: 

 6 131 2
0 2 4 6

d / d , 10 .
AA A

n T A
λ λ λ

− −= + + +  K  (2) 

Here λ is in μm; A0-3 are the expansion coefficients (A0 corresponds to the dn/dT value in the 
long-wavelength limit, A1-3 represent its dispersion). Their values are listed in Table 4. The 
equivalence between Eq. (1) and (2) is better than 0.2 × 10−6 K−1. Due to a relatively low 
change in the near-IR region, the curves were extrapolated up to ~2 μm, the region of interest 
for 1.5-1.6 µm Er lasers [7], as well as Tm/Ho oxoborate crystals that have not been studied 
to date. 

Table 4. Coefficients in the Thermo-Optic Dispersion Formulas for YCOB and GdCOB 
Crystals, Eq. (2) 

Crystal TOC A0 A1, μm2 A2, μm4 A3, μm6

YCOB dnX/dT –1.5 0.3290 0.0137 0.0027
 dnY/dT –3.9 0.2483 –0.0063 0.0059
 dnZ/dT –2.8 0.3006 0.0027 0.0044
GdCOB dnX/dT –4.1 0.1937 0.0087 0.0034
 dnY/dT –5.0 0.1808 –0.0082 0.0077
 dnZ/dT –4.0 0.2243 0.0058 0.0043
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Using the Sellmeier equations [9,15] and the obtained thermo-optic dispersion formulas 
we calculated also the dispersion curves for the TCOP coefficients, see Fig. 2. 

Negative TOCs are a prerequisite for the so-called athermal behavior [33], with a near-
zero variation of the optical path length with temperature. This is achievable when the 
following relation holds, W = dn/dT + (n–1)α = 0, called “laser cavity” configuration [34]. We 
discuss the existence of an athermal direction (AD) for YCOB and GdCOB crystals only for 
the principal light polarizations, along X, Y or Z axes. For a fixed light polarization E (i.e., 
constant n and dn/dT [36]), the only possibility for the variation of the TCOP value is the 
change of the α coefficient which depends on the direction of light propagation. 

From Table 2, it is clear that for light polarizations E || X and E || Z ADs may exist. 
Indeed, for these polarizations the sign of the TCOP can be either positive or negative, 
depending on the light propagation direction. In contrast, for E || Y the TCOP is always 
positive (no ADs). For E || X, all possible propagation directions lie in the Y-Z plane and for 
E || Z they are in the X-Y plane. Thus, we calculated the dependence of the TCOP on the 
propagation direction in both these planes, see Fig. 4, by using the following formulas: 

 2 2/ ( 1)[ cos sin ],W n T n α θ α θ+ − +Y-Z X X Y Z= d d  (3a) 

 2 2/ ( 1)[ cos sin ].W n T n α θ α θ+ − +X-Y Z Z Y X= d d  (3b) 

Here θ is the angle between the propagation direction and Y axis. The angles corresponding 
to ADs, θAD, are then determined from the conditions WY-Z = 0 (for Y-Z plane) and WX-Y = 0 
(for X-Y plane). 

 

Fig. 4. Analysis of athermal behavior for YCOB and GdCOB crystals at ~1 μm for light 
polarizations E || X and E || Z: curves represent the dependence of the TCOP value on the 
propagation direction; black circles correspond to zero TCOP; arrows show athermal 
directions (ADs). 

Table 5. Athermal Directions (ADs) in YCOB and GdCOB Crystals at ~1 µm 

Crystal Polarization (plane)
 E || X

(Y-Z plane) 
E || Y
(X-Z plane) 

E || Z
(X-Y plane) 

YCOB – ~Z-axis Y ± 27.4°
GdCOB Y ± 43.5° ~Z-axis Y ± 18.2°

 
The ADs for YCOB and GdCOB crystals at ~1 μm are summarized in Table 5. In 

GdCOB, they exist for both E || X and Z polarizations (due to lower dn/dT values). ADs are 
located symmetrically, making angles ± 43.5° (Y-Z plane) and ± 18.2° (X-Y plane) with the 
Y axis. For YCOB, AD exists only for E || Z, with the orientation Y ± 27.4° in the X-Y plane. 
As for E || Y polarization, the crystal cut along the Z-axis itself provides a low TCOP, ~0.5 × 
10−6 K−1, see Table 2. Thus, this axis can be roughly considered as near-athermal direction. 
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4. Conclusions 

Monoclinic oxoborate crystals, YCOB and GdCOB, though with relatively low thermal 
conductivity, provide a beneficial athermal behaviour that should lead to the reduction of the 
optical power of the thermal lens. This occurs due to negative thermo-optic coefficients in the 
visible and near-IR, dn/dT, as well as large anisotropy of the thermal expansion effect. Crystal 
cuts showing a nearly athermal behaviour are expected for light polarizations E || X and E || Z. 
In particular, these polarizations are of interest in the case of Yb doping of oxoborates as they 
provide access to higher absorption and stimulated emission cross-sections. Despite the fact 
that dn/dT coefficients are negative, a positive thermal lens is expected for X-cut and Z-cut 
YCOB and GdCOB crystals doped with Yb3+, Er3+ or Nd3+ ions. This is crucial in particular 
for the potential application in microchip lasers. 
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