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a b s t r a c t

A new member of the RECa4O(BO3)3 crystal system, a neodymium calcium oxoborate [NdCa4O(BO3)3,
abbreviated as NdCOB] single crystal, with dimensions of 30 mm in diameter and 25 mm in length,
has been grown along the crystallographic b-axis by the Czochralski method. X-ray powder diffraction
results show that the as-grown NdCOB crystal, is of a single phase and belongs to the monoclinic system
with space group Cm. The measurement and calculation of the symmetric second-rank tensors rep-
resenting thermal properties of the monoclinic crystal, including thermal expansion and conductivity,
are described in detail in this paper. The principal coefficients of thermal expansion of the as-grown
NdCOB crystal are 6.75189, 6.3727 and 12.13381 (10−6 K−1), respectively, over the temperature range of
303.15–768.15 K. The specific heat of the crystal is 0.65775 J g−1 K−1 at 300.23 K. The principal thermal
conductivity parameters are 1.9642, 1.8885 and 2.0374 W m−1 K−1, respectively, at 303.35 K.
eywords:
haracterization
rystal structure
zochralski method
ingle crystal growth
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standard JCPDF data for this crystal (International Centre for Diffraction Data, New-
ton Square, PA, USA). It can be seen that the XRPD peak position of the crystal is in
good agreement with the standard value. The slight difference in the peak intensities
can be ascribed to a minor misorientation of the sample. The XRPD pattern is similar
to that of YCOB [12], which indicates that NdCOB belongs to the monoclinic system
36 C. Zhang et al. / Journal of Alloys

. Introduction

In recent years, excellent nonlinear optical properties of
eCa4O(BO3)3 crystals (R, rare-earth elements; ReCOB) (Re = Pr, Nd,
m, Eu, Dy, Ho, Er) have been reported by researchers. The low sym-
etry of the crystal makes ReCOB crystals prime candidates for

xhibiting NLO effects. When the rare-earth ions are replaced by a
aser active ion, such as Nd or Yb, these crystals can perform both
s lasers and frequency doublers. Thus, ReCOB crystals have been
eveloped as host materials with the goal of obtaining a specific
rystal that possesses self-frequency doubling properties (SFD) [1].

In 1992, Norrestam et al. [2] synthesized a new family of rare-
arth oxoborates ReCa4O(BO3)3 (Re = La3+, Nd3+, Sm3+, Gd3+, Er3+,
3+). In 1996, Aka et al. [3] reported a study on GdCa4O(BO3)3
GdCOB) as a new nonlinear crystal. GdCOB was considered as a
uitable nonlinear crystal that could be grown using the Czochral-
ki method to obtain large dimensions and high optical quality.
ater, Iwai et al. [4] reported in detail on ReCa4O(BO3)3 (Re = Y or
d) as another promising nonlinear crystal The NLO properties of
dCOB, YCOB and KDP were compared, and it was pointed out that
COB has a larger nonlinear coefficient, greater temperature stabil-

ty and dual refractive indices, properties which are useful for phase
atching. At CLEO’98, Yoshimura et al. [5] reported the achieve-
ent of 1.064 �m second harmonic generation (SHG) and third

armonic generation (THG) as well.
NdCa4O(BO3)3 (NdCOB) is one member of the rare-earth cal-

ium oxoborates. In this crystal, the activated ion Nd3+ is a
toichiometric component of the crystal instead of a dopant as in
ost other laser crystals. One of the prominent self-activated laser

rystals is NdAl3(BO3)4 (NAB), which is known to contain the high-
st concentration of Nd3+ ions (5.73 × 1021 cm−3) and possesses
ow concentration quenching, high gain, and good physical and
hemical properties [6]. In a similar way as NAB, we expect NdCOB
o be a self-activated laser crystal that possesses good optical and
aser properties. There has not been much research carried out on
dCOB. There are only a few published reports on NdCOB mainly
ertaining to its growth and piezoelectricity [7–10].

For a laser crystal, the thermal properties are some of the
mportant factors governing its application, especially for high Nd-
oncentration crystals. A number of deleterious thermal problems
an occur because of the heat generated during lasing, such as ther-
al focusing, stress-induced birefringence, stress-induced biaxial

ocusing, concentration quenching effects, and even cracking [11].
hus, it is essential to determine the thermal properties of NdCOB,
ncluding the thermal expansion and thermal conductivity. These
arameters will help characterize the heat transport and the degree
f cooling efficiency in this material.

NdCOB, together with NdxY1−xCOB crystals of different Nd3+

oncentration have been grown using the pulling (Czochralski)
ethod. The specific heat measurements were carried out with
differential scanning calorimeter using a simultaneous thermal

nalyzer (NETZSCH LFA 447 Nanoflash). The thermal expan-
ion of NdCOB was measured over the temperature range of
03.15–769.15 K using a thermal dilatometer (NETZSCH DIL 402C).
he thermal diffusion coefficient of NdCOB was measured by the
aser flash method using a laser flash apparatus (NETZSCH LFA 447
anoflash) over the temperature range of 303.15–562.15 K. In this
aper, the thermal properties of NdCOB are discussed.

. Experiments and results
.1. Crystal growth and phase identification

Single crystals were grown by the traditional Czochralski technique, as NdCOB
elongs to the calcium–rare-earth (R) oxoborate family. Initially, polycrystalline
dCOB was synthesized at 900 ◦C and 1150 ◦C, respectively, using Nd2O3, CaCO3
Fig. 1. NdCOB grown through the Czochralski method.

and 4N pure H3BO3 in stoichiometric proportions in the following reaction:

Nd2O3 + 8CaCO3 + 6H3BO3 → 2NdCa4O(BO3)3 + 8CO2↑ + 9H2O ↑

Because of the volatility of H3BO3, we added more H3BO3 than the calculated amount
of about 1% of the total weight of the material. The polycrystalline NdCOB was heated
at 900 ◦C in order to decompose the CaCO3 and H3BO3, and to eliminate the effects
of CO2 and other vapors. Next, the polycrystalline NdCOB was pressed into bulk
form under pressure, with the goal that the solid-state reaction can be carried out
completely. After being pressed, the polycrystalline bulk material was heated at
1150 ◦C to promote the solid-state reaction.

The polycrystalline bulk material was then shifted to an iridium crucible for
the growth of the NdCOB crystal. It was heated in a 2.5 kHz intermediate fre-
quency furnace. Using a b-oriented YCOB single crystal bar as seed, a pulling rate
of 0.2–0.3 mm/h, and a rotation rate of 15 rpm were adopted. The pulling rate was
adjusted a bit during different periods of the crystal growth—decreasing with the
increase in diameter to 0.1 mm/h by the time when the diameters were equal. The
low pulling rate contributes to the high quality of the crystal. After the growth
process was completed, the crystal was cooled to room temperature at a rate of
15 ◦C h−1. The process of annealing, which was performed in air, was undertaken to
decrease internal stress.

Fig. 1 shows the crystal as grown, with a diameter of 30 mm and length of 25 mm
in the region where the diameter is constant. Because of the high Nd3+ density, the
crystal had a dark violet color. The high absorbance of Nd3+ leads to almost total
opacity. It can be seen that the crystal has two sets of natural facets parallel to the
b-axis; they are identified as the (2 0 1) and (1 0 1) planes.

Fig. 2 compares the XRPD patterns of the as-grown NdCOB crystal boule and the
Fig. 2. XRPD patterns of the as-grown NdCOB crystal compared to standard data.
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Fig. 3. Schematic diagram of the cross-section of the b-axis-grown crystal.

ith space group Cm. Lattice constants at room temperature were determined to
e: a = 0.813, b = 1.606, and c = 0.359 nm, and ˇ = 101.4◦ [13].

.2. Density measurements

The density of NdCOB was measured using the flotation method on a scale at
oom temperature, 299.15 K. Two random samples cut from the original crystal were
sed for the measurement with a resulting value of 3.62073 g cm−3 at 299.15 K.

.3. Thermal expansion measurements

The thermal expansion of a crystal has a great influence on crystal growth and
n possible applications [14]. The thermal expansion was measured using a thermal
ilatometer (NETZSCH DIL 402C) over the range of 303.15–769.15 K. During thermal
xpansion measurements, a constant rate of 5 K min−1 was taken from 303.15 to
69.15 K to heat the crystal samples, and the results were recorded.

.4. Specific heat measurement

For laser crystals, the damage threshold and therefore possible laser applications
an be greatly influenced by the magnitude of the specific heat [15]. A slice of the
s-grown NdCOB crystal, weighing 8.72 mg, was used as the sample. A small Pt–Rh
rucible was used as a container to hold the sample. It was heated from 293.15 to
73.15 K at a constant rate of 5.00 K min−1.

.5. Thermal diffusion coefficient measurements

Measurements were made over the range of 303.15–562.15 K using five square
6 mm × 6 mm × 2 mm) crystal slices coated with graphite on both sides. The slices
ere cut along the same directions as those adopted in the thermal expansion
easurements. The results will be discussed in the following section.

. Discussion

.1. Crystal orientation for thermal properties measurements

Crystal orientation is important in all physical measurements
n crystals because the precise orientation in a low-symmetry
onoclinic system has great influence in affecting the values of

nisotropic physical properties. Since the crystallographic axes (a,
, c) in the low-symmetry monoclinic system are not mutually
rthogonal, it is important to be attentive to the orientation of the
rystallographic axes (a, b, c) with respect to the reference axes
X1, X2, X3) of the conventional coequal system. Fig. 3 presents a
chematic diagram of the cross-section of the NdCOB crystal, which
s a parallelogram formed by the natural facets (2 0 1), (2 0 1), (1 0 1)

nd (1 0 1). It is typical of monoclinic crystals as discussed by Ye and
hai [16]. In Fig. 3, the crystallographic axes (a, b, c) and the refer-
nce axes (X1, X2, X3) are determined by the right-hand rule. The
eference axes X2 and X3 are perpendicular to the (0 1 0) and (2 0 1)
rystallographic planes, and X1 is perpendicular to X3. The angular
Fig. 4. Reference coordinates for monoclinic crystal system.

relationships between the crystallographic axes (a, b, c), reference
axes (X1, X2, X3) and natural facets were calculated using the unit-
cell parameters of the NdCOB crystal: X2||b, (X1, a) = 25.4410◦ and
(X3, c) = 14.0696◦.

Using the (X1, X2, X3) coordinates as a basis, crystal samples were
easily cut from the NdCOB single crystal and then used to carry out
thermal expansion and thermal diffusion measurements.

3.2. Symmetric second-rank tensor measurement for monoclinic
crystal

NdCOB belongs to the monoclinic system with m point-group
symmetry. Both the thermal expansion coefficient and thermal
conductivity are symmetric second-rank tensors that can be eas-
ily represented in the form of a 3 × 3 matrix [Tij] (i, j = 1–3). In the
monoclinic system, the crystallographic b-axis is one of the princi-
pal axes of the symmetric second-rank tensor [Tij], so [Tij] referred
to the (X1, X2, X3) coordinate system shown in Fig. 3 can be repre-
sented as [17].(

T11 0 T31
0 T22 0

T31 0 T33

)

The values of the components T11, T22, T33 can be determined
directly from our measurements along OX1, OX2, and OX3. The
component T31 can be calculated by means of the Mohr circle con-
struction.

In Fig. 4 the axes OX′
1 and OX′

3 are obtained by rotating the
original reference axes OX1 and OX3 counterclockwise around OX2
through an angle ˛ (negative if the rotation is clockwise). The trans-
formation matrix is presented as follows:(

cos ˛ 0 − sin ˛
0 1 0

sin ˛ 0 cos ˛

)

Related to the new coordinate system, the symmetric second-rank
tensor [T ′

ij
] can be represented as
(

T ′
11 0 T ′

31
0 T ′

22 0
T ′

31 0 T ′
33

)
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n the same way as with the original coordinate system, the values
f the components of [Tij] can be directly obtained from measure-
ents along the OX′

1, OX′
2 and OX′

3 directions. Corresponding to the
ransformation law for second-rank tensors, we can determine the
elationship between the components in the original coordinate
ystem and in the new one:

′
11 = T11 cos2 ˛ + T33 sin2 ˛ − T31 sin 2˛ (1)

′
22 = T22 (2)

′
33 = T11 sin2 ˛ + T33 cos2 ˛ + T31 sin 2˛ (3)

′
31 = (T11 − T33)

sin 2˛

2
+ T31 cos 2˛ (4)

ecause of the error inherent in the experiment, the values of T31,
btained from Eqs. (1) and (2), are not always quite in accord with
ach other. In order to reduce the error, we used the least-squares
ethod as follows [17,18]:
Because there are a total of four groups of experimental data,

e introduce the following matrix:

=

⎛
⎝ sin2 �1 sin 2�1 cos2 �1

sin2 �2 sin 2�2 cos2 �2

sin2 �3 sin 2�3 cos2 �3

sin2 �4 sin 2�4 cos2 �4

⎞
⎠ =

⎛
⎝ 0.05908 −0.47162 0.9409

0.9409 0.47162 0.059098
0.26419 0.8818 0.7358
0.7358 −0.8818 0.26419

⎞
⎠

(5)

he angle �n represents the angle of rotation counterclockwise from
he c crystallographic direction. Specifically in this experiment, �n

akes on the values −14.0696, 75.9304, 30.9304 and 120.9304 for
= 1–4, respectively, representing directions along OX3, OX1, OX′

3,
nd OX′

1. The transformation matrix takes the form

=
(

�T �
)−1

�T =
(−0.1909 0.6909 0.0142 0.4858

−0.2358 0.2358 0.4409 −0.4409
0.6909 −0.1909 0.4858 0.0142

)
(6)

here �T is the transpose of �. We can then obtain all the compo-
ents, T11, T33 and T31 from the following equation:

T11
T31
T33

)
= R

⎛
⎜⎝

X3
X1
X ′

3
X ′

1

⎞
⎟⎠ (7)

hus we can use these values of T11, T31 and T33 instead of the
riginal elements to construct the symmetric second-rank tensor
ith only minor errors.

The next step is to determine the orientation of the principal
xes (XI, XII, XIII) and the values of the principal components of [Tij].
he symmetric second-rank tensor [Tij] referred to its principal axes
XI, XII, XIII) can be represented as

TI 0 0
0 TII 0
0 0 TIII

)
(8)

bserving the matrix in the new coordinate system after rotation,
e recognize that if the value of T ′

31 equals zero, the form of the
atrix would be diagonal. So the orientation of the principal axes

an be determined by setting Eq. (4) to equal zero, which gives the
ngle between the principal axes (XI, XII, XIII) and the reference axes
X1, X2, X3) as expressed by the following equation:
= 1
2

arctan
(

2T31

T33 − T31

)
(9)

ccordingly, the components [TI, TII, TIII] of the principal axes (XI,
II, XIII) can be calculated by substituting � for ˛ in Eqs. (1) and (3).
Fig. 5. Expansion ratio �L/L0 and coefficient ˛ of NdCOB measured along OX1, OX2,
OX3, OX′

1 and OX′
3 orientations in the reference frame.

3.3. Thermal expansion of NdCOB crystal

Two rectangular crystal samples were cut from the NdCOB crys-
tal. One sample was cut along the reference axes (X1, X2, X3) as
shown in Fig. 3, and the other was cut with a counterclockwise
angle ˛ = 45◦ along the reference axes (X ′

1, X ′
2, X ′

3) as shown in Fig. 4.
The thermal expansion ratio versus temperature curves, measured
along the OX1, OX2, OX3, OX′

1 and OX′
3 directions, are shown as solid

lines in Fig. 5.
Clearly, the thermal expansion ratio curves are nearly linear over

the entire measurement range from 303.15 to 768.15 K. The average
linear thermal expansion coefficient for the OX1, OX2, OX3, OX′

1 and
OX′

3 directions can be calculated according to the following formula
[19]:

˛ (T0 → T) = �L

L0

1
�T

(10)

where ˛(T0 → T) is the average linear thermal expansion coeffi-
cient over the temperature range T0–T; L0 is the sample length at
T0; �L is the length change when the temperature changes from
T0 to T; and the temperature change �T = T − T0. In our experiment,
T0 = 303.15 K and �L/L0 was obtained from Fig. 5. The calculated
average linear thermal expansion coefficients of the NdCOB crystal
are shown as dotted lines in Fig. 5.

Since the linear thermal expansion coefficient ˛ is a symmetric
second-rank tensor and temperature T is a scalar, we can consider
�L/L0 to be a symmetric second-rank tensor from the defini-
tion ˛ = (�L/L0)(1/dT). Therefore the same discussion of symmetric
second-rank tensors [Tij] mentioned above (Section 3.2) can be used
to treat [(�L/L0)ij].

The mean values of the linear thermal expansion coeffi-
cients are OX1 = 8.5917 × 10−6 K−1, OX′

1 = 6.4885 × 10−6 K−1,
OX2 = 6.3727 × 10−6 K−1, OX3 = 12.4358 × 10−6 K−1 and
OX′

3 = 10.2554 × 10−6 K−1. Using the method mentioned above
we find the linear thermal expansion tensor to be given by

˛ × 10−6 =
(

6.8598 0 0.7544
0 6.3727 0

0.7544 0 12.0259

)
K−1 (11)
The components along the principal axes are 6.75189, 6.3727 and
12.13381 × 10−6 K−1, respectively. The rotation angle ˛ is −16.28◦

(the negative sign indicates the principal axes are rotated clockwise
around the b-axis) from the c direction.
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Fig. 6. Specific heat dependence of NdCOB on temperature.

The rotation angle can cause a phase mismatch for an inci-
ent laser beam when monoclinic crystals are used in nonlinear
ptics applications, which demand precise phase matching. As a
onsequence, phase mismatch will reduce optical–optical conver-
ion efficiency in the nonlinear process. From Fig. 7, the angle �
etween the principal axes and [Tij] does not remain constant but
ecreases with increasing temperature. The change in � over the
emperature range of 303.15–768.15 K is about 8.4◦. Compared to
he analogous change in Er3+:Yb3+:YCOB (15◦ over the tempera-
ure range of 303.15–873.15 K) [20], the rotation angle of NdCOB is
lmost half, which indicates that NdCOB crystals are more suitable
or phase matching and increasing conversion efficiency.

.4. Specific heat and thermal conductivity of NdCOB crystal

Fig. 6 displays the constant pressure specific heat versus temper-

ture curve of the NdCOB crystal, measured by differential scanning
alorimetry. It can be seen that the specific heat increases from
.539 to 0.84 J g−1 K−1 as the temperature increases from 293.15 to
73.15 K.

ig. 7. Rotation angle of the principal axis from the crystallographic axis in NdCOB.
Fig. 8. Thermal diffusivity of NdCOB single crystal along OX1, OX2, OX3, OX′
1 and

OX′
3 directions.

A least-squares to the curve gives the following equation with
residual R2 = 0.99818:

Cp = 0.08121 + 0.00128 × T + 7391.50942 × T−2 (12)

The specific heat of NdCOB is as large as that of YCOB, a material that
possesses a high damage threshold (∼1 GW/cm−2)[21]. So it can
be inferred that NdCOB should have an analogously high damage
threshold.

The value of the thermal conductivity of a laser crystal is of great
importance from both a fundamental and a technical perspective.
It can be calculated using the following equation:

k = ��Cp (13)

where k, �, � and Cp denote the principal thermal conductivity, the
thermal diffusion coefficient, the density and the specific heat of
the crystal, respectively [22]. In our experiment, the thermal dif-
fusion coefficients of the NdCOB crystal were measured directly
over the temperature range of 303.15–562.15 K. The density of the
crystal was measured to be about 3.62073 g cm−3 using the buoy-
ancy method at room temperature, 299.15 K. The density of the
crystal was determined to be constant since the largest thermal
expansion ratio along the principal axes is no larger than 0.5% over
this temperature range. The thermal conductivity along the direc-
tions in which the thermal expansion was measured was calculated
according to Eq. (13), and the data are shown in Figs. 8 and 9.

Fig. 8 shows the thermal diffusivity of NdCOB over the tem-
perature range from 303.15 to 562.65 K at 30 K intervals between
measured points. It can be seen that the thermal diffusivity along
these directions in the crystal is anisotropic and decreases with
increasing temperature.

The thermal conductivity [kij] of a crystal is also a symmet-
ric second-rank tensor. The principal axes of [kij] can be found
as discussed in Section 3.3. It can be seen that the NdCOB crystal
possesses a weakly anisotropic thermal conductivity.

The thermal conductivity of NdCOB obtained along differ-

ent directions, using the equation k = ��Cp, is plotted in Fig. 9.
At 303.35 K the thermal conductivity components of NdCOB are
2.0507, 1.88851, 1.97965, 1.84246 and 2.13047 W m−1 K−1 along
the OX1, OX2, OX3, OX′

1 and OX′
3 directions, respectively. The ther-
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ig. 9. Thermal conductivity of NdCOB single crystal along OX1, OX2, OX3, OX′
1 and

X′
3 directions.

al conductivity tensor is

=
(

1.9642 0 0.1437
0 1.8885 0

0.1437 0 2.0374

)
W m−1 K−1

nd the principal components of the tensor are 1.852512, 1.8885
nd 2.149088 W m−1 K−1. The rotation angle is −4.316◦ with
espect to the c direction. A higher thermal conductivity will lead to
higher damage threshold. Compared to 2.0 W m−1 K−1 for GdCOB

23], 3.01 W m−1 K−1 for YCOB [24], 5.1 W m−1 K−1 for Nd:YVO4
25] and 11.7 W m−1 K−1 for Nd:GdVO4 [26], NdCOB has a lower
amage threshold when used in laser applications, especially at
igh power.

From the figure it is clear that the thermal conductivity increases
bnormally with increasing temperature. This result differs from
ther monoclinic crystals, such as YCOB [27], Yb:Klu(WO4)2 [28]
nd Lu2SiO5 [29]. As reported before by Eucken [30], the temper-
ture dependence of the thermal conductivity of a glassy material
s quite dissimilar from that of a crystalline one. The thermal
onductivity of glasses increases with increasing temperature, an
ffect that is consistent with the behavior of NdCOB. This phe-
omenon is probably due to the high structural disorder in NdCOB.

lyukhin and Dzhurinskii [31] showed that, in a structural investi-
ation of GdCOB, there might be some disorder that exists between
alcium and gadolinium atoms in filling the two octahedral posi-
ions. Hence we can explain this abnormal result by assuming that
he neodymium ions have replaced both gadolinium and calcium,
hich actually would increase the disorder in NdCOB.

. Conclusions
A high-quality NdCOB crystal has been grown along the
rystallographic b-axis using the Czochralski method. The crys-
al structure belongs to the monoclinic system with space
roup Cm; the unit-cell parameters are a = 0.813, b = 1.606,

[

[
[

[

ompounds 507 (2010) 335–340

and c = 0.359 nm, and ˇ = 101.4◦. The measurements and cal-
culations associated with evaluating a generalized symmetric
second-rank tensor for the monoclinic crystal have been dis-
cussed in detail. The thermal properties of NdCOB were
studied using single crystal samples. The principal coefficients
of the thermal expansion tensor are TI = 6.75189 × 10−6 K−1,
TII = 6.3727 × 10−6 K−1and TIII = 12.13381 × 10−6 K−1 over the tem-
perature range of 303.15–768.15 K. The specific heat of the crystal
is fitted to Eq. (12) using the least-squares method. The prin-
cipal thermal conductivity parameters are 1.9642, 1.8885 and
2.0374 W m−1 K−1. These experimental results exhibit a weak
anisotropy in the thermal expansion and thermal conductivity
tensors. These characteristics are quite suitable for obtaining
good quality crystal growth and for highly demanding laser
applications.
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