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a b s t r a c t

Structural phase transitions at 87 K and 103 K are reported for single-crystalline Han Blue (BaCuSi4O10)
by means of high-resolution thermal-expansion, thermal conductivity and heat capacity measurements.
The phase transition at 103 K results in differing lengths of the a and b lattice parameters, and thus a
lowering of the crystallographic symmetry. Negative thermal-expansion coefficients are observed per-
pendicular to the c-axis over a wide temperature range T108 K 350 K( < < ). The thermal conductivity is
small, and decreases with temperature, both of which suggest strong scattering of heat-carrying pho-
nons. The principle Grüneisen parameter within the plane and perpendicular to it was determined to be
γ1¼�1.09 and γ3¼1.06 at room temperature; the bulk Grüneisen parameter is γ¼0.10. The results are
consistent with the presence of low-energy vibrations associated with the collective motions of CuO4 and
Si4O10 polyhedral subunits.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

BaCuSi4O10 was used in many Chinese artifacts as a synthetic
pigment. It was named Han Blue by FitzHugh and Zycherman [1].
The stable blue color is rare in nature; therefore, the chemical de-
velopment and the production of blue pigments began in ancient
times with Egyptian Blue (CaCuSi4O10) in Egypt and Han Blue
(BaCuSi4O10) and Han Purple (BaCuSi2O6) in China [2]. Besides being
important synthetic pigments of ancient and modern times, Egyptian
Blue and Han Blue have attracted scientific and technological interest
due to their extraordinary luminescent properties [3–5]. Their crystal
structures differ, in that Han Blue possesses silicate layers while Han
Purple contains isolated Si4O12 rings [6], leading to isolated Cu2 di-
mers [7,8]. A gapped spin dimer ground state exists in Han Purple,
which displays Bose–Einstein condensation in strong magnetic field
[9]. No such state is known to exist in the Han Blue.

The room temperature crystal structure of Han Blue and its
corresponding rare mineral effenbergerite is tetragonal, space
group P4/ncc (130), with a¼7.447(1) Å, c¼16.138(2) Å, and Z¼4 at
300 K. It consists of a two-dimensional network of condensed si-
licate tetrahedrons, which contains four-member rings of SiO4

tetrahedral units connected to other inverted rings by apical
oxygen to form Si8O20 sheets. The rings are linked together by
square-planar coordinated copper, forming double copper-silicate
J.J. Neumeier).
[CuSi4O10]n layers parallel to the (001) plane, which are joined by
barium ions that are positioned between these layers. The blue
color of BaCuSi4O10 compounds comes from crystal-field splitting
of the Cu2þ d orbitals in their square-planar coordination [6,10,11].

The electronic, optical and structural properties of BaCuSi4O10

have been well investigated in the room temperature region
[5,6,10–14]. Further knowledge of the physical properties may
prove valuable due to increasing technological interest. In this
work, high-resolution thermal expansion, thermal conductivity,
heat capacity and magnetic susceptibility measurements of
single crystalline Han Blue are reported. Although no structure
phase transition was observed for the closely related compound
Ba0.5Sr0.5CuSi4O10, that is isostructural with Han Blue and studied
between 5 K and 300 K by neutron diffraction [15], our measure-
ments reveal structural phase transitions at 87 K and 103 K. The
transitions result in a lowering of the crystallographic symmetry
from tetragonal, perhaps to orthorhombic or a lower symmetry.
The change in the lattice parameters associated with this transi-
tion would be about one part in a few thousand, and could easily
be missed in typical diffraction experiments. The high resolution
of our thermal expansion technique, capable of observing changes
in length of one part in 108, makes the transition readily visible.
The negative thermal expansion, behavior of the thermal con-
ductivity and heat capacity, and the Grüneisen parameters are
consistent with the presence of low-energy vibrations associated
with the collective motions of the CuO4 and Si4O10 polyhedral
subunits. A steep increase of heat capacity below 2 K, character-
istic of Schottky anomaly, is also observed.
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Fig. 1. Magnetic susceptibility for BaCuSi4O10. The data are plotted on a logarithmic
scale to show the small anisotropy between the two curves, measured parallel and
perpendicular to the c-axis. Solid lines are the fits using Eq. (1). The inset shows
data plotted as χ�1 versus T, along with the fits using Eq. (1).
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2. Experimental procedure

BaCuSi4O10 single crystals were grown using the flux-growth
technique. Polycrystalline powder of BaCuSi2O6 was mixed with
LiBO2 in the molar proportion 2:1, and single phase BaCuSi4O10

crystals formed when the mixture was slow cooled, from 1200 °C
to 875 °C at 1 °C/h. A faster cooling rate of 5 °C/h resulted in a
mixture of BaCuSi2O6 and BaCuSi4O10 phases. The BaCuSi4O10

single crystals form platelets with [001] crystallographic direction
perpendicular to the platelet plane. The single phase nature of the
single crystals was confirmed by x-ray powder diffraction (not
shown) after powdering some crystals. A preferential {00l} or-
ientation was observed in the diffraction pattern due to the perfect
cleavage of the crystals parallel to these planes. Three samples
were oriented for the measurements using x-ray Laue diffraction
with typical dimensions of about 2 1.5 0.5 mm3× × .

Magnetization and heat capacity measurements were per-
formed using a Quantum Design Physical Property Measurement
System (PPMS) equipped with a vibrating sample magnetometer
(VSM). The magnetic field of H0μ = 0.5 T was applied parallel and
perpendicular to the c-axis in the 2–350 K temperature range; μ0

is the permeability of free space. Heat capacity was measured in
the 0.35–300 K temperature range using the thermal-relaxation
technique. High-resolution thermal-expansion measurements
were performed along the a-, b- and c-axes in a capacitive dilat-
ometer cell constructed from fused quartz, with a sensitivity to
length changes of LΔ ¼0.1 Å. The data were collected on heating,
using a warming rate of 0.20 K/min. Details of this technique can
be found elsewhere [16]. In the temperature range of 5–80 K, a
piecewise Chebyshev polynomial fit of the linear thermal expan-
sion ( L L T/ K300Δ ( )) was performed before taking the point-by-point
derivative to determine the linear thermal-expansion coefficient
( Tμ( )), where L K300 is the length of the sample at 300 K. Thermal
conductivity was measured perpendicular to the c-axis in a ra-
diation-shielded vacuum probe using a standard steady-state
method with a temperature gradient produced by a chip heater
and monitored by a 25 μm-diameter chromel–constantan differ-
ential thermocouple. Heat losses via radiation and conduction
through leads were determined in separate experiments and the
data corrected accordingly. This correction was 10–15% near room
temperature and 3≤ % for T 120 K≤ .
3. Results and discussion

The magnetic susceptibility Tχ( ) for the Han Blue crystal is
shown in Fig. 1. There is some anisotropy in Tχ( ) measured with
the magnetic field parallel and perpendicular to the c-axis. Han
Blue is paramagnetic in the entire temperature range of the
measurement, from 2 to 350 K, due to the isolated copper ions in
the structure. A spin-only Curie–Weiss susceptibility [17] given by
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was used to analyze the Tχ( ) data. Here, μ0 is the permeability of
free space, g the g-factor, μB the Bohr magneton, S the total spin, Nv

the number of moments per unit volume, kB the Boltzmann con-
stant, T the temperature, θ the Curie–Weiss temperature, and χ0 a
temperature-independent contribution (due to Van Vleck and
diamagnetic susceptibilities). In addition to the curves shown in
Fig. 1, data were acquired on additional crystals and multiple
directions within the plane; no anisotropy of χwas observed in the
plane. The data were fitted to Eq. (1) for T 100> K; for this
temperature range and our magnetic field B, gS B k T/B Bμ <
4�10�3, which is within the range of validity for the Curie–Weiss
approximation. Values for χ0 were found to range between
1.0 10 5× − and 1.8 10 5× − (in dimensionless SI units), yielding
χ0¼1.3 5( )× 10�5. The diamagnetic susceptibility is estimated to
be χdia¼�1.6�10�5 [18], leading to a temperature-independent
paramagnetic susceptibility of χpara¼2.9 5( )× 10�5. The Van Vleck
contribution is estimated using [19] χVV¼ N E4 /A B

2μ , where NA is
Avogadro's number and E¼16,500 cm�1 from Ref. [13], or
E¼12,600 cm�1 from Ref. [19]. The obtained values of χVV range
from 6.0�10�6 to 7.8�10�6, revealing that χVV accounts for only
20–27% of χpara. Although this might suggest the presence of
another paramagnetic contribution to χ, the discrepancy could
reside with the value of χdia, which should only be taken as an
estimate [17]. Corrections associated with the silicate layering of
Han Blue are likely necessary to provide a more trustworthy
estimate for χdia; this issue does not affect the remainder of our
analysis. A value θ¼�2(3) K was obtained, based on five inde-
pendent measurements. Anisotropic g-factors with g¼2.41(7) and
2.09(5) were obtained for Tχ( ) measured under magnetic field
parallel and perpendicular to the c-axis, respectively, in agreement
with values calculated from electronic structure of Cu2þ in Han
Blue [13]. The corresponding effective magnetic moments are μeff

of 2.1 μB and 1.8 μB, respectively, where g S S 1eff Bμ μ= ( + ) ; these
are in accord with expected [20] values for Cu2þ .

The temperature dependence of the linear thermal expansion
L L/ TΔ , where L L T LTΔ = ( ) − and LT is the sample length at tem-

perature T, measured along the principal crystallographic direc-
tions, is shown in Fig. 2. Significant anisotropy is evident. The
sample expands along c with increasing temperature for T> 5 K
with an overall variation in L L/ K300Δ between 5 K and 300 K of
3.39 10 3× − . This is more than three times larger than the max-
imum variation in the perpendicular direction (i.e. within the a–b
plane). In this direction, it expands from 5 K to 108 K, and then
changes behavior, contracting for T> 108 K. The resulting overall
variation of L L/ K300Δ between 5 K and 300 K is very small, with
values of 0.19 10 3× − and 0.49 10 3× − along a and b, respectively.
The maximum variation along these respective directions
(0.80 10 3× − and 1.07 10 3× − ), however, occurs below 108 K. Above
108 K, Han Blue contracts along a and b and expands along c with
increasing T. This behavior leads to a very small volume thermal
expansion V V/ K300Δ (see the inset of Fig. 2(a)) above 108 K, which

was approximated by V V L L L L L L/ / / /T a T
a

b T
b

c T
cΔ = Δ + Δ + Δ , where



Fig. 2. (a) Linear thermal expansion L L/ K300Δ for BaCuSi4O10 along the indicated
axes. The inset shows the volume thermal expansion V V/ K300Δ for single crystal
(black symbols) and polycrystal (green dotted line, above 82 K). (b) L L/ K5Δ for the
a- and b-axes provides a different perspective due to the normalization at 5 K. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)

Fig. 3. Linear thermal-expansion coefficient Tμ( ) parallel and perpendicular to the
c-axis for BaCuSi4O10. The inset shows the volume thermal-expansion coefficient

TΩ( ) for single crystal (lineþsymbol) and polycrystal (green solid line for T> 82 K).
(For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this paper.)
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L L/a T
aΔ , L L/b T

bΔ and L L/c T
cΔ are the linear thermal expansions along

the a-, b- and c-axes, respectively, normalized to the length at T.
The abrupt change in L L/ K300Δ and V V/ K300Δ at 87 K and 103 K

reveals that two successive structural phase transitions occur in
BaCuSi4O10. The transitions are more visible in Fig. 2(b), where

L L/ K5Δ for a and b are shown. Since it is well known that Han Blue
is tetragonal at 300 K, and L L/ K300Δ along a and b overlap from
103 K to 300 K, the tetragonal phase is stable for the range 103 K

T< < 300 K, within the resolution of our experiments. The data il-
lustrate that Han Blue undergoes a transition at 103 K to a struc-
ture with lower symmetry whereby the a and b lattice parameters
are no longer equal. Two additional single crystals were measured
from 82 K to 300 K; they exhibited results identical to those shown
in Fig. 2.

One might surmise that the low-temperature phase is orthor-
hombic, but our thermal expansion measurements are unable to
determine this. Furthermore, the transition at 87 K, which con-
tinues the trend of an increasing difference between the a and b
lattice parameters upon cooling, could be caused by a further re-
duction in crystallographic symmetry. High-resolution diffraction
experiments would be required to fully investigate the crystal-
lographic changes at 103 K and 87 K. However, it is important to
mention that the small crystallographic distortion between a and b
of L L/ 5 10T

4Δ ∼ × − would be challenging to study with the relative
resolution afforded by x-ray or neutron diffraction.

Since abrupt changes in L L/ TΔ are observed, the transitions are
first order because they correspond to discontinuities in the first
derivative of the Gibbs free energy [21]. Generally, structural
transitions are first order in nature. Further analysis is possible by
calculating the linear thermal-expansion coefficient μ and the
volume thermal-expansion coefficient Ω, which were determined
using
⎛
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respectively. The resulting data are shown in Fig. 3. The first-order
nature of the phase transitions at 87 K and 103 K are also inferred
[21] by the large peaks in μ. Within the a–b plane, the values of μ
remain equivalent only when T 103> K, again indicating that the
tetragonal structure is not maintained below 103 K. For T> 108 K,
μ is negative, signifying that the sample contracts within the plane
upon warming. Along the c direction, Tμ( ) is positive over the
entire temperature range.

Summation of the three Tμ( ) curves yields the volume thermal
expansion coefficient TΩ( ), which is negative for the range 120 K

T< < 235 K, with a minimum value of 3.5 10 6≈ − × − K�1 (see the
inset of Fig. 3). The small volume thermal-expansion coefficient for
T> 120 K is due to the opposite behavior between μ parallel and
perpendicular to the c-axis. At 300 K, μ is 7.05 10 6× − K�1 along
the c-axis, 1.76 10 6− × − K�1 within the plane and
Ω¼3.53 10 6× − K�1. The small volume thermal expansion near
300 K may be important to consider for technological applications,
as pointed out in Ref. [22].

The insets of Figs. 2 and 3 show V V/ K300Δ and TΩ( ), respectively,
for polycrystalline Han Blue (above 82 K) plotted along with data
from the single crystal. Qualitatively, the behavior of both curves is
similar. However, the features at 87 K and 103 K are significantly
broader in the polycrystal. Negative thermal expansion is observed
in TΩ( ) above 120 K, and it increases in a linear fashion above
∼170 K for both specimens. However, their magnitudes are dif-
ferent for T> 120 K. In the linear region, TΩ( ) for the single crystal
is 3.5 10 6× − K�1 larger than that of the polycrystal. Therefore,Ω is
negative over a wider temperature range for the polycrystal (120 K

T< < 310 K) than for the single crystal (120 K T< < 240 K). The
thermal expansion was measured along the directions parallel and
perpendicular to the uniaxial pressure (P) applied to pelletize the
polycrystalline sample. A small preferential direction effect was
observed; whenΩwas measured parallel to P it is 0.8 10 6∼ × − K�1

larger than the Ω value found when it is measured perpendicular



Fig. 5. Temperature dependence of specific heat for BaCuSi4O10. The upper inset
shows the Schottky heat capacity CSch and Cp at low temperatures; solid lines are
fits to Eqs. (4) and (6). The lower inset shows the entropy of Schottky anomaly and
of the transition at 103 K. There is a break on the x-axis separating two different
temperature ranges.
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to P for T 170> K. However, this effect does not explain the ob-
served difference between the single crystal and polycrystal data.
Thus, it may be attributed to a variety of effects including a small
preferential orientation, the difference in morphology of both
samples (density and porosity), and internal strain.

High anisotropy in thermal expansion and negative thermal
expansion are common in layered compounds [23]. It results from
anisotropic bonding between atoms, with strong bonds within the
layers and weaker bonding between layers. The differing bonding
strengths influence the phonon modes and their associated an-
harmonicity. Weak bonding between neighboring layers results in
low frequency phonon modes in this direction that are readily
excited by thermal energy, thereby leading to large positive ther-
mal expansion [24]. Perpendicular to the layers, stiff bonding leads
to high frequency phonon modes. Thus, the low-frequency modes
can dominate at low temperature, which causes tensile stress
within the planes and the existence of bending modes [25]. Similar
physics is certainly in play for the Han Blue, where intralayer
bonds (Si–O) are much stronger than interlayer (Ba–O) bonds. This
leads to a large thermal expansion along c and a smaller, some-
times negative, thermal expansion within the plane.

The thermal conductivity Tκ( ) measured along the a- and b-
axes of the same crystal is shown in Fig. 4 for the range 5 K

T 300≤ ≤ K. Crystals were too small to measure Tκ( ) along c. The
difference in the magnitudes of κa and κb in the tetragonal phase at
T 103≥ K is within the uncertainty of the measurement (∼20% due
to the geometric factor). The most notable features of the data are
the relatively small magnitude, 300 K 3κ( ) ∼ W/mK, and the con-
tinuous decrease in κ with decreasing T. Both features indicate
strong scattering of heat-carrying phonons throughout the tem-
perature range. A prominent anomaly is observed at 103 K asso-
ciated with the structural transition, and a smaller feature is evi-
dent near 87 K where Tμ( ) has a clear anomaly. Tκ( ) for both di-
rections exhibits hysteresis in the range 82–87 K associated with
the second transition, with cooling data lower in magnitude by
∼1%. These data were taken with stabilized temperatures in 0.5 K
steps. The hysteresis implies a coexistence of two structural con-
figurations in the narrow transition region (e.g. involving distor-
tions of molecular units), the volume fraction of which differ upon
cooling and warming, thus leading to different scattering of the
heat-carrying phonons. The presence of hysteresis suggests that
the phase transition is first order. The overall T dependence is
Fig. 4. Temperature dependence of thermal conductivity Tκ( ) for the a- and b-axes
of BaCuSi4O10. The inset shows the temperature dependence of the phonon mean
free path (mfp).
atypical of crystalline insulators for which an increasing κ with
decreasing T toward a low-T maximum is the signature of phonon
transport with mean-free path (mfp) limited by anharmonic decay
(phonon–phonon scattering), i.e. mfp T1/∝ at high T. The inset of
Fig. 4 shows the mfp computed for the b-axis data from kinetic
theory (mfp¼3 C v/ pκ , with v= 3 km/s) and the specific heat Cp data
(see below) [26]. Limited to several nm above 40 K, the mfp rises
at a much slower rate than T1/∼ (dashed line in Fig. 4)and then
more rapidly below 40 K ( T1/ 2.7∼ ). This behavior is reminiscent of
that in amorphous materials [27], where the more rapid rise in
mfp occurs as the dominant phonon wavelengths exceed the dis-
order scale. In the present, highly crystalline material, disorder on
a few nm scale, is likely associated with low-energy vibrations
involving collective motions of the CuO4 and Si4O10 polyhedral
subunits [15].

A feature associated with the structural transition at 103 K is
also observed in the heat capacity at constant pressure Cp(T), as
shown in Fig. 5. The entropy change of S 1.2Δ ≈ J/mol K associated
with the structural transition was determined after the subtraction
of the background and it is shown in the lower inset of Fig. 5. No
anomaly is evident at the second structural transition at 87 K,
within the resolution of our measurements.

For T 2.5≲ K, a non-vibrational contribution, superimposed on
the vibrational T3 dependence, starts to emerge. In this region, the
heat capacity increases as T1/ 2 with decreasing T, which is char-
acteristic of the high-T tail of a Schottky anomaly. Measurements
to the minimum attainable temperature 0.4 K did not reveal the
peak. The Schottky contribution is likely associated with nuclear
energy levels because the magnetic interactions between Cu2þ

ions are negligible in the Han Blue, but other effects such as
magnetic dipolar interactions may be taking place. Since only data
for the high temperature side of the Schottky peak was obtained, it
is difficult to determine how many energy levels the system pos-
sesses. Therefore, a simplified analysis was made using the
Schottky heat capacity (CSch) and entropy (SSch) for a two-level
system [28]:
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and
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where k/ B1 0δ = (ϵ − ϵ ) is the energy separation between levels di-
vided by kB, the Boltzmann constant, and R the gas constant. The
fitting of Eq. (4) to the experimental CSch(T) is shown in the upper
inset of Fig. 5, where CSch was obtained by subtracting the lattice
contribution from Cp. We obtained 0.28δ = K from the fitting and
this value was used in Eq. (5) to calculate SSch that is shown in the
lower inset of Fig. 5. S 5.75Sch = J/(mol K), which corresponds to the
expected R ln(2) value for the two-level case.

The heat capacity data was also used to extract the Debye
temperature and the Grüneisen parameters. The Debye tempera-
ture can be determined by fitting [28]
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to the experimental data, where r is the number of atoms per
formula unit, R the gas constant, T the temperature, and ΘD the
Debye temperature. The relation between heat capacity at con-
stant pressure Cp and volume Cv is given by

C C
TV

X
,

7v p
T

2Ω= −
( )

where V is the molar volume, Ω the volume thermal-expansion
coefficient, and XT the isothermal volume compressibility. Esti-
mates using Eq. (7) and XT from Ref. [14] reveal that C C0.99v p= , as
a result, we take C Cp v≈ for T 300≤ K. Attempts to fit the data with
the Debye model over the entire temperature range above 3 K
were unsuccessful. Fitting was only possible in the range 3 K T≤ ≤
15 K, (see the upper inset of Fig. 5, solid line) which resulted in a
Debye temperature of 265≈ K. Since Cp does not follow the Debye
model for T 15> K, this implies that the Debye T3 law applies only
in the limit of low T or long wave-length.

The Grüneisen tensor γλ for anisotropic solids is given by [24,29]

V
C

c ,
8v

∑γ μ=
( )λ

ν
λν ν

where V is the molar volume, Cv the heat capacity, cλν the elastic
stiffness, and μν the linear thermal-expansion coefficient. The in-
dices λ and ν take on the values 1–6. For a tetragonal structure, the
principal Grüneisen functions are reduced to
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where μ1 and μ3 are linear thermal-expansion coefficients per-
pendicular and parallel to the c-axis, respectively. The volumetric
Grüneisen function for anisotropic crystal is given by

V
X C

,
11T v

γ Ω=
( )

or

X X

X

2
,

12T

1 1 3 3γ
γ γ

=
+

( )

where X1 and X3 are the isothermal axial compressibility within
the plane and along the c-axis, respectively. The Grüneisen para-
meters determined by using the elastic constant from Ref. [14],
and the present heat capacity and thermal expansion data, are
1.091γ = − , 1.063γ = and 0.10γ = at room temperature. The Grü-

neisen parameters were determined at room temperature because
of the availability of elastic properties only at this temperature.
They are expected to be temperature dependent because of the
high anisotropy of Han Blue [28]. Although the Han Blue structure
possesses higher complexity than graphite [24,28], their aniso-
tropic properties can still be compared. They both have their
largest thermal expansions along c, negative thermal expansions
within the plane, and positive and negative Grüneisen parameters
parallel and perpendicular to c, respectively.
4. Conclusion

High-resolution thermal-expansion measurements reveal two
structural phase transitions in Han Blue at 87 K and 103 K that
lead to, possibly, two reductions in crystallographic symmetry
from the tetragonal structure that exists for T> 103 K. Although it
is impossible for our measurements to determine the new crystal
structure(s), they provide the temperatures of the transitions as
well as the resolution required to observe them, which will serve
as a guide in the event that diffraction measurements are pursued.
Heat capacity data reveal evidence only for the structural phase
transition at 103 K and thermal conductivity reveals features at
both transitions. Highly anisotropic thermal expansion, negative
thermal expansion perpendicular to the c direction, and negative
volume thermal expansion were observed. The heat capacity obeys
the Debye-T3 law only below 15 K. Grüneisen parameters at room
temperature are consistent with the highly anisotropic nature of
Han Blue. The negative thermal expansion, unusual behavior of the
thermal conductivity and heat capacity, and the Grüneisen para-
meters are consistent with the presence of low-energy vibrations
associated with the collective motions of the CuO4 and Si4O10

polyhedral subunits.
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