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pyrochlore Tb2Ti2O7

D. Klimm, *a C. Guguschev, a D. J. Kok, a M. Naumann,a L. Ackermann,b

D. Rytz,b M. Peltz,b K. Dupré,b M. D. Neumann,†c A. Kwasniewski,a

D. G. Schlom de and M. Bickermann a

Terbium titanate (Tb2Ti2O7) is a spin-ice material with remarkable magneto-optical properties. It has a high

Verdet constant and is a promising substrate crystal for the epitaxy of quantum materials with the

pyrochlore structure. Large single crystals with adequate quality of Tb2Ti2O7 or any pyrochlore are not

available so far. Here we report the growth of high-quality bulk crystals using the Czochralski method to

pull crystals from the melt. Prior work using the automated Czochralski method has suffered from growth

instabilities like diameter fluctuation, foot formation and subsequent spiraling shortly after the seeding

stage. In this study, the volumes of the crystals were strongly increased to several cubic centimeters by

means of manual growth control, leading to crystal diameters of up to 40 mm and crystal lengths of up to

10 mm. Rocking curve measurements revealed full width at half maximum values between 28 and 40″ for

222 reflections. The specific heat capacity cp was measured between room temperature and 1573 K by dy-

namic differential scanning calorimetry and shows the typical slow parabolic rise. In contrast, the thermal

conductivity κ(T) shows a minimum near 700 K and increases at higher temperature T. Optical spectro-

scopy was performed at room temperature from the ultraviolet to the near infrared region, and additionally

in the near infrared region up to 1623 K. The optical transmission properties and the crystal color are inter-

preted to be influenced by partial oxidation of Tb3+ to Tb4+.

1 Introduction

Pyrochlore oxides have the general formula A2B2O7 and crys-
tallize in a cubic structure with the space group Fd3̄m. They
are known for interesting magnetic properties such as giant
magnetoresistance.1 It is generally accepted that the peculiar
magnetic properties are related to degeneracy or “frustration”
of the ground state of the pyrochlore structure where 3D anti-
ferromagnetic order is impossible, resulting in spin-ice disor-
der of magnetic moments with nonzero entropy.2 In addition
to frustration of magnetic moments, some pyrochlores show
structural disorder of the A- and B-sites. For the pyrochlore
Tb2Ti2O7, however, it was shown that neither A/B disorder nor

oxygen nonstoichiometry plays a significant role, making it
an almost ideal, disorder-free pyrochlore model substance,3

although minor deviations from the ideal Tb/Ti stoichiometry
seem to influence the spin–lattice coupling below 1 K.4 This
compound is also considered to be a prospective Faraday iso-
lator, similar to some other complex cubic terbium oxides or
halides.5

Faraday rotators based on Czochralski (Cz) grown Tb2Ti2O7

single crystals were patented recently by some of the current
authors.6 For this prior work, disc-shaped crystals with diame-
ters of 30 mm and several millimeters in length were grown.
Crystals with pronounced {111} facets were also reported re-
cently by Guo et al.7 They demonstrated crystals with diame-
ters and lengths of about 20 mm and 16 mm, respectively. In
the case of crystals grown by the crucible-free floating zone
technique, full width at half maximum (FWHM) values of
1080″ were reported for the 440 reflection using neutron dif-
fraction.8 These crystals had diameters of 3–5 mm and
lengths of up to 20 mm. Until now, no statements on struc-
tural quality have been published for Cz grown crystals. In the
present work, the growth of bigger single crystals with supe-
rior crystal quality is reported for the first time. High crystal-
line quality is expected to be relevant especially for optical ap-
plications requiring low stress birefringence.
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The pyrochlore structure is host to unusual electronic and
magnetic properties—including those of spin ice,2,9 quantum
spin ice,10–16 promising catalysts,17,18 and possibly Weyl
semimetals.19 This makes it of significant interest as a sub-
strate to enable the growth of high quality thin films with the
pyrochlore structure, including pyrochlore heterostructures
that are predicted to give rise to odd-parity topological super-
conductivity.20 Further, the availability of pyrochlore sub-
strates would enable the strain state in the overlying
pyrochlore film to be deliberately tuned to alter its properties.
Unfortunately, there are no commercially available pyrochlore
single crystal substrates. This has led some to grow epitaxial
pyrochlore films on small pyrochlore single crystals grown by
the floating-zone method;21 substrates with higher structural
quality, such as those we report, are a prerequisite to the
growth of pyrochlore thin films with higher structural
quality.

2 Experimental

Stoichiometric melt compositions of Tb2Ti2O7 with a melting
temperature22 of about 1860 °C were used for the Cz experi-
ments. As starting materials, dried and mixed powders of
Tb4O7 and TiO2 with purities of 99.99% were used. To opti-
mize the crucible filling process, cylindrical bars were made
from the powder mixtures by cold isostatic pressing at 200
MPa. The crystal growth experiments were performed using a
conventional RF-heated Cz set-up equipped with a crystal bal-
ance. Experiments were performed with manual diameter
control under a slightly oxygen enriched argon atmosphere
(0.155 vol% O2) at ambient pressure. Iridium crucibles (about
60 mm in diameter and height) embedded in ZrO2 and Al2O3

insulation were used. An actively heated iridium afterheater
was placed on top of the crucible. Averaged growth rates were
between 2.5 and 30 mm h−1. Tb2Ti2O7 single crystals from
preliminary experiments with a 〈111〉 orientation were used
as the seed material.

Rocking curve X-ray diffraction (XRD) measurements were
performed on as-grown {111} facets using a high resolution
diffractometer (General Electric) with CuKα1 radiation (λ =
1.5406 Å). Tb2Ti2O7 222 Bragg peaks were used for the evalua-
tion of the crystalline quality. For all scans, the collimated
beam had a divergence of 11″ and the measurement spot cov-
ered ≈10 mm length of the sample surface. The spot width
depended on the primary beam aperture, which was 0.05
mm, 0.3 mm, or 2.0 mm, respectively.

The specific heat capacity, cp, as a function of temperature
T was measured by heat flux differential scanning calorimetry
(DSC) with a NETZSCH STA449C. For this purpose, four sub-
sequent heating runs (20 K min−1) from 313 K to 1573 K were
performed with one piece of a Tb2Ti2O7 crystal in a Pt cruci-
ble with a lid in flowing Ar/O2. cpĲT) was obtained by compar-
ison of these DSC curves with analogous curves that were
measured using a sapphire standard sample. The first run
showed higher experimental scatter and deviated by up to
5% from the subsequent runs 2–4, probably due to insuffi-

cient thermal contact. Therefore, solely the average values of
runs 2–4 were used to determine cpĲT).

Measurements of thermal transport were performed with
a laser flash apparatus (NETZSCH LFA427). For this purpose,
sample slices with 1.34 mm or 1.5 mm thickness were cov-
ered with graphite spray on their top and bottom faces. The
sample was heated in flowing N2 to the corresponding tem-
perature step between room temperature and approximately
1380 K, with a typical difference of 50 K between steps. At
each step, the bottom side of the sample was irradiated by
three shots of a Nd:YAG laser. Measurement of the top side
temperature versus time resulted in a characteristic line
shape that was fitted by Mehling's model23 for semi-
transparent media. This yielded the thermal diffusivity a av-
eraged over the shots. With

κ = acpρ (1)

(ρ = 6.538 g cm−3 – mass density24), the thermal conductivity
was obtained by combining aĲT) with the experimental cpĲT).
ρ was assumed to be constant, which should result in an un-
certainty not exceeding a few percent. Note that there should
not be any directional dependence in the thermal conductiv-
ity of Tb2Ti2O7 because Tb2Ti2O7 is cubic and thermal con-
ductivity is a second-rank tensor.25

For the room temperature UV/VIS/NIR spectra, two sam-
ples were chemo-mechanically polished to about 1 mm thick-
ness. One sample was annealed for 12 h at 1273 K in air in a
muffle furnace. Another sample was cut from a crystal grown
at the Forschungsinstitut für mineralische und metallische
Werkstoffe – Edelsteine/Edelmetalle – GmbH (FEE) and
polished to about 1.5 mm thickness. The spectra of the sam-
ples were recorded using a Perkin-Elmer Lambda 19 spectro-
meter and are shown in Fig. 3a. From the measured trans-
mission, Tr, the absorption coefficient was calculated using26

Fig. 1 As-grown Tb2Ti2O7 Cz single crystal (length 10 mm, diameter
40 mm) shown from the side (a) and from the top (b), respectively. The
crystal was grown at a rate of about 8 mm h−1.
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(2)

where d is the sample thickness and R is the reflectivity.
In order to obtain the reflectivity, a Sentech SE850

ellipsometer was used. The ellipsometric parameters Ψ and Δ

were recorded at room temperature for angles of incidence
between 46° and 74° in steps of 7° over the wavelength range
from 200 to 970 nm. By fitting all Ψ and Δ spectra using a
three-layer model, which takes into account the surface
roughness via Bruggeman effective medium approximation,27

the complex dielectric functions of as-grown as well as
annealed Tb2Ti2O7 were determined. In the final step, the
real and imaginary parts of the dielectric functions obtained
by the above procedure were fitted separately for each wave-
length without any assumption concerning the line shape,
yielding the so-called point-by-point dielectric functions
shown in Fig. 4. Details of this procedure were reported else-
where.28 The reflectivity was obtained by means of Fresnel
coefficients.

High temperature IR spectra were measured for the as-
grown and annealed samples in a custom set-up where the
samples are mounted in a tube furnace (Hesse Instruments
HT-19) that can reach up to 2000 K, giving a maximum possi-

ble sample temperature of about 1900 K. The sample com-
partment can be flushed with different gases. Light from a
high power halogen lamp was passed through the sample in
the furnace and into an Acton SpectraPro 2300i spectrograph
with an InGaAs diode array. The spectrograph was placed far
away from the furnace so most of the diffuse thermal radia-
tion was not recorded29 (the set-up is described in detail in
ref. 30). Since the set-up does not have a reference beam, only
intensity in arbitrary units is recorded. This is converted to
transmission using

(3)

where IĲT) is the intensity at temperature T, IĲRT) is the room
temperature intensity and TrĲλ19) is the transmission mea-
sured with the Lambda 19 spectrometer. From these trans-
mission spectra, the absorption coefficients were calculated
using eqn (2). The reflectivity was extrapolated to match this
wavelength range.

Fig. 2 X-ray rocking curves of 222 peaks measured on an as-grown
{111} facet using three different primary beam apertures. The crystal
was grown at a rate of about 2.5 mm h−1.

Fig. 3 a) Transmission and b) absorption coefficient spectra of the Tb2Ti2O7 crystals. The peak shown by the FEE crystal at about 490 nm is
probably the 7F6–

5D4 transition of the Tb3+ ions.33,34 The onset of absorption shifts to longer wavelengths after annealing.

Fig. 4 Comparison of the model and the point-by-point fitted real (a)
and imaginary (b) parts of the dielectric functions of the Tb2Ti2O7 crys-
tals. The onset of strong absorption around the fundamental band gap
is at around 300 nm.

CrystEngCommPaper

Pu
bl

is
he

d 
on

 1
2 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 M
ax

 P
la

nc
k 

G
es

el
ls

ch
af

t o
n 

04
/1

0/
20

17
 1

9:
43

:1
9.

 
View Article Online

http://dx.doi.org/10.1039/c7ce00942a


CrystEngComm, 2017, 19, 3908–3914 | 3911This journal is © The Royal Society of Chemistry 2017

3 Results and discussion

Tb2Ti2O7 single crystals with diameters between 30 mm and
42 mm and lengths of up to 10 mm (crystal volumes ≥5.9
cm3) were grown by the Cz method. Growth instability
resulting from low heat flow through the melt/crystal inter-
face could be suppressed substantially by a combination of
manual growth control, moderate to high pulling rates and
sufficient undercooling of the melt. The most critical part of
the growth process was found to be the transition to lateral
growth during crystal broadening, which sometimes led to
the formation of grain boundaries. If at this stage no grain
boundaries were formed, it was unlikely that they were
formed later on. The as-grown crystals were transparent in
bright light and had brownish to dark-red coloration. Unfor-
tunately, the low thermal conductivity κ (see Fig. 7) made it
necessary to use high temperature gradients to maintain suf-
ficient axial heat flux through the growing crystal. Upon
cooling to room temperature, this high gradient (directly
above the melt surface) usually caused some internal strain.
This led to cracking of the crystals into several large parts
during handling or sample processing. Cracking could be
avoided by cooling the crystals in a lower temperature gradi-
ent within the afterheater zone. The crystal in Fig. 1a and b
cracked only partially during the last stage of growth, due to
contact with metal parts of the growth set-up, most probably
due to local foot generation at the crystal rim.

Initially, heterogeneously nucleated boules were grown on
Ir tubes, which resulted in multicrystalline growth during the
increase of the crystal diameter. Nonetheless, these boules
also contained large single crystalline parts suitable for high-
quality seed and sample preparation. Single crystals with high
structural quality were obtained using 〈111〉 oriented seeds
and moderate growth rates between 2.5 and about 8 mm h−1.
For the single crystalline boules, the structural quality was in-
vestigated for a crystal grown at a rate of 2.5 mm h−1. The re-
sults of the X-ray rocking curve measurements, performed on
an as-grown facet (not polished), show that the FWHM values
lie between 28 and 40″ depending on the aperture width of
the diffractometer's X-ray source (Fig. 2). Most probably, these

slight differences of FWHM values can be explained by a mi-
nor surface curvature of the sample or by residual stress,
since the crystal was cooled down directly above the melt. The
results of the rocking curve measurements show that remark-
ably high crystal quality can be achieved using the Cz method.
This is in contrast to the reported structural quality of
Tb2Ti2O7 crystals grown under very high thermal gradients
using the optical floating zone method.8

The structural quality is also higher than for Cz grown
SrTiO3 crystals showing similar growth behavior.31 Poten-
tially, lower thermal gradients resulting from the ≈200 K
lower melting temperature here led to higher crystal quality.
Additionally, a slightly higher transmissivity in the near infra-
red region at moderate growth temperatures and presumably
a slightly increased thermal conductivity at high tempera-
tures led to higher total heat transport through the crystal
and to more stable growth of Tb2Ti2O7 than of SrTiO3. Since
heat transport is still very low (compared to other oxide crys-
tals like corundum (α-Al2O3)), the achievable crystal length
with stable growth behavior is limited to 1–2 cm.

Also in contrast to SrTiO3,
32 the infrared absorption of

Tb2Ti2O7 after annealing in a strongly oxidizing atmosphere

Fig. 5 IR high temperature spectra of a) TTO 6-1 annealed and b) TTO 6-1 as-grown, measured during cooling from 1623 K to RT. The feature
near 1380 nm is an artefact.

Fig. 6 Measured cp data, together with a fit to the function in eqn (5)
and 95% prediction bands. Also shown for comparison are cpĲT) data
calculated according to the Neumann–Kopp rule described by eqn (6)
from Tb2O3 and TiO2 data.
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(1273 K in air, pO2
= 212 mbar) is higher than after growth at

low oxygen partial pressure (1.6 mbar, see Fig. 5), i.e. growth
in a highly oxidizing atmosphere is not helpful in stabilizing
the growth process. Perhaps there is some potential to in-
crease the lengths of the crystals by application of a very high
axial thermal gradient, but this will ultimately lead to lower
crystalline quality and cracking of the crystals.

Room temperature transmission spectra of the different
Tb2Ti2O7 samples are shown in Fig. 3. Remarkably, a sharp
absorption edge is observed only for sample TTO 1 grown by
some of the current authors (L. A., D. R., M. P., & K. D.) in
another Cz set-up, with a lower oxygen partial pressure in the
atmosphere (pure nitrogen without oxygen admixture) and
from a purer material (99.999% instead of 99.99%) than crys-
tal TTO 6-1. The peak shown by this crystal near 490 nm is
the 7F6–

5D4 transition of the Tb3+ ions.33,34 The broad absorp-
tion convoluted with the band gap is shifted further to longer
wavelengths for the annealed sample.

Thus one can assume that the partial oxidation of Tb3+ to
Tb4+ is responsible for the coloration of the crystals rather
than the presence of Ti3+. The stability limits of the different
terbium oxides as a function of oxygen fugacity are calculated
with FactSage35 to be

(4)

where the lower temperature represents the stability limit for
a virtually oxygen free atmosphere (log[pO2

] = −5), and the
higher number is valid in air (log[pO2

] = −0.678). From eqn (4)
it is obvious that at least the formation of Tb7O12 = 2 Tb2O3

·3TbO2 is feasible under all accessible experimental condi-
tions. The stability limit in a virtually oxygen free atmo-
sphere, however, is about 200 K lower compared to air. This
raises the chance that Tb2O3, and hence pure Tb3+, is frozen
in and held metastable also down to room temperature. Tb4+

is smaller than Tb3+ (90 vs. 106.3 pm)36 but still larger than
Ti4+ (74.5 pm), and hence Tb/Ti site interchange seems unre-
alistic, in agreement with recent experimental results.3 The

equilibrium (4) can also explain the higher absorption of air
annealed Tb2Ti2O7 (Fig. 5) and is in agreement with recent
experiments on terbium scandate TbScO3, where a mass gain
resulting from partial Tb4+ formation was observed upon air
annealing.37 Also Tb2Ti2O7 is very dark if grown under high
pO2

= 0.4 MPa.38 It can be calculated that under the given ex-
perimental conditions titanium occurs only as Ti4+.35

During the high temperature IR measurements, an
annealing effect was observed for the as-grown crystal (see
Fig. 3), probably due to air leaking into the furnace. Because
of that, only the cooling spectra are evaluated. The high tem-
perature spectra of both samples are qualitatively very simi-
lar, but the absorption coefficients are much higher for the
annealed sample (see Fig. 5). The rise of the absorption coef-
ficient with temperature is fairly monotonic (see Fig. 5), and
the shape of the spectra does not match free carrier absorp-
tion, which is proportional to λ2. There is an increase in ab-
sorption at the long wavelength edge of the spectra, but this
is just the edge of the peak at around 1700 nm which is
shown in the room temperature spectra. It appears that less
than about 1017 cm−3 free electrons are present, since this is
usually the required approximate concentration for a signifi-
cant absorption.26 With rising temperature, the absorption
on the low wavelength side increases faster than in other
parts of the spectrum (see Fig. 5). This might be caused by
the shifting or broadening of the Tb4+ absorption that ob-
scures the band gap.

The DSC measurements did not show significant hints of
any phase transformations over the experimental range 383 K
≤ T ≤ 1573 K. Larger deviations from the smooth behavior of
cpĲT) at T > 1300 K (Fig. 6) are not reproducible and result
from experimental scatter and some drift because at high T
the DSC signal is not solely influenced by thermal conduc-
tion. The experimental data could be fitted satisfactorily by a
simple expression

cp = a + bT + c/T2 (5)

with parameters a = 215.87, b = 0.0436, c = −2.154574 × 106,
and cp given in J mol−1 K−1. Often the Neumann–Kopp rule
gives a good approximation for the cpĲT) functions of complex
oxides as the sum of the cpĲT) functions of their constituents.
In Fig. 6 the cpĲT) data are fitted to eqn (5) and are compared
to the sum of the heat capacities of the constituents follow-
ing the formation reaction

Tb2O3 + 2TiO2 → Tb2Ti2O7 (6)

that is shown as a dashed line. The disagreement can be at-
tributed to the formation energy of reaction (6), which is
neglected by the Neumann–Kopp rule.

Because Tb2Ti2O7 is cubic, no anisotropy may occur for
the second-rank κ tensor.25 Hence, κ(T) is represented by a
single value for every T. The function κ(T) was measured for
several sample slices, and the results were similar for all of
them. Fig. 7 shows the experimental points for two samples.

Fig. 7 Thermal conductivity data κ(T) of two Tb2Ti2O7 samples fitted
with the function given in eqn (8). Fit parameters are given in Table 1.
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Typically near T > 1200 K the measurements had to be
stopped because the experimental scatter became too large
and soon the detector signal of the laser flash apparatus di-
verged. This instability resulted obviously from damage of
the graphite absorption layers, probably by chemical reaction
of the Ti4+ ions with the strongly reducing graphite.

For many materials, the thermal conductivity drops at
high T ≫ TΘ (TΘ – Debye temperature) following the κ ∝ T−1

law as a result of phonon scattering (Umklapp process),39 es-
pecially for isolators such as most oxides. Hofmeister40 found
for the laser flash thermal diffusivity of several garnets ex-
pressions of the type

a = A + BT + CT2 (7)

(A, B, C – constants) to be well suited for fitting the ther-
mal dependence. It should be noted that the low variation of
cp at high T allows similar descriptions for aĲT) and κ(T). The
experimental data in Fig. 7, however, showed a clear rise of κ
for large T > 700 K, which both models fail to explain.

More recently, Glassbrenner41 performed thermal conduc-
tivity measurements for germanium and silicon up to their
melting points, Tf. They showed that for all the temperatures,
the major contribution to κ is produced by phonons; how-
ever, at sufficiently high T ≈ 700 or 1000 K, respectively, a
significant share of heat is transported by electrons. For the
lattice thermal resistance W = κ−1, a dependence of the type
described by eqn (7) was found, where the quadratic term is
attributed to 4-phonon processes. For temperatures close to
Tf, an almost flat κ(T) dependence was measured for Si, and
for Ge even an increase of κ(T) was observed starting at ca.
100 K below Tf. Heat transport by free carriers does not, how-
ever, seem realistic in the present case, because the optical
measurements showed that the electron density is certainly
low (under 1017 cm−3). On the other hand, the opacity of di-
electric materials typically increases with T, diminishing ther-
mal transport by radiation.42 This is confirmed by the current
laser flash measurements where the detector signal shows
that the instantaneous heat transport (by radiation) drops
with T. It should be noted that also in the inverse spinel
MgGa2O4, which is another oxide crystal with a low carrier
density, κ was found to increase at high T ≈ 1200 K.43

The limited range of experimental points and the higher
experimental scatter above the minima in the κ(T) functions
in Fig. 7 do not allow an accurate determination of the tem-
perature dependence of the process that results in an
increasing κ(T). Here, a linear behavior was found to describe

the experimental data well; hence in the empirical formula

(8)

the first term is assumed to describe the thermal transport
by phonons (∝W−1), and the second (linear) term describes
well an additional high-T term that might be related to heat
transport by charge carriers (electrons or holes, respectively).

4 Conclusions

High quality single crystals of Tb2Ti2O7 were grown using the
Czochralski method. The growth conditions used allowed the
growth of disc-shaped single crystals up to 10 mm in length
and up to 40 mm in diameter. Unfortunately, slow diameter
enlargement and stable long-term growth were not possible
due to the poor heat transport through the growing crystal.
Cracking of the crystals upon cooling was largely prevented
by cooling the crystals with a lower temperature gradient.

The temperature dependence of the thermal conductivity
is atypical above 700–900 K, because it shows a minimum
value of around 2 W m−1 K−1 and is slightly larger for lower
and higher T. The range of minimum thermal conductivity
corresponds to the temperature range where optical transmis-
sion starts to drop. Besides these intrinsic properties, optical
transmission is altered remarkably if the Tb3+ ions in the ma-
terial are oxidized partially to Tb4+.

Despite the fact that high quality crystals were grown by
the Czochralski method, it is rather unlikely that Tb2Ti2O7

single crystals can be produced on an automated industrial
scale. It seems to be more appropriate to use the edge-
defined film-fed growth (EFG) method, which is proven to
permit excellent control of the growth processes for a variety
of materials e.g. for rutile,44 cerium aluminate,45 rare-earth
orthovanadates,46 and strontium titanate.31 For all of these
oxides, Czochralski growth was less successful since pro-
nounced growth instabilities occurred. These instability is-
sues were often triggered by poor heat transport (low infrared
transmissivity and/or low thermal conductivity) through the
growing crystals.
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