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The temperature dependence of the thermal conductivity of 27 different single crystal
oxides is reported from =20 K to 350 K. These crystals have been selected among
the most common substrates for growing epitaxial thin-film oxides, spanning over
a range of lattice parameters from ~3.7 A to ~12.5 A. Different contributions to
the phonon relaxation time are discussed on the basis of the Debye model. This
work provides a database for the selection of appropriate substrates for thin-film
growth according to their desired thermal properties, for applications in which
heat management is important. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/fcreativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4966220]

The application of epitaxial thin films to a broad range of phenomena which require a detailed
knowledge of heat transport (thermoelectricity, heat-assisted spin-transfer effects, thermal insula-
tion and heat dissipation in nanostructures, etc.) is becoming increasingly important. In this case,
the ability of electrically insulating substrates to conduct heat makes the analysis of the thermal
conductivity of thin films far more complicated than that of the electrical conductivity."> For the
particular case of oxides, strain engineering by epitaxial growth of thin films is a powerful technique
when it comes to gaining access to novel phases, and thus engineering new or enhanced functional
properties.> A systematic variation of the film properties requires therefore the use of different
substrates, which may differ substantially in their lattice parameters and orientation. As a result,
different crystalline substrates should be selected not only according to the lattice mismatch with
the film, but also depending on its thermal properties, at least for some specific applications (i.e.,
nanostructured thermoelectrics, thermal-induced spin-related phenomena, phononics, etc.).

Here we report the temperature dependence of the thermal conductivity of a large variety of
single crystal oxides, covering the range of lattice parameters used to grow the vast majority of
epitaxial thin films. A detailed analysis on the basis of the Debye model® suggests an important role
for defect-scattering events, even in high quality single crystals. This produces very large variations
of the thermal conductivity among crystals of the same family (perovskites, for instance) in spite of
their similar Debye temperatures, Op.

The cross-plane thermal conductivity of 27 different single-crystal oxides was measured by the
3w-method™* (see the supplementary material for details). The crystals were obtained from Crystec
GmbH (http://www.crystec.de). They are one-side mirror-polished 5 x 5 X 0.5 mm single crystals
and were measured as received. The range of lattice parameters explored is schematically shown in
Figure 1. The actual compositions analyzed and the experimental values of k(T) between 20 K and
350 K are available in the supplementary material (Tables AI-IV).

4 Author to whom correspondence should be addressed. Electronic mail: f.rivadulla@usc.es
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FIG. 1. Pseudocubic lattice parameter of the different oxides studied in this work. The line covers the range from a = 3.67 A
of LuAlOjs to the 12.4 A of Gd3GasOy». See the supplementary material for the different compositions of REScO3 studied in
this work.

At low temperatures, typically below 100 K, the rapid increase of the thermal conductivity
increases the thermal diffusion length, which approaches the physical thickness of the crystal and
establishes a limit for the applicability of the 3w method. This is particularly important for the
samples with higher thermal conductivity. At low frequencies, the in-phase V3, decays logarith-
mically, defining a linear regime in a V3, vs. log(2w) plot, and a constant out-of-phase compo-
nent. Given the difficulties to calculate accurately the thermal diffusivities, we limited our anal-
ysis to this linear regime, optimizing the dissipated power through the resistor accordingly (see
Figure S1 in the supplementary material for further details about acquisition and analysis of the
data).

Also, the decrease of the characteristic dR/dT of the heater below 40 K introduces an extra
source of error at low temperatures (see Figure S1).

For all these reasons, the error of x at the lowest temperatures (<40 K) increases, particularly in
the samples with very large thermal conductivity at low temperatures.

Additionally, some crystals of SrTiO3; were treated in order to obtain a TiO,-terminated surface,
according to Ref. 6. We have found no difference in the thermal conductivity with respect to “as
received” crystals.

The temperature dependence of the thermal conductivity, k(T), is shown in Figure 2 for 16
different oxides, representative of the variety of behaviors observed in the different families of
crystalline structures and compositions discussed in this work.

For most of these oxides «(T) is in agreement with the expectations for a crystalline system
in which phonon-phonon Umklapp scattering dominates at high temperatures, plus a boundary
scattering term which limits the phonon-propagation at low temperatures.’

Still, we have observed important departures from this behavior in some systems: (NdA1O3)g.39—
(SIA10.5T30.503)0.61 (NSAT), (LaAlO3)0.29—(SI'AI()_5TEI()_503)()_71 (LSAT), and Yttria-stabilized zirco-
nia (9.5%-Y,03:ZrO,, YSZ) show a very large reduction of x(T) with respect to SrTiO5; and other
perovskites with similar lattice parameters, structure, and density (see Figures 2(b) and 2(f)). This is
a consequence of the effect of random cationic substitution, which has an enormous impact on the
lattice dynamics.®'0

More surprising is however the low value and temperature dependence of the thermal conduc-
tivity in the family of rare-earth scandates (Figure 2(d)). In this case, k(T) is largely suppressed with
respect to its expected value in the whole temperature range, in spite of their excellent crystalline
quality. A large reduction was also observed in k(T) of the ferroelectric oxide LiTaO3 with regard to
other incipient ferroelectric materials like KTaO3; and SrTiO; (Figure 2(e)).

The Debye temperature, ®p, defines the characteristic energy scale of the crystal lattice, and
determines the intrinsic mechanisms of phonon dispersion in the material. At temperatures not too far
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FIG. 2. Log-log plot of the temperature dependence of k(T) for some representative oxides studied in this work. The solid
lines over the experimental points represent the fittings to the Debye model (see the discussion in the text). Panels (a) and (b)
show «(T) for different perovskites. The behavior of rock-salt MgO and cubic spinel MgAl,Oy4 is compared in (c). (d) x(T)
for rare-earth perovskite scandates and LalLuO3. The inset shows a detailed low temperature measurement for DyScOs.
(e) Comparison of k(T) in ferroelectric LiTaO3 with incipient-ferroelectric KTaO3 and SrTiOs. (f) Comparison of k(T) in

TiO;-rutile and YSZ.

away from ®p, anharmonic phonon-phonon Umklapp scattering is the main mechanism responsible
for the intrinsic value and temperature dependence of 1(T), which can be approximated by,

Ms©3,

K= S e

ey
M is the average molar mass per atom in a crystal with n atoms per formula unit (Z molecules per

. 1/3 . . . . .
unit cell), § = (%) / is the cubic root of the volume per atom, v is the Griineissen factor and € is a

constant which can be calculated according to

2.43 %1078

(1 _osu4
Y b4

&= (@)

0.228
2

An estimation of ¥ in this temperature range can be made if the actual values of ®p and y can be
measured or calculated for each material. For some of the oxides treated in this work, values of y
~ 1-1.5 are reported in the literature from the thermal expansion and specific heat data.''~'> How-
ever, these are average values including the contribution from optical modes with a very small
dispersion. For an appropriate estimation of x according to Equation (1), the value of y from
predominant acoustic modes close to ®p, the main heat carriers at these temperatures, is needed.
Unfortunately, these are unavailable for most materials, and therefore y will be used as an adjustable
parameter, the only free fitting parameter in Equation (1) for a comparison with our experimental
thermal conductivity data. Although Equation (1) cannot be trusted for quantitative calculations
of the thermal conductivity, it should predict correctly the trends of the experimental thermal
conductivity with the Debye temperature, mass density, etc.
On the other hand, ®p can be calculated from its proportionality to the average sound velocity,

hoy, [3n (NAp)]l/3

Op = 3

kB A M
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where p denotes the density, v,, the average speed of sound, and M the molar mass. If we now
approximate these oxides to elastically isotropic crystals, v, can be calculated from the bulk and
shear modulus, B and G, through the averaged longitudinal and transverse components of the
phonon velocity,

, “

&)

Anderson'* worked out the relationship between B and G, and the stiffness constants c;; of the
elastic tensor,

1 2
B = §(C” +epte)+ §(Clz+c13+cz3),

(©)

G = _1 ( + + ) — _] ( + + )+ _] ( + + )
C C C3 C C 23 Cq4 C C .
15 11 22 33 15 12 13 23 5 55 66,

The values of these constants can be either measured experimentally, for example, through reso-
nant ultrasound spectroscopy (RUS), or calculated ab initio. For DyScO3, GdScO3, NdScO3, and
SmScO; we calculated the values of v, from the experimental RUS data available in the litera-
ture.’>'7 For TbScO3, PrScO; and mixed compositions (Sm,Gd and Sm,Nd), v,, was estimated
from the interpolation of the v,, vs. tolerance factor (or density) for the other four REScO; oxides.

Experimental or calculated values of the stiffness constants were used to obtain v, for the
majority of oxides treated in this work.'$-2

The values calculated for the average sound velocity following this procedure are shown in
Figure 3(a), as a function of the mass density, and listed in Tables BI-IV in the supplementary
material.

The average sound velocity shows a continuous reduction as density increases (Figure 3(a)).
Birch?® and other authors,?! observed that the average sound velocity increases with pressure, i.e.,v,,
increases when the volume decreases at constant atomic mass. However, v,,, decreases on increasing
density along a series in which the atomic mass is not constant.”! In oxides, most of the volume is
occupied by the oxygen sublattice, and for the particular set of materials studied in this work the
volume per atom (9 in tables B-I to B-IV in the supplementary material) is very similar. There-
fore, the decrease of v,, with density is in agreement with the variation of the mean atomic mass,
observed in Figure 3(b).

The dashed line in Figure 3(a) represents the expected behavior for a B = 200 GPa, which is
the value for most perovskite oxides,””?® as well as for Y3Als0;, (YIG) and Gd3GasO,, (GGG)
garnets.” The trends observed in this plot and the agreement with the expectations for B = 200 GPa
supports the validity and accuracy of our calculations for vy,.

T ———y ! . 8000 ! . ! .
ALOS  MgALD, | o 9
7oo0f © ° & a) 7000 - B, b}
A AMgO ® -
Tid, b » -
_ 6000 YAG 1 .~ 6000+ &
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=, 5000+ < Be00GPe < 5000+ o e
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& 2t . 4000 - #
L r iyl 4 -
4000 YsSZ-~ ReSc0, GGG - |
: : - : 3000 — -
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o (kgim®) Mean atomic weight (Kg/mol)

FIG. 3. (a) Average sound velocity calculated from Equations (4)—(6), as a function of the mass density. (b) Mass density
as a function of the molecular weight per atom. Open triangles, open squares, and closed circles represent the values for
non-perovskites, rare-earth Sc perovskites, and other perovskites, respectively.
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FIG. 4. (a) The values of vy that best fit the experimental k¥ at T = ®p/2, as a function of density. Open triangles, open squares,
and closed circles represent the values for non-perovskites, rare-earth Sc perovskites, and other perovskites, respectively.
(b) k(T) of orthorhombic NdGaO3 and GdScO3 (inset) along different crystallographic directions.

The values of ®p were calculated from v,, for each oxide, and are listed in Tables B-I to
B-IV (supplementary material). We double-checked our results by comparison with experimental
values of @p from specific heat, when available, obtaining a satisfactory agreement. From ®p we
calculated the thermal conductivity at T = (®p/2) for each material, according to Equation (1), using
the Griineissen parameter, v, as the only fitting parameter (Figure 4(a)). The values of y used for a
satisfactory agreement between the observed and calculated k(®p/2) are shown in Figure 3(d) for
all oxides. The actual results are also listed in Tables B-I to B-IV in the supplementary material.

The values of y from these fittings range between ~1.3 and 2 for garnets, rock-salt MgO, rutile
TiO,, and other low-density non-perovskite materials (open triangles in Figure 3(c)). This is in good
agreement with previous reports from experimental thermal expansion data: White and Anderson
calculated a y = 1.5-1.6 for MgO,'! which compares very satisfactorily with our y ~ 1.45; similar
experiments for MgAl,04 gave y = 1.4,3° also close to the value of y ~ 1.65 from our fittings.

Therefore, we conclude that in these non-perovskite oxides the thermal conductivity is deter-
mined by Umklapp phonon-phonon scattering at temperatures not too far from their Debye
temperature.

On the other hand, vy increases up to =2.5-3 for perovskites and reaches the value of y ~ 4-4.5
for LSAT and REScOs. Crystalline anisotropy has a negligible effect on these results. The thermal
conductivity shows only a small anisotropy in orthorhombic stoichiometric crystals like NdGaOs,
particularly at low temperatures (Figure 4(b)). The effect is even smaller in REScOs;.

These observations indicate that factors other than purely phonon-phonon scattering (boundary,
isotope, vacancy, or impurity scattering) cannot be neglected already in this temperature range.

Therefore, in order to understand which processes govern k(T) in this wide range of oxides, we
fitted the experimental data to the Debye model in the whole temperature range. Assuming a linear
dispersion relation for acoustic phonons, the general expression for the thermal conductivity in the
relaxation time approximation is as follows:’-3!

wp hw

1 hw* ekBT
k(T) = o2 / T (w) T2 sdw, @)
[

where o is the phonon frequency (wp is the Debye frequency), and the relaxation time ©(w) is the
sum of the contribution of different processes to the thermal resistivity,

5 & AM;\?
—_— xi|l- =, w*.
4mop, z:; ( M )

()

The first term represents the domain boundary scattering: ¢ in the expression for A is related to
the grain boundaries in polycrystalline materials, or the diameter of an effective cross-sectional area
in the case of a single crystal; the second term represents the Umklapp processes, which enters

©

©p “%p
T_'(w)=A+Bw2Te( ol )+Cw4= om

iyt sze(ﬁ) +

Ml)z("DD
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FIG. 5. The boundary scattering parameter A (a), and the impurity scattering term C (b) in Equation (8), derived from
the fittings of experimental k(T) to Equation (7). Open triangles, open squares, and closed circles represent the values for
non-perovskites, rare-earth scandium perovskites, and other perovskites, respectively. (¢) k(T) of NdBO3 (B = Ga, Al and Sc)
perovskites. (d) Comparison of the thermal conductivities of GdScO3 perovskite and Y3Al5012 (YAG), Gd3Gas012 (GGG)
garnets. Solid lines represent the best fitting to Equation (7).

into Equation (8) with a very similar expression to Equation (1). To minimize the number of free
parameters and to improve the accuracy and meaning of the fittings, the values of v,, and ®p
obtained before were used in Equation (8). Using these parameters, B is in the range of ~107'3
-107'% /K for all the oxides in this work. The factor « is an adjustable parameter in the exponential
term, which we kept always between 2 and 3, as in Ref. 9. The third term in Equation (8) is due
to Rayleigh-like scattering by point-defects, including impurities, vacancies, and isotopes. In the
expression for C, we have considered the effect of mass difference, AM;, between the different
impurities (with the molar fraction x;) and the host atom. Other effects like volume changes and
variations in the force constant of bonds might also be very important and should be included as
extra terms in C. However, for the sake of simplicity and given the lack of accurate information
about these factors, we included their effect as an effective value of C.

Best fits of k(T) to Equation (7) are shown as solid lines in Figure 2. The parameter B was only
varied slightly from its calculated value, for example, B ~ 10~'® sK=! for the perovskites assuming
an average y = 2.

The values of the domain boundary scattering parameter A (Figure 5(a)) are consistent with
several micron-size domains, after using the corresponding phonon velocities. Again the case of
REScO; and other defective crystals like YSZ deviates from this behavior. It is also worth remark-
ing the significantly larger value of the domain boundary parameter in LiTaO3; (corresponding to
domain sizes ~700 nm) than in SrTiO3; and KTaO3;. Whereas LiTaOs is ferroelectric, SrTiO3 and
KTaO; are not ferroelectric, although they show incipient ferroelectric character.’>-3* Ferroelectric
domain walls have been shown to be a source of phonon scattering, reducing the thermal conduc-
tivity.>>36 Therefore, although the values of A must be taken carefully because of the increasing
inaccuracy in the determination of the lowest temperature x(T), the observed trend could indeed
suggest an effect of ferroelectric domain-boundary scattering in LiTaOs.

On the other hand, fitting of the experimental data for most of the non-perovskites, like YAG,
MgO, MgAlL,0,, and Al,Os, give values of C ~ 10™* s* (see Figure 5(b)). The effect of isotope
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scattering can be calculated on the basis of the natural abundance and mass difference of the iso-
topes,” giving C ~ 107 s3 for most of these oxides. This defines an excellent quality and negligible
impurity content in most non-perovskite crystals.

However, isotope scattering cannot justify the values of C ~ 107> s* observed in LaGaOs; and
StTiOs, and particularly, the very large values of C ~ 5 x 107#! s* in REScO; and LaLuOs.

Atomic substitutions and oxygen vacancies are relatively frequent in many 3d perovskite ox-
ides. In the case of a vacancy, the mass difference with respect to the host atom is maximum (100%),
and therefore even small concentrations cause a sizable reduction of the thermal conductivity.?’
Assuming ~3%-4% of oxygen vacancies in LaGaO; produce C ~ 10~*? s. For the case of StTiO3,
the concentration of oxygen vacancies that would be required to justify the impurity scattering
parameter is ~10% according to our model. These numbers are probably slightly overestimated, as
we did not consider explicitly the effect of the variation in volume and force constant associated to
the vacancies or the possibility of cationic vacancies in addition to the oxygen. In any case, they are
within the realistic number of defects observed in many of these perovskites.

On the other hand, the large value of C in REScOj3 needs further discussion, as there are many
possible sources of phonon scattering which could reduce their thermal conductivity. A priori, the
most important comes from the magnetic moment of the RE ions. Ke et al.*® reported a magnetic
phase transition at 3.1 K in DyScOs, towards a low temperature antiferromagnetic phase induced
by dipolar interaction among the Dy** ions. This is indeed observed as a slight increase of the
magnetization around 15 K in the thermal conductivity (see the inset to Figure 2(d)).

Also, the crystal field environment of the perovskite splits the atomic 4f states of the small
RE*" ions, resulting in a ground-state with multiple electronic levels. A phonon with the correct
energy to induce a transition between two of these states can be absorbed and later reemitted in
a resonant scattering process which contributes to the thermal resistivity.3>*? The effectiveness of
this scattering mechanism will depend on the RE3*-cross section and overall on the existence of
electronic levels within the ground state manifold with the correct spacing to absorb a phonon.

Assuming a pseudocubic isotropic lattice, the energy of transverse and longitudinal acoustic
phonons at the boundary of the Brillouin zone can be estimated from their respective velocities.*!
For REScO3, we calculated an average value of ~250 cm™! (2350 K). Above this energy (or temper-
ature), resonant scattering of phonons by magnetic impurities will not contribute substantially to the
thermal resistivity.

We have performed ab initio calculations based on the density functional theory*? using the
WIEN2k code*® to obtain the electronic structure of various configurations of Nd3*:4f states in
NdScO;* and NdGaOs* (LDA + U,* with U = 8 eV, J = 1 eV). We have been able to obtain the
solution for the ground state and two of the excited states for each oxide. These correspond to an
energy difference ~362-377 cm™' and 746-774 cm™! with respect to the ground state, too large to
contribute to the resonant scattering. Moreover, the position of the excited levels in NdScO3; and
NdGaOs is very similar. Given that k(T) of NdScOs is an order of magnitude smaller that NdGaO3
or NdAIOj; (see Figure 5(c)), our data suggest that resonant magnetic scattering is not responsible
for the large suppression of the thermal conductivity in REScOs.

Other observations give further support to this hypothesis:

(i) Gd3* is a 4f” ion with a large splitting between the ground and first excited states (>>350 K).
Therefore, the magnetic resonant-scattering mechanism will not contribute to the thermal
resistivity. This assumption is corroborated by the very similar x(T) of Gd-Ga and Y-Ga
garnets (Figure 5(d)). However, the thermal conductivity of GdScOj is largely suppressed
with respect to calculations from the Debye model.

(ii) Lu’* is a closed shell 4f'* rare earth ion, and therefore the resonant magnetic scattering
is irrelevant. However, orthorhombic LaLuO3; shows a very similar k(T) to the scandates
(Figure 2(d)). This calls for the existence of a similar (non-magnetic) origin for the low
thermal conductivity of REScO; and LaLuOs.

X-ray and chemical composition analysis by different groups confirmed that the true composi-
tion of these crystals is actually closer to (Lag ¢sLug os)LuO3 and RE( 95 ScO5.95.*73! Considering
that ~4%-5% of Lu*? occupy the La’* site in the lutetium perovskite results in C ~ 2-3 x 1074 s°,
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The size and mass of La3* and Lu3* are not so different, therefore the inclusion of an additional
~5% of oxygen vacancies is needed to reach the experimental value of C ~ 1-2x 107 §3 in
LaLuO3.

Note that the other Lu-based compound studied in this work, LuAlO; behaves as expected
for a crystalline material (Figure 2(a)). In this case, the much smaller size of AP+ prevents the
substitution of Lu’* into the B site of the perovskite LuAlOs.

On the other hand, 5% of RE-ion vacancies results in C ~ 6 — 7 x 107*! 3, which are in very
good agreement with the values reported in Figure 5(b). In this case, the large mass of the RE-ions
dominates completely over the effect of oxygen vacancies.

We have also calculated ab initio the energy of A-B atomic substitutions in LalLuOs3;, NdScOs3,
and NdGaOs. Our calculations based on the GGA-PBE exchange-correlation potential®> show that
the energy required to exchange those atoms is attainable for the case of La/Lu due to their
relatively similar size. In a calculation with 12.5% La/Lu exchanges, the energy required is only
about 800 K per lanthanide, whereas it becomes 4 (9) times larger for NdScO3; (NdGaO3). Similar
calculations showed that the energy required to introduce a Nd-vacancy is much smaller in NdScOj3
compared to NdGaOs.

These results support the idea of an intrinsic number of atomic substitutions and vacancies in
LaLuOj3 and REScO3, irrespective of the crystal quality and synthetic method.

Finally, looking at Figure 2(d), the thermal conductivity of many REScO; will be *2 W/mK
or lower at very high temperatures, similarly to more complex oxides, like YSZ. Along with
their high melting point, exceeding 2000 °C, and relatively high thermal expansion coefficient™
~ 8-10 ppm/K, REScO; could be interesting for applications as crystalline thermal barriers which
allow the growth of functional epitaxial oxides on top.

In summary, we have measured the temperature dependence of the thermal conductivity of 27
of the most common single-crystal oxide substrates used for growing epitaxial thin-film oxides.
From the analysis of these data we were able to discern between the different relevant contributions
to the phonon-relaxation time in different families of oxides.

Particularly interesting is the huge reduction of the thermal conductivity observed in REScO3
perovskites in spite of their high crystalline quality. Our analysis proves that ~4%-5% of vacancies
at the RE-site account for this effect. Ab initio calculations suggest that this may be intrinsic to
REScO3, irrespective of the method of synthesis.

The information presented in this paper is relevant to design crystalline oxides with a desired
thermal conductivity and to select the appropriate substrate for applications in which heat manage-
ment is important.

See the supplementary material for a complete description of the analysis of the 3w data. The
experimental data of the thermal conductivity for all the samples studied in this work are also
available in the supplementary material, as well as the results of the phonon velocity, density and
Debye temperature used in each case.
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