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Structure of crystalline oxide ceramics studied by phonon spectroscopy

A.A. Kaminskii, A.V. Taranov, E.N. Khazanov

Abstract. This paper describes a method for gaining detailed
insight into the structure and phonon spectrum of polycrystalline
oxide ceramics. We examine how the diffusion coefficient of sub-
terahertz phonons is related to the properties of a system of grain
boundaries and to the grain size and structure and demonstrate that
the temperature dependence of the phonon diffusion coefficient at
liquid-helium temperatures is determined by the spectral properties
of the intergranular layer, which allows one to estimate the volume-
averaged intergranular layer thickness and acoustic impedance. We
also analyse the effect of plastic deformation via twinning on the
formation of the structure of grains and intergranular layers, which
determine the thermophysical, acoustic and optical properties of
ceramic materials.
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1. Introduction

Interest in the detailed structure of ceramics stems, on the one
hand, from their new functional properties related to their
micro- and nanostructure. On the other hand, ceramic fabri-
cation processes are highly dependent on the ability to control
the phase composition of the material, the grain size and ori-
entation and the grain boundary structure, which determine
the physical properties of the ceramic [1,2].

Structural studies of advanced crystalline ceramics by
transmission electron microscopy demonstrate the presence
of continuous intergranular layers a few nanometres in thick-
ness [3]. However, electron and atomic force microscopies
probe a limited volume of material, insufficient for assessing
average characteristics of intergranular layers and their influ-
ence on the physical properties of the material [4]. At the same
time, detailed information about the structure of ceramic
materials can be obtained by analysing phonon transport
characteristics when the phonon wavelength (4, ~ 10—50 nm)
is comparable to the dimensions of microstructural compo-
nents of the ceramic (grain boundaries, pores and second-
phase nanoinclusions).
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At low phonon temperatures (energies), where there are
conditions for competition between the elastic and inelastic
phonon scattering times (rq and t*, respectively), phonon
transport in materials containing structural defects can be
described by a wide variety of regimes [5]. The most informa-
tive regime for analysing the influence of structural defects on
the key features of phonon transport is classic diffusion,
where weakly nonequilibrium phonons propagating through
a material are elastically scattered by structural defects and
there are no inelastic phonon—phonon interaction processes.
If the observation time meets the inequality ¢ < 7%, such a
regime develops when the condition 7 < 1, < 7* is satisfied
(where 7y, is the ballistic propagation time of phonons in the
material). These conditions are as a rule met at liquid-helium
temperatures (2—4 K) for almost all dense dielectric oxide
materials containing defects. Such materials include, in addi-
tion to ceramics, substitutional solid solutions and any mate-
rials containing structural defects (extended or one-dimen-
sional) or excitations comparable in energy to phonons [6-8].

The objective of this work was to investigate the specific
features of the transport characteristics of subterahertz pho-
nons and examine how these characteristics are related to the
structure of grains and grain boundaries and the fabrication
conditions of polycrystalline ceramic materials with the aim
of optimising the thermophysical, acoustic and optical prop-
erties of such ceramics.

2. Experimental technique

The technique used for structural characterisation of ceram-
ics was worked out at the V.A. Kotel’nikov Institute of Radio
Engineering and Electronics, Russian Academy of Sciences,
and is a development of the heat pulse method [9]. It builds on
measurements of temperature-dependent transport charac-
teristics of weakly nonequilibrium thermal phonons in a dif-
fusion regime at liquid-helium temperatures. Heating a metal-
lic (Au) film of a phonon injector to a temperature 7}, such
that AT = T}, - T, < T, does not require 7}, measurement
(which is a rather challenging problem) and allows one to
study temperature-dependent scattering characteristics by
varying the thermostat temperature 7. Under such condi-
tions, inelastic phonon—phonon processes can be neglected,
and scattering efficiency is only determined by the structure
of the material. Nonequilibrium-phonon pulses that are
detected by a superconducting bolometer (Sn, In) on the side
opposite to the injector are well described by a solution to the
diffusion equation
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where D = Klcy is the diffusion coefficient; K is the thermal
conductivity of the material; and ¢y is its heat capacity. The
measurable parameter is the time it takes for the diffusion sig-
nal to reach a maximum: ¢,, = L*[2D(T)]"! (planar diffusion
source), where D(T) = lv/3; L is the size of the specimen; / is
the mean free path of nonequilibrium phonons; and v is the
polarisation-averaged sound velocity. The feasibility of the
diffusion regime in ceramic materials at liquid-helium tem-
peratures was substantiated and demonstrated by Ivanov et
al. [10]. The technique is sensitive to even slight changes in the
structure of ceramics and allows one to estimate the volume-
averaged acoustic impedance and intergranular layer thick-
ness [11].

As shown in model experiments aimed at assessing pho-
non—impurity interaction [6], the frequencies of the phonons
responsible for the maximum in the diffusion signal measured
by the bolometer correspond to hw ~ (3—4)kgT (Where kg is
the Boltzmann constant), which allows phonon transport to
be analysed within a one-particle model.

Figure 1 presents scanning electron microscopy images of
fracture surfaces of different ceramics. The samples are seen
to have a dense polycrystalline structure. At liquid-helium
temperatures, the mean free path of thermal phonons in
dielectric single crystals is usually a fraction of a centimetre.
Therefore, when the condition //R >> 1 is met (where R is the
average grain size of the ceramic), the phonon transport
mechanism in the ceramic can be thought of as ballistic pho-
non propagation through a grain (crystallite), with a proba-
bility f,, that a phonon will pass from one grain to another
across an intergranular layer. It is reasonable to think in this
case that phonon scattering reflects only the structure and
properties of the intergranular layer. If the condition gR > 1
is also met (where ¢ is the phonon wavenumber), the phonon
spectrum of the grain interior is similar to the spectrum of its
vibrational excitations, and the grain boundaries can be rep-
resented as flat layers of finite thickness ¢ with an acoustic
impedance different from that of the grain interior [11].

For ¢t > t, (where f, is the time needed for a phonon to
cross a grain), the diffusion coefficient in dense ceramics

Figure 1. Fracture surfaces of (a) Y;Al;0, (YAG) and (b) ZrO,: Y,04
(YSZ) ceramics.

meets the relation D o< R%t,. Given that #, ~ R/(vf,), we
obtain

D « Ruf,. @)

It follows from (2) that D o« R in the proposed model and that
/. plays a key role in determining spectral characteristics of
nonequilibrium phonons, i.e. their D(T). If a phonon wave
vector projection is comparable to the inverse intergranular
layer thickness, f,, as a function of grain boundary thickness
may exhibit resonance behaviour, i.e. D(T) may both increase
and decrease. The problems of evaluating f,, and determining
the acoustic impedance of the intergranular layer were solved
by Barabanenkov et al. [11] for a flat boundary of finite thick-
ness.

Figure 2, borrowed from [16], shows the diffusion coeffi-
cient D as a function of average grain size for a number of
oxide ceramics, including optically transparent ceramics
based on cubic oxides, at 7= 3.8 K and ¢R > 1. The solid
lines connect data points for ceramics of the same composi-
tion. Point A is for an Y3Al50;, (YAG) single crystal [6]. The
variable parameters were the annealing temperature and time,
which determined the average grain size. D(R) shows almost
linear behaviour when R is varied by two to three orders of
magnitude. This suggests that the properties of intergranular
layers may persist in a wide range of process parameters.
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Figure 2. D(R) data at ¢gR >> 1 and 7= 3.8 K for oxide ceramics based
on (1) ALO; [11], (2) YSZ [12], (3) TiO, [13], (4) TiO, (microwave
synthesis) [14], (5) YAG and (6) Nd: YAG (C ~ 1% Nd) [15]. Inset:
portions of curves (/) and (2) at R ~ 100 nm.

It should be noted that, at liquid-helium temperatures, the
transport properties of nonequilibrium phonons in samples
with different structures may differ by several orders of mag-
nitude, whereas at room temperature such differences are
insignificant. This high sensitivity of the technique is due to
the fact that, at low temperatures, inelastic phonon—phonon
interactions, which obscure phonon scattering by structural
defects, are missing.

3. Analysis of the structure of intergranular
layers in oxide ceramics

As an example, Fig. 3 compares estimated acoustic imped-
ances and intergranular layer thicknesses in ceramics based
on yttria-stabilised zirconia (YSZ), ZrO,:Y,0s, prepared
under various conditions at gR > 1 [12].
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Figure 3. Calculated probability f,,/(1 —f,) of a phonon flow from one
grain to another across a flat grain boundary of thickness d as a func-
tion of ¢»d at pv,/(pvy) = (1) 0.6, (2) 0.7 and (3) 0.75. The points
represent experimental data. Inset: thickness d as a function of anneal-
ing temperature 7.

The experimental data were analysed using the relation
[17]
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where / is the effective phonon mean free path in a layered
periodic structure of period R when no scattering occurs in
the grain interior. The phonon mean free path in a grain
before a scattering event at the grain boundary is /, = 0.6R
[18].

Figure 3 shows f,/(1 —f,) as a function of ¢,d (where ¢, is
the phonon wavenumber in the intergranular layer) for differ-
ent ratios of the acoustic impedance of the intergranular layer
to that of the grains, p,v,(pv,)"', where p; and p, are the
densities of the intergranular layer and grains. The curves
demonstrate that f,/(1 — f;,) is a strong function of ¢,d, which
is the consequence of a resonance mechanism [11] related to
the distinction between p,v, and p v, as well as to the fact
that the inverse intergranular layer thickness, d~', is compa-
rable to the wave vector projection of the injected phonons.
Thus, acting as a resonance structure, the intergranular layer
causes the transmission coefficient of a pulse of weakly non-
equilibrium phonons to depend on the thermostat tempera-
ture. The derivative of this dependence can be both positive
and negative.

The f,/(1 — f,) versus g,d calculation results were com-
pared to [T/l experimental data as follows: For a particular
sample at 7 = 3.8 K, we obtained a section through a set of
theoretical curves at the corresponding value of /(7= 3.8K)//.
The intersection points on the curves corresponding to differ-
ent p,v,/(pvy) ratios determine a number of ¢,d values.
Taking ¢, = 3kgT/(hv,), we find d. The coordinates of the
other points in the temperature dependence of //, for a given
sample correspond to the experimentally determined values
of I(T)/ly and ¢,(T')d (for the d value obtained in the preceding
step).

The curve that ensures the best fit of the calculation results
to the experimental data allows the intergranular layer thick-
ness d and py,/(pv;) ratio to be determined. The inset in
Fig. 3 shows the temperature dependence of d for the materi-

als under consideration. The intergranular layer thickness
evaluated in this way for Y,05: Nd**and Lu,O5 ceramics [13,
19] approaches the lattice parameter of the grains. In all cases,
we observed general trends when the condition gR >> 1 was
met: the phonon diffusion coefficient increased with increas-
ing grain size and decreased with increasing intergranular
layer thickness. The assumption that the grain boundary is
flat (¢R > 1) implies that the model is only applicable to
coarse-grained ceramics. The model is incapable of describing
the variation of the phonon diffusion coefficient with grain
size, D(R), when R approaches the wavelength of the injected
phonons.

To take into account a finite curvature of grain boundar-
ies, Salamatov [20,21] considered a model in which the prop-
erties of an elastic medium of density p, were described by one
elastic modulus, K, [scalar model with a dispersion law for
phonons of arbitrary polarisation w(q) = vyq (V3 = Ky/po)]. As
main scattering centres, he examined spherical shells of outer
radius R,, whose thickness and elastic parameters v, and p,
(K; =v}p;) modelled those of grain boundaries. The material
in the shells and beyond modelled ceramic grains. According
to our results, resonance scattering by spherical shells at a
phonon wavelength 4 & R, is possible when K/K, < 1, and
the normalised resonance frequency is
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Figure 4, borrowed from [22], presents the results of analy-
sis, in the above model, of the frequency dependence of the
diffusion coefficient for two model parameters: x, and ¢,
(where ¢, is the volume fraction of spheres of radius R,). It is
seen that, at low x values, all the curves are indicative of
Rayleigh scattering with D o< 1/¢%; at high x values, there is
geometric scattering with D ~ lvy and [ ~ 2R,/(3¢,). Curve
(4) in Fig. 4 relates to a system containing perfectly hard
spheres (well-stabilised boundaries), which do not lead to
resonance scattering. In the range x ~ 1, changes in the elastic
properties of the intergranular layer, which determine x,, may
be accompanied by qualitative changes in the behaviour of
the phonon diffusion coefficient, including the formation of a
frequency range of low transmission (gap in the phonon spec-
trum) and a change in the sign of the 0D/0T derivative.
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Figure 4. Diffusion coefficient D(x) calculated at ¢, = 0.5 for resonance
frequencies x, = (1) 0.5, (2) 1.0 and (3) 1.5; (4) perfectly hard spheres.
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The inset in Fig. 2 presents D(R) data at 7'= 3.8 for two
types of ceramics: Al,O3 and YSZ. In both cases, D(R) drops
sharply at gR < 20 (v = 7.4x10° cm s! for ALO; and v =
4.33x10° cm s7! for YSZ), which can be interpreted as evi-
dence for effective scattering of nonequilibrium phonons by
ceramic grains at R < 100 nm. The gap in the phonon spec-
trum at subterahertz frequencies suggests the possibility of gR
~ 1, which means that at ¢ ~ 10° cm™" (7' = 3 K) the grain size
should be 20—30 nm.

Single-phase nanostructured ceramics with such a grain
size are difficult to prepare. At the same time, one can fabri-
cate composites containing, along with stable grains of a
major phase, second-phase nanoinclusions. Such composites,
YSZ + 14% Al,O5, were prepared by Ivanov et al. [23]. The
salient feature of this structure is the presence of a finely dis-
persed (R = 20—40 nm) metastable phase, corundum. With
increasing synthesis temperature 7, this phase partially con-
verts to a denser phase, a-Al,Os (py = 3.97 g cm™), leading to
the formation of a countable number of shrinkage nanopores.
The presence of even relatively low concentrations of addi-
tional nanoscale scattering centres (metastable corundum,
shrinkage pores) may lead to significant changes in the pho-
non spectrum of the material: formation of a gap and shift of
its top boundary to higher frequencies (Fig. 5).
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Figure 5. Diffusion coefficient related to (/) pores, (2) shells of YSZ
grains and (3) shells of metastable Al,Oj; (4) total diffusion coefficient
in the material (experimental data from Ivanov et al. [22]).

The above results reflect the fact that a decrease in grain
size, typically caused by a decrease in synthesis temperature
and time, leads to an increase in the thickness of the inter-
granular layer, a decrease in its density and degradation of its
elastic properties. As a consequence, the thermophysical
properties of the material also degrade. On the other hand,
the fabrication of ceramics based on a disordered medium
offers the possibility of creating phonon crystals with an
effective periodicity parameter determined by the average
grain size.

4. Structure of Y;Al50,, ceramics

One important achievement in laser physics, solid state phys-
ics and optical materials research in the last decade has been
the creation of a new class of active functional materials: crys-
talline laser ceramics based on cubic oxides doped with triva-

lent lanthanoid ions, Ln* [24]. According to recent work,
lasing characteristics of ceramics depend significantly on the
grain size and structure and are influenced by intergranular
layers (grain boundaries). In addition, ceramics have been
shown to differ little in thermal conductivity from single crys-
tals of the same composition at 7' = 300 K, whereas their
mechanical properties are markedly better than those of sin-
gle crystals. This refers primarily to the most widely used,
YAG-based laser ceramic (see e.g. Ref. [25]).

Even the first experiments concerned with phonon spec-
troscopy of optically transparent ceramics based on YAG
and Nd: YAG [15] showed that the intergranular layer thick-
ness was d << a, where a = 1.2002 A is the lattice parameter in
the grain interior. On the other hand, it was shown that the
Nd distribution in some ceramics was nonuniform, because
the heavy ions (Nd) were forced out to grain boundaries dur-
ing synthesis [Fig. 2, curves (5, 6)]. As the synthesis process
was improved, the phonon mean free path in YAG ceramics
(Konoshima Chemical Co.) approached that in single crystals
of Re:YAG solid solutions [26]. As a result, the /R ratio
exceeded 102, This is inconsistent with the assumption that
the intergranular layer has a finite thickness. The largest pho-
non mean free path has been achieved in materials prepared
by a VSN process (‘vacuum sintering and nanocrystalline
technology’): precipitation with the use of vacuum sintering
at zero external pressure [27]. It seems likely that, in ceramics
produced by an optimised process, an ‘ideal’ grain boundary
is a natural crystallographic boundary such as a twin bound-
ary in single crystals.

A comparative analysis of the transport properties and
structure of ceramics revealed a number of distinctions, cor-
related with the grain size. Examination of fracture surfaces
by scanning electron and atomic force microscopies showed
that samples with a grain size R = -2 um were twinned
throughout (Fig. 6a). The twin planes were ~100 nm apart.

Figure 6. Micrographs of ceramic specimens: (a) intergranular and (b)
transgranular fractures.
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For R > 2 um, twinning was only observed near grain bound-
aries or there was no twinning at all (Fig. 6b) [26].

Twinning processes are known to improve structural per-
fection [28,29]. A moving twin boundary may effectively
eliminate defects in the crystal, making no significant contri-
bution to phonon scattering.

There is some evidence that the defect density and the
associated stress in the grain structure increase with grain
size. In particular, intergranular fracture prevails at a grain
size of 1-2 um. At a larger grain size (R = 10 um), trans-
granular fracture prevails. This is indirect evidence that large
grains have lower strength and experience stress. Moreover,
the variation of /R with grain size (Fig. 7) also indicates that
the stress increases with R. In the range R = 1-30 um, /R was
found to decrease by two orders of magnitude [26]. For sam-
ples with R = 1 -2 um and the largest phonon mean free path,
prepared through pressureless compaction [27], the trailing
edge of the diffusion signal, S(7), asymptotically approached
the form S(¢) o« 72, characteristic of classic diffusion and a
‘planar’ phonon source [Fig. 7, inset, curve ( /)]. Asymptotics
of the trailing edge of the signal for R > 10 um showed signal
stretching, which might be caused by rereflection from grain
boundaries due to extra anisotropy of neighbouring grains
[curves (2, 3)]. A theoretical analysis of the diffusive trans-
port of 0.874-THz phonons in dense a-Al,Os-based ceramics
with zero grain boundary thickness, where scattering was
only caused by grain misalignment and elastic anisotropy,
was presented by Kaplyanskii et al. [18]. They obtained the
following expression for the phonon mean free path:

1
I=bh 1 —{(cosa)’ ©)
where a is the scattering angle of the phonons.

Relation (5) reflects the fact that an increase in the acous-
tic impedance jump across grain boundaries, due to extra
anisotropy in the grain structure, reduces the phonon mean
free path and increases phonon reflection, thereby stretching
the trailing edge of the signal (Fig. 7). The above results can
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Figure 7. //R ratio as a function of grain size for YAG ceramics at 7' =
3.8 K. Inset: (/-3) asymptotics of the trailing edge of the diffusion sig-
nal S measured by the bolometer for Nd: YAG (C ~ 1% Nd) ceramics;
(4) S o 712 asymptote.

be interpreted as evidence that, when there is no twinning, the
stress in the grain structure increases with grain size, which
should degrade the acoustic, thermophysical and optical
(depolarisation) properties of the material and is caused by
the more severe compaction and synthesis conditions.

The 120° dihedral angles on the fracture surface of a YAG
ceramic in Fig. 6b correspond to an ordered grain structure,
because cubic structures can form this configuration of crys-
tallographic boundaries only for (111) grain boundaries.
Twinning near grain boundaries points to the presence of
natural crystallographic boundaries. Another example of an
advantageous role of plastic deformation via twinning is the
reduction in dislocation density and improvement of the
structural perfection of the grains of optically transparent
lithium-fluoride-based laser ceramics [7].

5. Conclusions

The study of transport characteristics of nonequilibrium sub-
terahertz phonons in polycrystalline ceramic materials at lig-
uid-helium temperatures is a sensitive method for assessing
the degree of stabilisation of grain boundaries in relation to
ceramic fabrication conditions.

Plastic deformation via twinning in the structure of grains
allows one to improve the thermophysical and optical charac-
teristics of ceramics. The best quality of grain boundaries,
stress-free grain structure and, hence, the best acoustic, ther-
mophysical and optical properties of Nd: YAG ceramics can
be achieved by precipitation followed by vacuum sintering at
zero external pressure, where the main plastic deformation
mechanism, responsible for the formation of the grain and
grain boundary structure, is twinning and the grain size is
within 1-2 um. The acoustic transmission of ceramics in the
terahertz range is comparable to that of single crystals of
Re:YAG solid solutions. At liquid-helium temperatures, the
ratio of the phonon mean free path to the average grain size,
l/R, can reach several hundred, which points to a natural crys-
tallographic character of grain boundaries and indicates that
the grain structure is free of stress and defects.

Whether or not the phonon spectrum has a gap, which
would degrade the thermophysical characteristics of the
ceramic material, is determined to a significant degree by the
elastic properties of the intergranular layer. The presence of
even relatively low concentrations of second-phase inclusions
or pores with a characteristic size less than the grain size shifts
the gap to higher frequencies.
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