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Origin of Phonon Glass–Electron Crystal Behavior in 
Thermoelectric Layered Cobaltate
 Measurement of local disorder and lattice vibrations is of great impor-
tance for understanding the mechanisms whereby thermoelectric materials 
effi ciently convert heat to electricity. Attaining high thermoelectric power 
requires minimizing thermal conductivity while keeping electric conductivity 
high. This situation is achievable by enhancing phonon scattering through 
specifi c structural disorder (phonon glass) that also retains suffi cient electron 
mobility (electron crystal). It is demonstrated that the quantitative acquisi-
tion of multiple annular-dark-fi eld images via scanning transmission electron 
microscopy at different scattering-angles simultaneously allows not only the 
separation but also the accurate determination of static and thermal atomic 
displacements in crystals. Applying the unique method to the layered thermo-
electric material (Ca 2 CoO 3 ) 0.62 CoO 2  discloses the presence of large incom-
mensurate displacive modulation and enhanced local vibration of atoms, 
largely confi ned within its Ca 2 CoO 3  sublayers. Relating the refi ned disorder to 
ab initio calculations of scattering rates is a tremendeous challenge. Based on 
an approximate calculation of scattering rates, it is suggested that this well-
defi ned deterministic disorder engenders static displacement-induced scat-
tering and vibrational-induced resonance scattering of phonons as the origin 
of the phonon glass. Concurrently, the crystalline CoO 2  sublayers provide 
pathways for highly conducting electrons and large thermal voltages. 
  1. Introduction 

 The effi ciency of conversion of heat to electric power in 
solid-state thermoelectric generators is governed by the 
dimensionless fi gure of merit  ZT   =    σ S  2  T /  κ  , where  S  is 
the Seebeck coeffi cient,  σ  the electric conductivity,  T  the 
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absolute temperature and   κ   the thermal 
conductivity. The combination of highly 
crystalline and strongly distorted units 
on atomic length-scales was suggested 
by Slack [  1  ]  as a pathway enabling a large 
electronic conductivity,   σ  , and a low lat-
tice contribution to thermal conductivity, 
  κ   L , and thus, a high  ZT . Since then, this 
so-called “phonon glass electron crystal” 
approach has been developed towards 
a general strategy for enhancing  ZT  in 
several classes of thermoelectric mate-
rials, [  2  ]  however the subtle effects of the 
interplay of ordered and disordered units 
on atomic scales on   σ   and   κ   are not well 
understood. 

 The lattice contribution to heat con-
duction in solids can be described by 
two well-established limiting theoretical 
pictures. [  3  ]  In crystalline materials, heat 
is carried by harmonic eigenmodes of 
the lattice, called phonons. They form an 
ideal gas of quasiparticles with a mean 
free path (MFP) limited by scattering at 
all kinds of local imperfections that break 
the translational symmetry of the lattice. 
In addition, anharmonic bonding can 
cause phonon-phonon scattering. Depending on the rate of 
such scattering, the phonon ensemble can be viewed as a real 
gas or as a liquid of interacting quasiparticles with a thermal 
conductivity limited by Umklapp scattering. In contrast, 
in strongly disordered or amorphous systems, the phonon 
MFP can be smaller than the phonon wavelength and, con-
sequently, the “phonon picture” breaks down. Heat is then 
transported by the diffusion of atomic vibrations, and is called 
“phonon glass” with a low   κ   in the range of 0.1–1 W m  − 1  K  − 1  
at 300 K. [  4  ,  5  ]  

 The behavior of a “phonon glass electron crystal” (PGEC) 
requires a very subtle combination of crystallinity and disorder 
to maintain suffi cient electronic mobility. [  2  ]  Recent examples 
of PGECs include the skutterudites, where  κ  is reduced by rat-
tling dopant atoms in cage structures. The underlying causes 
are considered to be the resonant scattering of phonons at local 
vibrations as well as scattering at induced static-distortions. [  6  ,  7  ]  
In Zn 4 Sb 3  thermoelectric compound, disordered Zn intersti-
tials with large anisotropic thermal displacements are consid-
ered as being the relevant scattering centers for phonons. [  8  ]  In 
the high-temperature thermoelectric compound Cu 2- x  Se and 
SrZnSb 2 , distorted Cu layers in-between crystalline Se sites and 
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planar faults of Sr layers, respectively, give rise to a remarkable 
decrease of lattice thermal conductivity. [  9  ,  10  ]  Similarly, sheets 
of disordered atoms in the misfi t layered cobaltates, such as 
Na  x  CoO 2 , [  11  ]  (Ca 2 CoO 3 ) 0.62 CoO 2  [  12  ]  and Bi 2- x  Pb  x  Sr 2 Co 2 O  y  , [  13  ]  are 
considered to cause low in-plane thermal conductivities in the 
range of 1–4 W K  − 1  m  − 1  that are dominated by the phonon 
contribution. [  14  ]  A common structural feature is their electri-
cally conducting crystalline CoO 2  layers with strong electronic 
correlations that are separated by insulating layers whose 
periodicity is incompatible with that of the CoO 2  layers. This 
incompatibility causes the misfi tting layers to induce in their 
neighboring layers highly reproducible incommensurate dis-
tortions, an intrinsic deterministic disorder. Clearly, the abso-
lute value and the temperature dependence of   κ  ( T ) of these 
overall crystalline PGEC compounds rule out the overall domi-
nance of glassy heat transport; seemingly, a combination of 
glassy-like and phonon-type of lattice dynamics governs the 
  κ  . The determination of the mechanisms that are in play at 
the border between the two limiting cases of phonon- and 
glassy-types of dynamics is a grand challenge. In particular, 
separating out the underlying types of static and dynamic 
atomic displacements, and identifying their specifi c effects on 
phonon and electron states, so far has been beyond the grasp 
of experimental and theoretical research. 

 An essential primary step for the identifi cation of PGEC 
mechanisms is the accurate determination of type and con-
centration of atomic and nanoscale disorder. Here, we iden-
tify the specifi c role of anisotropic static- and dynamic-atomic 
displacements in layered cobaltate (Ca 2 CoO 3 ) 0.62 CoO 2  crystals. 
Among the cobaltates, (Ca 2 CoO 3 ) 0.62 CoO 2  (often approximated 
as Ca 3 Co 4 O 9 ) is of particular interest because its  ZT  is above 
one at high temperature. The second step for the identifi ca-
tion of the specifi c PGEC mechanisms is the calculation of 
phonon and electron density of states and scattering rates by ab 
initio calculations. However, this is tremendiously diffi cult for 
the large unit cell (108 atoms) of the superstructure involved. 
Accurately measuring static and dynamic atomic displacements 
allows us to assess the vibrational density of states based on the 
Debye model. Electronic density of states is determined by den-
sity functional theory (DFT) calculations. 

 Ab initio molecular dynamic calculations of the scattering 
rates involving phonons and local atomic vibrations for mod-
eling thermal conductivity are presently out of reach. Based on 
approximate quantum-mechanical calculations of scattering 
rates, we give strong evidence that in addition to Umklapp scat-
tering which dominates   κ  ( T ) at high temperatures, two main 
mechanisms dominate   κ  ( T ) at low and medium temperatures, 
respectively: low-frequency phonon modes are effectively scat-
tered at glass-like atomic vibrations via resonance scattering, 
while the high-frequency phonon modes are strongly scattered 
at modulated atomic displacements, both occurring within the 
disordered Ca 2 CoO 3  layers. Both of these effects are essential 
in obtaining an overall reduction of   κ  ( T ). In contrast, metal-
like properties of the electrons in the crystalline CoO 2  layers 
are well maintained by these types of anisotropic static and 
dynamic disorder in the Ca 2 CoO 3  layers since DFT calcula-
tions show the emergence of an insulator-metal transition of 
the crystalline CoO 2  layers due to the effect of the disordered 
layers.  
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5728–5736
  2. The Effect of Displacement on Image Intensity 

 The structure of the (Ca 2 CoO 3 ) 0.62 CoO 2  has been extensively 
studied by X-ray-, neutron-, and electron-diffraction, [  15  ,  16  ]  spec-
troscopy [  17  ,  18  ]  and fi rst-principle calculations. [  17  ,  19  ]  The average 
structure of the compound consists of two interpenetrating 
subsystems of a CdI 2 -type CoO 2  block and a distorted triple-
layered rocksalt-type Ca 2 CoO 3  block, incommensurately parallel 
to the  b -axis. Both subsystems have common  a -,  c -axes and   β  -
angle with  a   =  0.483 nm,  c   =  1.084 nm, and   β    =  98.14 ° . The 
 b -axis lengths are  b  1   =  0.282 nm for the CoO 2  subsystem and 
 b  2   =  0.456 nm for the Ca 2 CoO 3  subsystem (Figure S1, Sup-
porting Information). [  15  ]  Accurate determination of the local, 
non-periodic atomic modulations and displacement in the 
rocksalt subsystem is not a trivial task due to the lack of super-
lattice peaks in diffraction; nevertheless, it is essential for under-
standing the system’s electrical and thermal conductivity. Here, 
we report a method we developed to measure local displacement 
in (Ca 2 CoO 3 ) 0.62 CoO 2 . Unlike diffraction analysis that derives the 
overall displacement in the two sublattices from the intensities 
of Bragg refl ections, we directly measure the atomic displace-
ment in real space, thereby enabling us to refi ne independently 
the atomic displacement of the CoO 2  and Ca 2 CoO 3  layers that is 
crucial to revealing their different nature in phonon scattering. 

 The experiment was carried out on the aberration-corrected 
scanning-transmission electron microscope (STEM), Hitachi 
HD2700C. [  20  ]  One advantage of the instrument is that it allows 
simultaneous acquisition of annular-dark-fi eld (ADF) images 
with different detectors covering different scattering-angle ranges 
(e.g., the high-angle-ADF (HAADF), and the medium-angle-
ADF (MAADF)).  Figure    1   shows the HAADF/MAADF image 
pairs of the incommensurate structure of (Ca 2 CoO 3 ) 0.62 CoO 2 . 
The cations in the CoO 2 , CoO, and CaO layers are clearly visible 
in both imaging modes when viewed along the [010] direction, 
though the contrast of the CoO layer is diffusive along the [100] 
direction, especially in the MAADF image. The layer intensities 
decrease in the order of CoO 2 , CoO, and CaO in the HAADF 
image (Figure  1 d), so roughly following the  Z -contrast rule; thus, 
over a period of 2.275 nm along the [010] direction there are 8 
Co in the CoO 2  layer, 5 Co in the CoO layer, and 5 Ca in the CaO 
layer. The MAADF image (Figure  1 e), however, shows that the 
intensity of the atomic column of the CoO layer is higher than 
that of the CoO 2  one, i.e., a contrast reversal, suggesting that 
local static- and thermal-displacement may play a signifi cant role 
in determining the image intensity. When viewed along the [001] 
direction, both the HAADF and MAADF images (Figure  1  b,c) 
display strong, sharp Co1 columns, while the Co2 and Ca col-
umns are weak and diffusive, indicating a large in-plane thermal 
displacement in the Ca 2 CoO 3  block.  

 To explain the effect of local displacement on the ADF image 
in (Ca 2 CoO 3 ) 0.62 CoO 2 , we conducted extensive calculations 
using the multislice method with a frozen phonon approxima-
tion, which has been demonstrated to have excellent quantita-
tive agreement with experiments. [  21  ]  To model the structure, 
we adopted a supercell containing 8-CoO 2  and 5-Ca 2 CoO 3  
sublattices (Figure S1, Supporting Information), based on the 
fundamental structure refi ned by Miyazaki et al. [  15  ]  Figure S2 
(Supporting Information) plots the calculated intensity ratio 
of  I  Co2 / I  Co1  as a function of thickness and collection angle. We 
5729wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  1 .     Experimental setup and observations. a) Schematic of simultaneous acquisition of 
HAADF and MAADF images to determine the displacive modulation in (Ca 2 CoO 3 ) 0.62 CoO 2 . 
b–e) STEM images of the [001] projection (b,c) and the [010] (d,e) projection of (Ca 2 CoO 3 ) 0.62 CoO 2  
simultaneously recorded on the HAADF and MAADF detectors with collection angle of 114–
608 mrad (b,d) and 46–104 mrad (c,e). The sample thicknesses, determined by zero-loss elec-
tron energy-loss spectroscopy (EELS), were 26 nm and 35 nm for (b,c) and (d,e), respectively, 
and the measured spherical aberration coeffi cient  Cs   =   − 75 nm. The simulated images using 
the multislice calculations with the frozen phonon approximation and the refi ned structure are 
embedded in the images with a defocus  Δ  f   =  0.6 nm.  
note that the intensity ratio decreases with the collection angle, 
but increases with the thickness; similar observations were 
reported for SrTiO 3 . [  20  ,  21  ]  Clearly, collection angle and thickness 
alone cannot explain the contrast reversal. 

 We calculated the displacement based on the cosine and sine 
components of the Fourier terms of the modulation waves that 
are commonly used for incommensurate modulation [  15  ,  16  ] (see 
Supporting Information). The image intensities were then cal-
culated by adding the displacements to the fundamental struc-
ture. In  Figure    2  a,b we plot the averaged intensities of the CoO 2  
and CoO layers as well as their ratio  I  CoO / I  CoO2  as a function 
of the thermal and static displacement at the CoO layer. As is 
evident, the effect of the displacements at the CoO layer on 
image intensity strongly affects the intensity of the CoO layer 
730 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
itself, but with little effect on its CoO 2  neigh-
bors. The MAADF intensity fi rst rises, then 
gradually decreases with the increase in dis-
placement. The behavior remarkably differs 
from that of HAADF, and provides a unique 
opportunity for accurately measuring local 
atomic positions. We attribute the origin of 
the difference in the two imaging modes to 
dynamical diffraction near the high-sym-
metry crystal axes, i.e., the propagation of a 
focused incident electron probe in an intense 
narrow channeling peak centered on an 
atomic column that decreases and broadens 
when the atoms of the column become mis-
aligned from the optical axis due to crystal tilt 
or strain. [  22  ,  23  ]  Consequently, fewer electrons 
are scattered into the HAADF detector, but 
more into the MAADF detector.  

 Strain induced ADF contrast has been 
observed in various systems although 
no quantitative measurement has been 
reported. [  23  ,  24  ]  Taking advantage of the unique 
sensitivity to displacement in MAADF 
imaging, we, for the fi rst time, were able to 
directly measure local displacement through 
structure refi nement, based on a series of 
HAADF and MAADF image pairs.  Figure    3  a 
shows an enlarged experimental image-pair 
of (Ca 2 CoO 3 ) 0.62 CoO 2 . The intensity profi les 
obtained by averaging intensity along the 
[100] axis are shown in Figure  3 e. Contrast 
reversal is clearly seen between the CoO 2  
plane and the CoO plane in the MAADF 
image, indicating a much larger displacement 
in the latter than that in the former. More-
over, the intensity of the CaO layers across 
the CoO layer is not symmetric, suggestive 
of a larger displacement of CaO on the left 
side than on the right side of the CoO plane. 
Therefore, the space group of the supercell is 
better described using Cm (0 1– p  0), [  15  ]  rather 
than C2/ m  (0 1- p  0) that would yield the same 
displacement for both CaO layers. [  16  ]    
  3. Accurate Determination of Static and Thermal 
Displacement 

 We started refi nement of the displacive structure based on 
the fundamental-, or unrelaxed-, structural model proposed 
by Miyazaki et al. using X-ray and neutron diffraction. [  15  ]  
Compared with the experimental observations (Figure  3 a), 
the calculated intensity of the CoO layers based on the unre-
laxed structure model were too high in the HAADF image 
(left in Figure  3 b), while too low in the MAADF image (right 
in Figure  3 b). We then calculated both images based on the 
relaxed structure model refi ned by these authors. The agree-
ment between the calculated images (Figure  3 c) and the obser-
vations (Figure  3 a) was still poor. For example, the calculated 
inheim Adv. Funct. Mater. 2013, 23, 5728–5736
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     Figure  3 .     Determination of static and thermal displacement in 
(Ca 2 CoO 3 ) 0.62 CoO 2  single crystal. a–d) STEM images viewed along the 
[010] direction using the simultaneous HAADF (left panel, collection angle: 
114–608 mrad) and MAADF (right panel, collection angle: 46–104 mrad) 
image mode. a) Experimental image. b–d) Calculated images with 
Miyazaki’s unrelaxed model (b), Miyazaki’s relaxed model (c), and our 
refi ned structure model (d). The [010] projection of Miyazaki’s unrelaxed 
model is embedded in (b). The intensity values as color legend are shown 
in the middle. e) Profi les by averaging the intensities along the [100] direc-
tion (vertical direction in the fi gure). The open circles and green-, blue-, 
and red-lines are projected intensity profi les along the vertical direction 
normalized with the CoO 2  layers from (a–d), respectively. Although all the 
images qualitatively agree with the HAADF images (left panel), only our 
refi ned model ((d), see Table S1 in the Supporting Information) quanti-
tatively agrees with the experimental HAADF and MAADF observations 
(open circles and the red lines in (e)). Area thickness is estimated to be 
35 nm from EELS measurement, and fi nally refi ned to be 36.3 nm.  

     Figure  2 .     Image intensity and displacement. a,b) Calculated intensities 
(dashed lines) in the CoO 2  and CoO layers and intensity ratios  I  CoO / I  CoO2  
(solid lines) for HAADF (collection angle: 114–608 mrad) and MAADF 
(collection angle: 46–104 mrad) as function of a) thermal mean-square 
displacement in the CoO layer and b) static displacement calculated as 
two cosine components,  A  1 x   and  A  2 x  , of the Fourier terms of the modula-
tion waves and the equivalent mean-square static displacement in the 
CoO layer. The image intensities were calculated for 31.7 nm thickness 
and averaged over the [100] direction. We note the intensity variation due 
to thermal and static displacements differs signifi cantly in MAADF. For 
thermal displacement, even small vibrations (0.01 A 2 ) reduce the cou-
pling among the refl ections, thus the intensity. For static displacement, 
in a modulated structure the displacement does not alter the crystal sym-
metry, thus the coupling between the refl ections remains strong. In other 
words, the intensity does not decrease until a relative large displacement 
(0.14 Å 2 ) is induced, yielding contrast reversal ( I  CoO / I  CoO2   >  1) in MAADF 
imaging.  
intensity of the CoO 2  layer in the HAADF was too low, while 
it was too high in the MAADF image; similarly, the calculated 
intensity of the CaO layer did not agree with the experimental 
observation. The poor agreement lies in the fact that Miyaza-
ki’s model has similar displacements among all atomic layers 
because the diffraction refi nement cannot effectively distin-
guish the displacement in different atomic layers in the absence 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 5728–5736
of superlattice refl ections. Apparently, the Fourier terms of the 
modulation waves must be refi ned to fi t our new experimental 
data that are sensitive to the displacements and resolve each 
atomic layer in the unit cell. 

 To quantitatively compare the image intensities of the experi-
ment with the calculation, we use the intensity profi le by aver-
aging image intensity along the [100] direction (Figure  3 e). The 
  χ   2  was then used to test the goodness of fi t. The values of   χ   2  
for the intensity profi le calculated from Miyazaki’s unrelaxed 
5731wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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model were 2.23 for HAADF, and 4.74 for MAADF. It was 
slightly improved to 2.01 for HAADF, and 3.59 for MAADF, 
for Miyazaki's relaxed model. Extended calculations made by 
systematically changing the parameters reveal that, to achieve 
a good fi t, the static- and thermal-displacements must be very 
small in all directions for the CoO 2  subsystem, and in the  c  
direction for the Ca 2 CoO 3  subsystem. However, large static- 
and thermal-displacements in the  a - and  b  directions for 
the Ca 2 CoO 3  subsystem are required to fi t the experimental 
HAADF- and MAADF-image pairs. Combined with image pairs 
in other orientations (Figure  1 b,c), we ascertained those local 
atomic displacements crucial to the system's thermoelectric 
properties. Table S1 (Supporting Information) lists the refi ned 
Fourier amplitudes of the fractional coordinates and thermal 
parameters. The   χ   2  for our refi ned model were much smaller, 
0.87 for HAADF, and 0.95 for MAADF suggesting a signifi cant 
improvement over Miyazaki et al.'s refi nement from X-ray and 
neutron diffraction. 

 Our refi ned structure reveals that both static and thermal 
displacements are mainly confi ned within the Ca 2 CoO 3  block, 
especially in the CoO layer. The large static displacement 
therein strongly affects the channeling peaks when viewed 
along the [010] modulation direction, resulting in low HAADF 
but high MAADF intensities. In contrast, in the other projec-
tion, e.g., [001], the large thermal displacements in the block 
signifi cantly reduce the channeling peaks, so engendering weak 
and diffusive contrast in both imaging modes. Clearly, this dis-
tinctive behavior is invaluable in quantitatively unfolding static 
disorder and local thermal lattice vibrations (see Supporting 
Information for quantifi cation).  

  4. The Effect of Displacement on Phonon 
Scattering 

 Separating out quantitatively the subtle effects of static and 
thermal disorder, respectively, in the rigid crystalline CoO 2 , 
and the soft and disordered Ca 2 CoO 3  sublayers is the fi rst and 
essential prerequisite for elucidating the microscopic origin of 
the lattice's low thermal conductivity   κ   ( Figure    4  , for details 
see Supporting Information). The electronic thermal conduc-
tivity was not considered here because it is much smaller than, 
only about 1% of, the lattice thermal conductivity based on our 
experiment, [  25  ]  as well as based on the Wiedemann-Franz law. [  14  ]  
Secondly, the vibrational and phonon density of states (DOS) of 
both sublayers has to be determined. Since the mean square 
displacements are rather strong (of the order of 0.06–0.15 Å 2  
static and 0.03–0.04 Å 2  thermal), and the high frequency atomic 
scale vibrations in the THz range entirely dominate the DOS, 
we selected the Debye model for the direct calculation of the 
DOS from the measured thermal displacements (Figure S3, 
Supporting Information). To analyze phonon-scattering mecha-
nisms, we started with Umklapp- and Rayleigh-scattering both 
of which are the well-established main scattering mechanisms 
for single crystals. The resulting frequency-dependent pho-
nons mean free path (MFP) can be described with only two 
free parameters,  A  and  B , that respectively refl ect the crystal’s 
anharmonicity, and the concentration of point scatters. The 
fi t of   κ  ( T ) in Figure  4 a is very good for the simple cubic oxide 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
MgO single crystal (the blue line) that we chose as our refer-
ence system, [  26  ]  but was very poor for (Ca 2 CoO 3 ) 0.62 CoO 2  (red 
line), [  14  ]  especially at temperatures below 70 K.  

 To reconcile this discordance, we directly determined, from 
the refi ned structure, the scattering rates of two additional 
scattering mechanisms, modulation-induced displacement, 
and resonance scattering. The resulting frequency-dependent 
MFP from displacement scattering is calculated from the 
refi ned atomic displacements via quantum-mechanical scat-
tering theory. Notably, the frequency dependence of displace-
ment scattering is similar to Rayleigh scattering (Figure  4 b). 
Rayleigh-like scattering cannot only be ascribed to the interac-
tion of phonons with point-like defects, but has been also attrib-
uted to local fl uctuations in density or force constants, such as 
those observed in amorphous systems. [  27  ]  Without considering 
displacement scattering, the contribution of Rayleigh scattering 
due to point defects would be more than four orders-of-magni-
tude too strong in comparison with MgO. This would require 
there being extensive numbers of point defects in the sample 
that was not experimentally observed. Resonance scattering 
happens if propagating phonons with angular frequency   ω   are 
in resonance with a band of more or less localized modes at 
  ω   0   ±   Δ   ω   0  in the soft disordered layer created by the vibrations of 
the CoO 2 - and Ca 2 CoO 3 -subunits. Such a band of more or less 
localized in-plane vibrations of CoO 2 - and Ca 2 CoO 3 -subunits 
with soft bonding is directly visible in the 5–10 THz range of 
the DOS in Figure S2 (Supporting Information). The frequency-
dependent MFP is determined via a coupled harmonic oscil-
lator model. The resulting fi t of the thermal conductivity along 
the  b -direction (  κ   b ) of the misfi t layered (Ca 2 CoO 3 ) 0.62 CoO 2  is 
depicted by a black line in Figure  4 a. Umklapp- and Rayleigh-
scattering have been kept as background effects that are pre-
sent in all materials, but only slightly modify the fi tting for the 
cobaltates. 

 Using modulation-induced displacement and resonance 
scattering as determined without any free parameter from 
the structure, the fi tting of   κ  ( T ) is reasonably good; Figure  4 c 
shows the contribution of the individual scattering mecha-
nisms to it. A schematic drawing on displacement and reso-
nance scattering is included in Figure  4 d,e. We are fully aware 
that it might be possibly to obtain fi ts of  k ( T ) with similar 
“goodness” based on other hypothetical scattering models and 
using various free parameters. However, we want to emphasize 
that in our approach we have only left one free parameter for 
Umklapp scattering. All other scattering parameters as well as 
the vibrational density of state are determined by experiment 
with the highest possible accuracy. Furthermore, displacement, 
resonance- and Umklapp-scattering contribute differently to 
the total   κ  ( T ) in different temperature regimes. At low tempera-
tures, the available low-frequency phonon modes with   ω   below 
a few THz are effectively scattered by resonance scattering, and 
dominate   κ  ( T ). At intermediate temperatures between 80 K 
and 300 K, higher frequency modes of phonons of   ω   of several 
10 THz become thermally excited and are effectively scattered 
at modulated atomic displacements. In this intermediate tem-
perature-range,   κ   is mainly limited by displacement scattering. 
With further increasing temperature, the enhanced phonon 
density refl ects the rising contribution of Umklapp scattering. 
Consequently   κ  ( T ) starts to decline as temperature rises above 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5728–5736
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     Figure  4 .     Mechanisms of thermal conductivity in the layered cobaltate compared to simple cubic MgO. a) Thermal conductivity   κ   vs. temperature. 
Circles are experimental data for (Ca 2 CoO 3 ) 0.62 CoO 2  along the  b  direction (green, right vertical axis) and MgO (blue, left vertical axis) taken from 
ref.  [  13  ,  24  ] , respectively. Solid lines are fi tting curves based on specifi c heat, DOS, group velocity, and MFP. The blue and red lines are the fi tting curves 
only containing the Umklapp and Rayleigh terms, while the black line including the additional displacement and resonance terms for (Ca 2 CoO 3 ) 0.62 CoO 2 . 
b) MFP for Umklapp scattering at 50 K (black); Rayleigh scattering calculated with coeffi cient  B   =  3400 (green); modulation-induced displacement 
scattering (open circles); and resonance scattering (blue). The frequency dependent MFP of the displacement scattering is discrete because of discrete 
Fourier components of the displacements. A fi tting curve based on the empirical   ω    − 4  relation for displacement scattering is shown with the red line. 
c) Individual contributions from different scattering mechanisms on thermal conductivity as a function of temperature. For comparison the scale for 
Rayleigh scattering is reduced by a factor of 100. d,e) Schematics of displacement scattering (d) and resonance scattering (e). Green and red balls 
represent atoms in the rigid and soft layers, respectively. Atoms in the soft layer (red balls) deviate from its periodical positions (dashed circles) in (d) 
due to the displacement, resulting in phonon scattering.  k  1  and  k  2  are exemplarily represented wave vectors of the incident and scattered phonons, and 
 q  is the Fourier component of the displacement. Dashed circles in (e) represent local vibration of the atoms. If phonons (black curve) with frequency of 
  ω   1  tune into resonance with a local vibration at   ω   0  (  ω   1   ≈    ω   0 ), they can be absorbed. Phonons outside of the resonance frequency band will propagate.  
 T   =  150 K. Even in the high-temperature branch above 300 K 
(see Figure S4 of the supplemental material), the extrapola-
tion of the fi tting of  κ (T), which was done for T  <  300 K, well 
describes the experimental data. Thus, the high temperature 
  κ  -regime of the misfi t layered (Ca 2 CoO 3 ) 0.62 CoO 2  compound 
is controlled by Umklapp scattering and the obtained value for 
the Umklapp coeffi cient is well validated.  

  5. The Effect of Displacement on Electronic 
Structure 

 In previous sections and the supplemental materials, we pre-
sent detailed information about the rigid frame of the CoO 2  
layers, and the signifi cant displacive modulation in the Ca 2 CoO 3  
layers, and then discuss the effects of such displacements on 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5728–5736
the lattice thermal conductivity. In this section, we consider 
fi rst-principles calculations based on density functional theory 
(DFT) to elucidate the band structure of (Ca 2 CoO 3 ) 0.62 CoO 2 . In 
particular, we analyze the displacive-modulation-induced local 
electronic properties in the Ca 2 CoO 3  layers, and the effect of 
the distorted Ca 2 CoO 3  layer on the density of states of the CoO 2  
layer to gain an understanding of the “electron crystal”-like 
electric-transport behavior. 

 One fi nding from our general gradient approximation 
(GGA + U) calculations is that the electronic properties of 
(Ca 2 CoO 3 ) 0.62 CoO 2  are very sensitive to the local structure of the 
Ca 2 CoO 3  and CoO 2  layers. Detailed analysis of the band struc-
ture indicates remarkable differences in the electronic states of 
the square Ca 2 CoO 3 - and the triangular-CoO 2  sublattices. The 
stacking of the two layers with different electric conductivity 
creates the pronounced anisotropy of the electronic transport. 
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     Figure  5 .     Density functional theories calculations using GGA + U for the partially disordered (Ca 2 CoO 3 ) 0.62 CoO 2 . a) Displacive modulation of the CoO 
layer in the Ca 2 CoO 3  subsystem. b) The projected density of states (pDOS) of d-states of each Co (labeled in (a) in the CoO layer). The Fermi energy 
is marked by the dashed line. c) The total pDOS of Co d-states of the CoO layer and the CoO 2  layer with the structural unit shown on the right. In 
addition, the pDOS of the infi nite layer compound CoO 2  is shown and represents a Mott insulator. Note the total pDOS of Co d-orbital in the ordered 
CoO 2  layer (red symbol-line) is three times more than that of Co d-orbital in the disordered CoO layer (black symbol-line) at the Fermi level.  
In particular, for the Ca 2 CoO 3  layer, the local electronic struc-
ture is strongly tied to atomic displacements ( Figure    5  a,b). 
Several Co-ions in the Ca 2 CoO 3  layer exhibit a large projected 
density-of-states (pDOS) at Fermi level, while most have rather 
small pDOS due to distorted structural features (Figure  5 a). We 
also notice that the pDOS of O atoms in the CoO layers shows 
large fl uctuation (Figure  5 b), suggesting the sensitivity of the 
electronic structure of O to local atomic environment, while 
that in the CoO 2  layer are almost identical (not shown). This 
observation confi rms that the electrical conductivity mainly 
comes from the CoO 2  layer in (Ca 2 CoO 3 ) 0.62 CoO 2 .  

 Figure  5 c compares the total pDOS of Co d-orbital of the infi -
nite layer CoO 2  parent compound with that of the crystalline 
CoO 2  layer in Ca 3 Co 4 O 9  and that of the disordered CoO layer. 
Our GGA + U study reveals that the infi nite layer CoO 2  parent 
compound is a Mott insulator. In contrast, the CoO 2  layer 
which is embedded by the distorted Ca 2 CoO 3  shows a metal-
like density of states near the Fermi level (the total pDOS of Co 
d-orbital in CoO 2  layer is three times more than that in the CoO 
layer). Carefully examining the pDOS of Co d-orbital contribu-
tion of CoO layer reveals that the metallic band in CoO layer 
is more localized than that in CoO 2 , thus reducing the overall 
electric conductivity of the CoO layer. Our calculations thus pro-
vide detailed insights into the origin of “electron-crystal” char-
acteristics of a partially disordered system, namely, they refl ect 
disorder-induced localization of d-orbital in the CoO layers, and 
an ordered structure and larger pDOS at Fermi energy in the 
CoO 2  layer. 

 Our spin-polarized DFT calculations further illustrate that 
different spin states of Co exist in the CoO and the CoO 2  
layers. We obtained a total magnetic moment of 41.3  μ   B  per 
unit cell in the ferromagnetic (FM) state, or absolute mag-
netic moment of 35.6  μ   B  per unit cell in the antiferromagnetic 
(AFM) state. This corresponds to about 1.6  μ   B  per Co atom for 
the FM state, or 1.4  μ   B  per Co atom for the AFM state, larger 
than the reported value of 1.09  μ   B  per Co atom, [  19  ]  but agreeing 
well with the experimental value of 1.3  μ   B  per Co atom for  T   <  
400 K. [  12  ]  The reason why our calculations differ from previous 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
calculations and agree better with experimental measurements 
can be attributed to the fact that the atomic structures used for 
the calculations are different. In our current calculations, pre-
sented herein, we use the refi ned structure which has a super-
cell containing 108 atoms, while a simplifi ed 42-atom-DFT-
relaxed supercell was employed in previous calculations. [  19  ]  We 
noted that the DFT relaxation by atomic force is sensitive to 
the size of the Ca 3 Co 4 O 9  supercell. Although the DFT relaxed 
structure using 108-atoms is more close to the refi ned struc-
ture than that using 42-atoms, it has smaller displacements in 
the Ca 2 CoO 3  sublayer in comparson with the experimentally 
refi ned structure. 

 A diffi cult question for magnetic measurement is which 
Co atoms, in the CoO or CoO 2  layers, are responsible for the 
observed magnetic moment. Based on our spin-polarized DFT 
calculations, we fi nd that the value of the magnetic moment of 
Co in the CoO layers is  ≈ 2.3–2.5  μ   B  per Co, while it is only about 
0.2  μ   B  per Co in the CoO 2  layers, pointing to the strong mag-
netic anisotropy of cobaltate.  

  6. Discussion 

 Our detailed experimental and theoretical study of the atomic-, 
electron- and phonon- structure of the misfi t cobaltate gives 
new insights into the fundamental mechanisms of the high 
thermoelectric performance of the material. The major advan-
tage of the real-space measurement of the displacement is that 
both thermal and static displacement in the CoO 2  and Ca 2 CoO 3  
layers can be measured and refi ned separately; this cannot be 
done using the reciprocal space or diffraction method. Par-
ticularly, the real-space measurement supports a clear analysis 
of the distribution of disordered and ordered crystallographic 
regions with subatomic accuracy. Strong atomic displacements 
are only present within the Ca 2 CoO 3  layer and not within the 
CoO 2  layer, in contrast to other reports based on reciprocal 
space methods, but in agreement with a recent STEM study 
published by Klie at al. [  28  ]  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5728–5736
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 The ability to distinguish between static and dynamic dis-
placements is crucial for determining the effect of disorder on 
phonon- and electron-properties. As demonstrated in Figure  2 , 
the dependence of the MAADF image intensity on thermal and 
static displacements differs signifi cantly when viewed along the 
direction of modulation. This feature allows us to separate one 
from the other. As revealed from our quantitative analysis, elec-
tron channeling occurs along the aligned atom columns in a 
low-index crystal orientation. The channeling effect decreases 
the intensity of HAADF images, but increases that of the 
MAADF images in the presence of misaligned atoms from the 
optical axis caused by local disorder. A further increase in dis-
placement reduces dynamic coupling among the refl ections, 
eventually lowering the intensity of the MAADF images. The 
position of the maximum MAADF intensity strongly depends 
on the nature, static or thermal, of the displacement. Static 
modulation displacement preserves the superlattice symmetry 
and, thus, the coherence of the refl ections, yielding strong 
dynamic coupling even at large displacements (Figure  2 b). For 
thermal vibration, the high-energy imaging electrons in the 
microscope traveling at about the half speed of light, take only 
a fraction of femtosecond to pass through the sample that is 
much faster than the speed of the atomic thermal oscillation. 
Therefore, the imaging electrons see that the atoms in the 
sample deviate from their equilibrium positions in a stationary 
confi guration with a broken crystal symmetry due to random 
thermal displacement, thereby reducing dynamic coupling, 
even at a small mean-square value (0.01 A 2 , i.e., one order-
of-magnitude less than that of static displacement, Figure  2 ). 
When viewed along non-modulation directions, static displace-
ment shifts the atomic positions in the ADF images, but has 
little effect on image contrast, while thermal displacement 
decreases the contrast, but does not alter atomic positions. 

 The identifi cation of the specifi c relations between static- 
and dynamic disorder and phonon scattering mechanism in 
the misfi t cobaltate is challenging and would require the appli-
cation of ab initio molecular dynamic methods to extremely 
large supercells. In order to shed light on the mechanisms that 
play at the border of phonon and glassy dynamics, and thus, 
on the origin of phonon glass electron crystal (PGEC) behavior 
in layered disordered systems, we used the refi ned static and 
dynamic disorder as a starting point for quantum mechanical 
perturbation theory. Although the acentrosymmetric static dis-
placements within the Ca 2 CoO 3  layer create a strong scattering 
potential for phonons they enhance anharmonicity because the 
potential energy is not a harmonic function of the displace-
ment. Even though a perturbation calculation may be only a 
rough approximation due to the strong static and dynamic 
displacements, our calculations yield a reasonable agree-
ment between measured and calculation   κ  ( T ) using only one 
free parameter for Umklapp scattering. In particular, we fi nd 
strong evidence that resonance scattering can effectively sup-
press low-frequency acoustic phonons modes because of the 
large in-plane vibrations of the soft Ca 2 CoO 3  layer with respect 
to the rigid CoO 2  layer. The presence of resonance scattering is 
supported by two observations: i) These “soft local vibrations” 
are directly revealed by our scattering method and constitute 
a high DOS at relatively low frequency (Figure S3, Supporting 
Information). ii) Resonance scattering can easily explain the 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5728–5736
suppression of the low-temperature branch of   κ  ( T ) because it 
provides an effi cient mechanisms for scattering the low-fre-
quency phonon excitations that propagate in-plane within the 
crystalline CoO 2  layer. In contrast, the high-frequency modes of 
the crystalline CoO 2  layer can be easily scattered by displace-
ment and Umklapp scattering. 

 An important feature of a PGEC system must be a determin-
istic process of disorder generation that entails a well-repro-
ducible type and amplitude of atomic displacements. Indeed, 
in the misfi t layered cobaltates, the interaction between the 
incommensurate sublayers provide a mechanism for deter-
ministic generation of displacements. This is shown by our 
additional DFT GGA + U calculations using the ideal CaO + CoO 
layers without CoO 2 , revealing, in the CaO + CoO system, that 
the optimized structure is always relaxed to the perfect rock-salt 
structure. This indirectly supports our conclusion in previous 
section that there is strong electronic interaction between CoO 2  
and Ca 2 CoO 3  layers. The existence of the CoO 2  layers drives the 
large distortion of CaO and CoO in Ca 2 CoO 3 . If the interaction 
between CoO 2  and Ca 2 CoO 3  layers is weak, for example, close 
to the van der Waals limit, then the Ca 2 CoO 3  layer will not be 
distorted as strongly as observed experimentally. This result 
contrasts with the claim in ref. [   28   ] that the bonding between 
the CoO 2  and the Ca 2 CoO 3  layer is weak. Moreover, the CoO 2 -
Ca 2 CoO 3 -interaction-induced distortion destroys the spin and 
orbital ordering in the Ca 2 CoO 3  layer, resulting in some locally 
metallic-like DOS in the band structure. For the ideal rock-salt 
CaO + CoO structure, our calculations of the AFM state demon-
strate its insulating nature, similar to that in pure AFM-CoO. 
For the parent compound of triangular cobaltates, CoO 2 , our 
DFT + U calculations show that it is a Mott insulator, consistent 
with previous calculations. [  29  ]  Note that experiments fi nd a bad 
metal, which may be close to a Mott transition [  30  ]  and proper-
ties that may sensitivly depend on sample purity and residual 
dopands. Indeed, we fi nd that the electronic properties of CoO 2  
layers are quite sensitive to doping and bonding. The large dif-
ference between Co d- states in the pure CoO 2  compound and 
those in CoO 2  layer of (Ca 2 CoO 3 ) 0.62 CoO 2  (Figure  5 c), points 
to an insulator-metal transition due to a major infl uence of 
Ca 2 CoO 3  layer on the electronic properties of the CoO 2  layer. 
This confi rms our fi nding that there is a strong electronic inter-
action between the CoO 2  and Ca 2 CoO 3  layers.  

  7. Conclusions 

 Combing the refi ned structure of (Ca 2 CoO 3 ) 0.62 CoO 2 , including 
accurately measured static and thermal lattice disorder, with 
phonon scattering and DFT calculations, we derived two major 
conclusions on the atomistic mechanisms underlying its large 
thermoelectric power. First, the interaction between two incom-
mensurate crystalline layers generates a partially disordered 
crystal, wherein the anisotropic static and dynamic displace-
ments are almost entirely localized in the Ca 2 CoO 3  sublayer. 
This preserves high electric conductivity within the crystalline 
CoO 2  layer, whereas the disordered Ca 2 CoO 3  layer does not con-
tribute signifi cantly to electric conductivity. Our fi ndings offers 
insight into the atomic mechanisms of the “phonon glass” 
(CoO) and “electron crystal” (CoO 2 ) of the system. Second, 
5735wileyonlinelibrary.combH & Co. KGaA, Weinheim
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among various possible mechanisms for reducing thermal con-
ductivity in layered systems, we identifi ed phonon scattering 
due to large in-plane atomic displacement in the Ca 2 CoO 3  
block, and resonance scattering due to large in-plane vibrations 
between the two sublayers that cause a reduction in   κ   over a 
wide temperature range. Therefore, these scattering mecha-
nisms represent an effi cient means for reducing out-of-plane- 
and in-plane-thermal conductivity, and are the underlying 
mechanisms for considering the layered misfi t compound as 
an approximant of the “phonon glass–electron crystal” concept. 
Our refi ned structure may initiate future work on the origin of 
the large Seebeck coeffi cient that may be associated with the 
degenerated confi guration of different valence states, or the 
spin states of Co atoms in the crystalline CoO 2  layer induced by 
its interaction with the disordered Ca 2 CoO 3  layer. [  12  ,  31  ]   

  8. Experimental Section 
  Experimental Methods : Single (Ca 2 CoO 3 ) 0.62 CoO 2  crystals were 

prepared using the fl ux method as described in ref.  [  32  ] . The STEM 
samples were carefully prepared using an ion mill at low voltages. The 
STEM-ADF images were taken with the aberration-corrected Hitachi 
HD2700C STEM, equipped with fi ve electron- detectors, including the 
HAADF and MAADF ones. The image signals from both detectors 
were simultaneously recorded to ensure the image pairs had the same 
imaging conditions but different collection angles (convergent angle 
of 27 mrad, and collection angles of 114–608 mrad for HAADF and 
46–104 mrad for MAADF were used in the present study). The probe 
function of the electron beam was measured using CEOS software with 
gold particles deposited on a carbon fi lm. The STEM image calculations 
were carried out with our own computer codes running on GPU (Nvidia 
GeForce 590, 1024 cuda cores) based on the multislice method with a 
frozen phonon approximation. [  21  ,  33  ]  The calculated STEM images were 
convoluted with a 0.15 nm FWHM Gaussian spread function to compare 
with the experiment. 

  Calculations of Vibrational and Phonon Density of States : The 
vibrational and phonon density of states of (Ca 2 CoO 3 ) 0.62 CoO 2  were 
calculated using the Debye model. The total MFP was calculated 
based on Callaway’s treatment of the Peierls-Boltzmann phonon-gas 
theory. The coeffi cients of Umklapp and Rayleigh scattering used in the 
calculations were obtained by fi tting the calculations with the measured 
thermal conductivities of (Ca 2 CoO 3 ) 0.62 CoO 2  and MgO. 

  Calculations of Electronic Structure : The DFT calculations were carried 
out using the pseudopotential plane-wave method with general gradient 
approximation (GGA). To test our results, we also performed the full 
potential calculations using the LAPW method. It is noted that the band 
structure and magnetic moments of Co predicted by the two methods 
are similar. It is well known that in rocksalt CoO, the strongly correlated 
effects play an important role in determining its band structure. The 
GGA + U method was used to investigate the strong correlation effect in 
Co d-orbitals. An effective  U   =  4 eV was chosen, which is the same as 
that for Co in Na  x  CoO 2 .  
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