PHYSICAL REVIEW B 72, 104111 (2005)

Dielectric and magnetic properties of Fe- and Nb-doped CaCu;Ti O,
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Detailed studies of the properties of ceramic CaCu;Ti;O, (CCTO) have clarified the physics of this inter-
esting material and revealed several features not reported before. The dielectric relaxational properties of
CCTO are explained in terms of a capacitive-layer model, as for an inhomogeneous semiconductor, consisting
of semiconducting grains and insulating grain boundaries as also concluded by others. The kinetics of the main
[low-temperature (7)] relaxation reveal that two different thermally activated processes in CCTO grains control
the dynamics. A likely candidate defect responsible for the two processes is the oxygen vacancy which is a
double donor. A higher-T relaxation is determined by grain boundary conduction. Both Nb and Fe doping
lowered both the apparent dielectric constant ¢’ and the dielectric loss, but increased Fe doping led to more
dramatic effects. At 3 at. % Fe doping, the anomalous &’(T) response was removed, making the CCTO an
intrinsic, very-low-loss dielectric. The intrinsic &’(=75) and its T dependence are measured and shown to be
largely determined by a low-lying soft TO phonon. At low 7, cubic CCTO transforms into an antiferromagnetic
phase at Ty=25 K. Ty is essentially independent of Nb doping (up to 4 at. %) and of hydrostatic pressure (up
to ~7 kbar), but decreases significantly with Fe doping. Analysis of the high-T dependence of the magnetic
susceptibility provided insight into the role of Fe as a dopant. Finally, an &'(T) anomaly associated with the
onset of antiferromagnetic order has been discovered, providing evidence for coupling between the polarization

and sublattice magnetization. The possible origin of this coupling is discussed.
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I. INTRODUCTION

The “unusual” dielectric properties of CaCu;Ti,0(,
(CCTO) have been of much recent interest. The material has
a distorted, complex cubic perovskite (ABO5)-like structure
with a large unit cell (a=7.4 A)."2 The Cu ions form a
square planar lattice on the A sites and are bonded to four
oxygen atoms each, causing tilting of the TiO4 octahedra.

Subramanian et al.! were the first to report a very large
(>10000) and nearly temperature- (T—) independent appar-
ent static dielectric constant &', for ceramic samples of
CCTO at T=300 K. Subsequent work on ceramic®™ as well
as single-crystal” samples confirmed this early work and re-
vealed additional features. In particular, below ~200 K &’
exhibits relaxational behavior, ultimately dropping to a value
of ~100 at the lowest 7’s with the crystal structure remain-
ing cubic and centrosymmetric down to at least 35 K.

While dipole relaxation models associated with the com-
plex crystal structure of CCTO have been suggested to ex-
plain the dielectric response,>? it is now generally agreed
that the observed behavior is not intrinsic. Rather, the dielec-
tric response is due to barrier-layer capacitances associated
with one or more of the following: grain boundaries, twin
boundaries, dislocation networks, and Schottky barrier or in-
terfacial polarization effects.! #6719 A detailed first-principles
study® of the structure and lattice dielectric response of
CCTO did not reveal any unusual features in the zone-center
optical phonons and estimated the intrinsic lattice contribu-
tion to &’ to be ~40. Cohen et al.® explored various sce-
narios of conducting and insulating structures in an inhomo-
geneous solid that can lead to very large &’s and that could
agree with the observed response of CCTO. They considered
cases where the bulk of the sample (or grain) is either con-
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ducting or nearly so and the grain and domain boundaries are
insulating, or vice versa. These studies show that large &’s
result either when the conducting regions approach a perco-
lation threshold or when they percolate but are blocked at the
sample surface or electrode interface. In CCTO oxygen va-
cancies and/or impurities can lead to conductivity in either
the bulk (grains) or grain boundaries. Adams et al.” sug-
gested an explanation for the behavior of CCTO in terms of
conducting grains and insulating grain boundaries. Strong
support for this suggestion was provided by Chung et al.'” in
the most definitive work thus far on undoped ceramic CCTO.
Through a combination of microcontact /-V measurements,
Kelvin probe force microscopy, and resistivity and thermo-
electric power measurements on individual grains, as well as
across grain boundaries, these authors have determined that
(1) the grains are conducting and are n type, and (2) a large
potential barrier exists at the grain boundaries reflecting their
insulating character.

It has long been known!! that CCTO exhibits an antifer-
romagnetic (AFM) transition at ~25 K. The transition re-
gion has been recently studied by neutron diffraction'? and
electron paramagnetic resonance (EPR),'* and the antiferro-
magnetism has been explained in terms of a double primitive
cell in which each Cu-Cu nearest-neighbor pair has antipar-
allel spins. The behavior of the dielectric response near this
transition apparently has not yet been studied.

The purpose of the present work is to investigate the ef-
fects of doping (Nb and Fe) and hydrostatic pressure on the
dielectric properties and AFM transition of CCTO in order to
shed additional light on the interesting properties of this
complex oxide. Also, we sought evidence (which we found)
for a possible coupling between the magnetization and polar-
ization below the AFM transition or Neel temperature Ty.
Consequently, a considerable part of our effort was devoted
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FIG. 1. A typical microstructure of our ceramic CCTO samples
as determined by SEM.

to the low-temperature properties where the response of
CCTO can be expected to become essentially intrinsic. Dop-
ing with iron (Fe) allowed us to reach the intrinsic regime
where we found the behavior of &'(T) to be different from
that suggested by earlier work. Iron doping is also found to
produce remarkably large changes in the overall dielectric
response. In what follows we shall first give a brief descrip-
tion of the experimental details in Sec. II followed by a pre-
sentation and discussion of the results in Sec. III.

II. EXPERIMENTAL DETAILS
A. Samples

Ceramic CaCu;Ti O, (pure, as well as Fe or Nb doped)
pellets were prepared using a solid-state reaction and sinter-
ing process. Precursor powders of CaCO; (=99.95% Ald-
rich), TiO, (=99.8% Aldrich), and CuO (=99.99% Aldrich)
were directly combined in the necessary stoichiometric ratios
while doped samples employed Fe,O; (=99.3% Baker
Chemical) as a powder or Nb n-butoxide (=99% Inorgtech)
in ethanol, as dopant precursors. Thorough mixing was
achieved by milling the powders in ethanol or acetone with
zirconia media for no less than 12 h in a rolling mill. The
dried mixed powders were calcined at 1173 K (900 °C) for 1
h before being milled a second time. The dried powders were
uniaxially cold pressed into % in. pellets under a load of 2000
Ib (~10 ksi pressure). The resulting pellets were then sin-
tered in air on top of Pt setters (to avoid reaction with the
ceramic alumina furnace boats) using the schedule 10 K/min
to 1273 K (1000°C), 6 h hold, 10 K/min to 1373 K
(1100 °C), 6 hour hold, and then furnace cooled to room
temperature. After sintering, the pellets were confirmed to be
polycrystalline, predominantly single-phase, CaCu;Ti;O,
by 6-260 x-ray diffraction (XRD). Figure 1 shows a typical
microstructure of CCTO revealing a broad distribution of
grain sizes. The picture in Fig. 1 shows an enhanced contrast
scanning electron microscope (SEM) image with the light
colored areas identified as Cu rich. Interestingly, no second
phases were observed on logarithmic-scale XRD scans of
CCTO.

To control the defect chemistry of perovskite ABO; ox-
ides such as BaTiO;, SrTiO; and Pb(Zr,Ti)O; (PZT), a va-
riety of dopants have been developed to occupy the A- and
B-site cation positions.'*~1¢ Tailoring materials by way of
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defect chemistry, including cation and oxygen vacancy con-
centration, with aliovalent cation dopants enables control of
their semiconducting behavior, including free carrier type,
carrier concentration, and hence, material resistivity and real
and imaginary permittivity. In this work, CaCu;Ti,O, was
modeled as a 4(ABOj3) perovskite where ideal cation charges
would be +2 for the A-site and +4 for the B-site cations.
Similar to the presence of lead vacancies inducing oxygen
vacancies and p-type behavior in PZT, copper volatility and
reduction of Cu from +2 to +1 was anticipated to produce
oxygen-vacancy-related conductivity in CCTO.!® A number
of dopants were selected on the basis of literature reports of
n- and p-type perovskite dopants and prediction of dopant
types by consideration of ionic radius and charge state.!”
Niobium is a commonly used n-type dopant, as Nb>* (ionic
radius r=0.64 A) it occupies a Ti** (r=0.68 A) site, while
Fe* (r=0.55 A) was predicted to be a p-type dopant on the
Ti** site. Samples were doped with 0—4 % of Nb or Fe sub-
stituting for Ti, as such doping levels are typically within the
solid solution solubility limit for perovskites and were found
to display single-phase CCTO x-ray diffraction patterns.

For dielectric measurements, sections of the pellets were
cut using a diamond saw (typically cut into 4 X4 mm?
squares that were 0.50 mm thick), and polished. Consistent
results came from samples cut from the center of the pellet.
These will be denoted CCTO sample A. Similar, but lower-
magnitude, dielectric responses were observed from samples
cut from the end of the pellet. The dielectric response from
an edge-cut sample is included in this study and is labeled
CCTO sample B. Metal electrodes were 1f magnetron sputter
deposited on the samples. Initially, a thin film of Cr, approxi-
mately 650 A thick, was used as an adhesion metal before
1000 A of Au was deposited. The electroded samples were
rigidly mounted between two copper paddles and a small
quantity of silver paint was used to form an intimate contact
between the Cu paddles and the metalized sample surface.
The measurements were made with the sample placed in a
He pressure cell that was in turn housed in a temperature
Dewar.

B. Measurements

The real (¢’) and imaginary (&”, or the loss factor tan &
=¢"/&’) components of the dielectric function were mea-
sured with an Agilent 4284A LCR meter as functions of
temperature (5-400 K), hydrostatic pressure (0-7 kbar), and
frequency (100 Hz—1 MHz). No thermal hysteresis was ob-
served for any of the samples used in this study. For the
pressure experiments helium was the pressure-transmitting
medium. A commercial superconducting quantum interfer-
ence design magnetometer was used for the magnetic mea-
surements at 1 bar. The pressure dependence of Ty was as-
sessed from the pressure dependence of the anomaly of &'(7)
at Ty. Analysis of &'(T) at low temperatures (i.e., in the
intrinsic regime) required knowledge of the thermal expan-
sion and volume compressibility of CCTO. The thermal ex-
pansion below 300 K was reported by Ramirez et al.® and the
volume compressibility was assumed to be comparable to
that of other complex perovskites.
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FIG. 2. Typical dielectric response of an undoped CCTO sample
(sample B) at 1 bar and under the influence of hydrostatic pressure.
The insets show the pressure dependence of ¢’ at two low tempera-
tures and the finite AT suggests a nondipolar relaxation.

III. RESULTS AND DISCUSSION
A. Dielectric properties

In the course of this work we carried out detailed studies
of the properties of undoped ceramic CCTO samples. The
shapes and magnitudes of the &'(T) and tan &T) curves as
well as the frequency dispersions of the samples are very
similar to the now familiar response of CCTO.>>8 A typical
¢'(T) response for CCTO is shown in Fig. 2. However, our
results revealed additional features in the relaxational dy-
namics which are presented in Sec. III B.

We also investigated the influence of hydrostatic pressure
on the dielectric response. Figure 2 shows that a pressure of
5 kbar (very modest compression) has very little influence on
e'(T), generally causing small decreases in the magnitude of
¢’ at fixed T. The decrease in ¢’ due to pressure is seen most
clearly in the low-T regime depicted in the two insets. We
note that the &’(P) slopes at the two temperatures (20 and 40
K) are essentially independent of frequency. Over the narrow
pressure ranges covered in the insets, one would expect the
&'(P) response to be linear. Thus, the nonlinear &' (P) at the
very lowest pressures at 20 K may reflect the influence of the
AFM phase (Sec. III D). The weak pressure dependence of
e’ observed in CCTO is consistent with the barrier-
capacitance model for the dielectric response as these modest
pressures are not expected to significantly change the prop-
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FIG. 3. Temperature dependences of ¢’ and tan 6 for a 1 at. %
Nb-doped CCTO sample at different frequencies at 1 bar. The inset
in (a) shows details of the &’(T) response to low temperatures and
the finite AT suggests a nondipolar relaxation.

erties of the grains or grain boundaries and their thicknesses.

As noted earlier, our doping studies with Fe and Nb were
aimed at modifying the electronic transport in CCTO to con-
trol the dielectric loss. Expecting that Fe’* and Nb>* would
substitute primarily at the Ti** site, then Fe** would make
the material p type and Nb>* would make it n type. Figure 3
shows the dielectric response of a 1 at. % Nb doped sample.
These results are qualitatively similar to those for the un-
doped CCTO samples. A 4 at. % Nb doped sample also
showed similar results, but &’(7T) in the plateau region was
lower than that for the 1% Nb sample.

A decrease of ¢’ in the plateau regime with Nb doping is
consistent with recent observations by Aygun et al.’ that
showed a decrease of &’ with increased doping for samples
doped with Nb and annealed in an oxygen atmosphere. We
believe, as is also predicted from the grain and grain bound-
ary capacitive-layer model, that the primary reason for this
effect is an increase in grain boundary (oxide) layer thick-
ness resulting in lower grain boundary capacitance, the
change in grain resistivity with doping being relatively mod-
est and inconsequential.

The low-T dielectric properties of the 1 and 4 at. % Nb-
doped samples are very similar to those of the undoped
samples. The low-T results for the 1% Nb sample are shown
in the inset in Fig. 3(a). It is seen that the response at the
lowest temperatures is still very dispersive, but additional
features are revealed. The break in the &'(7) slope at 24 K,
which also shows up as a slight bump in tan &(7), is a feature
that is associated with the AFM transition at the Néel tem-
perature, 7). We shall come back to this feature below. An-
other feature in the low-7 data is a relaxational process at
~10 K. It is somewhat similar in shape to the anomaly at T,
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FIG. 4. Temperature dependences of ¢’ and tan & for a 1 at. %
Fe-doped CCTO sample at different frequencies at 1 bar. The inset
expands the &'(T) response below 200 K.

but unlike the latter which is frequency independent, it ex-
hibits strong frequency dispersion. It is likely due to a dipo-
lar impurity or defect of unknown origin.

The response of a 1 at. % Fe-doped CCTO sample is
shown in Fig. 4. In Fig. 4(a) we note the very marked reduc-
tion in the values of &’ in the plateau region (inset)—from
many thousands for undoped and Nb-doped CCTO to several
hundreds for the 1 at. % Fe sample. Associated with the re-
duced &' is a large reduction in the peak value of tan &
shown in Fig 4(b). This value goes from 2 to 3 for the
samples in Figs. 2 and 3 to ~0.7 for 1 at. % Fe. Despite
these differences, the low-T relaxation labeled [A] in Fig.
4(b) occurs in the same temperature range of 50-250 K as
for the other CCTO samples.

Fe doping causes additional features not observed in the
other samples over the temperature range of the present mea-
surements (but expected at higher T’s, as will be discussed
later). Figure 4 reveals a relaxational feature at higher 7 in
both &'(T) and in tan &(T), represented by the group of peaks
labeled [ B]. The dynamics of this feature will be discussed in
Sec. IIT C below.

Fe doping also strongly influences the low-temperature
response. The low-T results for 1 at. % Fe are shown in Fig.
5. First, note the increase of ¢’ with decreasing 7 above Ty.
Second, note that the dielectric loss shown in the inset is
much lower and the frequency dispersion much less than for
the other samples. Both properties suggest that this sample is
closer to exhibiting intrinsic behavior at low temperatures
(explained in Sec. ITI B below). Also worth noting is that the
relaxational process near 10 K is still present in this Fe-
doped sample, confirming that it is associated with a dipolar
entity characteristic of (ceramic) CCTO.

Increasing the Fe dopant concentration from 1 to 3 at. %
produces further remarkable changes in the dielectric re-
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FIG. 5. A detailed view of the &'(T) response of the 1 at. %
Fe-doped sample at low temperatures. The inset shows the tempera-
ture dependence of the dielectric loss.

sponse of CCTO. Figures 6—8 show these results. Figures 6
and 7 show dielectric response of the 3 at. % Fe-doped
CCTO sample. There is a dramatic decrease in the magnitude
of ¢’ compared to the 1 at. % Fe sample (cf. Fig. 4). Both the
values of &’ in the “plateau” region and (tan &), are an
order of magnitude lower than those of the 1 at. % Fe sample
(and about two orders of magnitude lower than the undoped
samples). There is also a noticeable shift in the plateau re-
gion to higher temperataures. The high-7 relaxational peaks
observed in Fig. 6(b) are similar to the [B] relaxations seen
in the 1 at. % Fe sample in Fig. 4(b).

The mid-temperature region of 50-250 K for the 3 at. %
Fe CCTO sample is shown in Fig. 7. It is seen that both the
€'(T) and tan &(7) relaxations (labeled [A"] for this sample)
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FIG. 6. Temperature dependencies of €” and tan 6 for a 3 at. %
Fe-doped sample showing the suppression of the &’(T) plateau be-
low ~250 K. The dielectric response of undoped CCTO at 10 kHz
is plotted for comparison.
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FIG. 7. Dipolar relaxational response of the 3 at. % Fe-doped
sample.

have qualitatively different character from those observed in
the 1 at. % Fe sample in Fig. 4(b) (relaxation labeled [A]) as
well as in the other CCTO samples studied. Note in particu-
lar that the inflection point in the &'(7T) trace and the peak in
the tan &(T) occur at the same temperature as indicated by
the double arrow on the 10 kHz curve. This suggests that this
particular relaxation is due to a dipolar entity in the sample
and not due to extrinsic barrier-layer capacitances created
between grains and grain boundaries, as was the case for all
the other samples studied. As will be discussed in Sec. III B
below, the [A”] relaxation in Fig. 7(b) exhibits different ki-
netics from those exhibited by the [A] relaxations in other
samples.

Figure 8 shows the results for the 3 at. % Fe CCTO
sample below ~100 K. Here, the &’ values are 25-30 %
lower than for the 1 at. % Fe sample and the frequency dis-
persion and dielectric loss are becoming vanishingly small.
Thus, the dissipative mechanisms are essentially frozen and
the dielectric response should be close to the intrinsic re-
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FIG. 8. The intrinsic dielectric response of the 3 at. % Fe-doped
sample showing soft-mode behavior and the &’(7) anomaly at Ty.
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FIG. 9. Summary figure showing the influence of Nb and Fe
doping on the dielectric response of CCTO.

sponse of the sample. In this regard the increase in &' with
decreasing T is characteristic of soft to mode behavior. The
light dashed line below Ty in Fig. 8 would be the dielectric
response of the sample in the absence of AFM ordering. This
extrapolation clearly shows that de’/dT would go to 0 as T
—0 K, as required by the third law of thermodynamics. We
note that the &’(7) anomaly associated with AFM transition
is now seen at Ty=21 K.

Clearly, there are significant doping effects associated
with the 3 at. % Fe in CCTO that reflect important changes
in the conductivity of either the grains and/or grain bound-
aries, with increasing Fe concentration. We shall discuss
these effects in Sec. III B.

Figure 9 provides a summary of the &’(T) and tan &(7T)
results for all of the samples used in this study at one fre-
quency (10 kHz). Here, one can observe the remarkable in-
fluence that the addition of Fe has on the dielectric response
of CCTO. All these results (except the 3 at. % Fe-doped
sample) can be qualitatively understood in terms of the con-
ducting grain and insulating grain boundary model cited in
the Introduction. The physics of this model has been known
for a long time. In the case of the 3 at. % Fe-doped sample,
the relaxation around 150 K in Fig. 7 is, as already noted, of
dipolar origin, and it is seen only when &’(7) and tan &(7)
approach intrinsic values. It may be due to an Fe-induced
dipolar defect, or it may be present in all CCTO samples, but
it is generally not observed in the dielectric data because it is
hidden under the huge &'(7) and tan &(T) responses associ-
ated with the barrier layers (compare, e.g., Figs. 3 and 7).

In the course of this work we noted a correlation between
the magnitude of &’ in the plateau region and the peak value
of tan & for the low-temperature [A] relaxation. It was appar-
ent that a larger &’ in the plateau region correlated with a
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FIG. 10. Correlation between the value of &’ in the &'(T) pla-
teau region and the maximum value of tan é. The inset shows this
correlation on a log-log plot.

larger value of the tan & peak maximum. This correlation is
shown for our samples at a frequency of 10 kHz in Fig. 10.
We have also included on this plot some of the data in the
literature on ceramic samples that published both &' and
(tan &), at 10 kHz. It is seen that all the data accurately
follow the same trend which is qualitatively predicted by the
barrier-layer-capacitance model.'®

The discussion thus far has dealt with ceramic samples.
But what about single-crystal CCTO? Homes et al.? studied
the dielectric response of single-crystal CCTO and found re-
sults qualitatively similar to those for ceramic samples, but
both the plateau values of &’ and the peak tan & values were
much larger in magnitude. We have plotted their results at 10
kHz as a solid triangle in Fig. 10. Clearly, their datum point
follows the trend observed for ceramic samples. The single
crystal, of course, does not have the grains and grain bound-
aries alluded to in the barrier-layer-capacitance model. How-
ever, the single crystals do possess two interfaces and a bulk
crystal interior which could display different resistivity char-
acteristics and thus similar RC barrier properties to ceramic
samples. It is also possible that a Schottky barrier or interfa-
cial polarization effect is at work. The dielectric response of
such a barrier on a semiconducting crystal is akin to that for
the grain and grain boundary model.® It has also been ob-
served that grains of CCTO have a high concentration of
dislocation lines and twin boundaries that are likely present
in the single crystal.> Such features can in principle lead to
barrier layers that can contribute to the observed dielectric
response of the crystal. Clearly more work on single-crystal
CCTO is needed to better define the observed physics.

B. The relaxational dynamics of CCTO

Except for the 3 at. % Fe-doped sample, the low-T dielec-
tric relaxations labeled [A] of the CCTO samples we exam-
ined are not dipolar in nature, but arise from the resistance-
capacitance (or RC) properties of the barrier layers.'® Thus,
they are not Debye relaxors, but exhibit Debye-like relax-
ations with Arrhenius kinetics [1/7=w=wyexp(-E/kT)], as
observed by others.>? A very significant feature of the RC
barrier-layer model is that the relaxation time deduced from
the &'(T,w) data, 7./, is longer than that deduced from the
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FIG. 11. Arrhenius plots for the observed relaxations. (a) Low-
temperature relaxation [A] showing the two different thermally ac-
tivated regions and the [A”] relaxation for the 3 at. % Fe-doped
sample. (b) shows the high-temperature relaxation for the 1 and 3
at. % Fe-doped samples. The inset in (b) shows the variation of the
activation energy with Fe doping.

tan &(T, w) data, 75 This is reflected in Figs. 2 and 3 by AT
which is the difference in 7 between the inflection point in
the &' relaxation, which determines 7, and the peak T in the
tan 6 relaxation, which determines 75 For a dipolar relax-
ation process, 7, =75 The relatively large values of AT in
Figs. 2 and 3 are clear indications of the nondipolar nature of
the relaxation in CCTO.

Figure 11(a) and Table I summarize our results for relax-
ation [A]. In the figure, T, is the temperature of the tan &
peak at a given w. It is seen that the response of all the
samples (except the 3 at. % Fe sample) exhibit two Arrhenius
segments, each with a distinct activation energy E. Thus,
there are two separate activated conduction processes con-
tributing to the relaxation labeled [A]. The data from all the
samples are fairly tightly bunched together yielding essen-
tially the same activation parameters E and wy(=1/7,), for all
the samples. We have also plotted in Fig. 11(a) the sparse
single-crystal data of Homes et al.?> Although these authors
drew a straight line through their data points, deducing E
=54 meV and wy=8.4 X 10~° Hz, the results are clearly ei-
ther non-Arrhenius or indicate two Arrhenius segments as
suggested by the dashed lines through the solid triangles. The
activation energy of the high-T' segment is the same (
~110 meV) as for our ceramic samples, but for the lower-T
segment the suggested E is significantly lower than the acti-
vation energy for the ceramic CCTO samples.
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TABLE 1. Arrhenius kinetic parameters for various ceramic CCTO samples for two relaxation processes.

See text for details.

Sample E (meV) wy(s™h) E (meV) wo(s™h)
Low-T Arrhenius segment (a) Relaxation [A] High-T Arrhenius segment
Undoped (A) 71 1.8x 108 104 1.0x 10'0
Undoped (B) 71 2.6%108 106 1.3x 1010
1% Nb doped 71 1.3%x108 110 9.7%10°
4% Nb doped 74 2.5% 108 109 9.9 10°
1% Fe doped 81 32x108 113 8.8 10°
3% Fe doped 268 2.1x 10"

(b) Relaxation [B]

Undoped 600*
1% Fe doped 542 6.8 10'?
3% Fe doped 470 1.8x 10"

a%From Sinclair et al. (Ref. 4) determined from complex impedance data.

According to the grain and grain boundary model, these
activation energies reflect the activation of conduction
mechanisms in the grains.'® In terms of magnitudes, the E’s
for both segments are consistent with values for other semi-
conducting titanate perovskites.* Sinclair et al.* obtained an
activation energy for the bulk, or grains, of E=80 meV from
complex impedance measurements. Their data covered a nar-
rower T range than our own, and consequently they observed
only one Arrhenius segment. Their 80 meV value for the
grains fits in between our values for the two Arrhenius seg-
ments.

Given that the E for the higher-T segment for the single
crystal agrees with the comparable E’s for the ceramics, we
suggest that it represents the activation of the primary grain
conduction mechanism in CCTO. As for the activation en-
ergy of the lower-7 Arrhenius segment, we note from Fig.
11(a) that the suggested E for the single crystal may be con-
siderably lower than the E’s for the ceramic samples, but
there are not sufficient data points to be certain. This obser-
vation, coupled with the fact that £ in this regime for the
ceramics is essentially independent of doping, suggests that
we are dealing with an electronic trap of an impurity or de-
fect commonly present in CCTO.

A very likely candidate defect that may be responsible for
the two observed activated segments in Fig. 11(a) is the oxy-
gen vacancy V. This defect is undoubtedly introduced at a
sufficiently high concentration during high-T crystal growth
and ceramic processing. Vg is known to be responsible for
the  semiconducting  behavior of many  oxide
perovskites.*!%20 It acts as a double donor introducing two
levels into the host’s band gap lying about ~50-100 and
100200 meV, respectively, below the conduction-band
edge, depending on the material. These energies are suffi-
ciently close to our measured activation energies of E~73
and 108 meV so as to make the role of V in CCTO quite
credible.

The results in Fig. 11(a) show that Nb doping and Fe
doping at the 1 at. % level have no influence on the low-T
conduction process in CCTO. However, the results for the 3
at. % Fe-doped sample are very different. The response [A”]

is that of a true dipolar relaxor with a single Debye relax-
ation time and kinetic parameters of £=268 meV and w,
=2.12X 10'3 Hz. The nature of the dipolar entity responsible
for this relaxation is not known. It could of course be due to
an off-center substitutional Fe ion or an Fe-induced defect.
As discussed in Sec. III A, the only reason we are able to
resolve this relaxation for 3 at. % Fe is because, at this dop-
ing level, the Fe reduces the dielectric loss (conductivity)
and &’ to such a large extent that the sample exhibits essen-
tially its intrinsic dielectric response. It may well be that this
dipolar relaxation is present in all samples (i.e., it is not Fe
related), but it is not resolved because it is swamped by the
huge &’s and tan o peaks of the other CCTO samples.

Our initial supposition and motivation for adding Fe was
that Fe would substitute at the Ti** (B site) producing holes.
The results on the 3% Fe sample and our magnetic data, to
be presented in Sec. III D below, indicate that much of the
Fe* substitutes at the Ti** site. The holes introduced by this
Fe doping could then compensate for the conduction elec-
trons contributed by the oxygen vacancies, leading to essen-
tially intrinsic behavior of the CCTO grains. Our results sup-
port this view.

Another important feature in our results on the 1 and 3
at. % Fe-doped samples is the high-T relaxation labeled [B]
in Figs. 4 and 6. This Debye-like relaxation exhibits Arrhen-
ius Kinetics as shown in Fig. 11(b) with the parameters listed
in Table I. The rapid increase in tan 6 with increasing T
above 350 K in Fig. 3 (also observed for undoped CCTO)
suggests that this relaxation may be obtained for the undoped
and Nb-doped samples at T7>400 K (beyond the range of the
apparatus used).

In terms of the barrier-layer model, this [B] relaxation is
attributed to the grain-boundary region and thus the activa-
tion energies in Table I and in Fig. 11(b) reflect E for the
conduction process in this region. This is the region that
controls dc transport. The activation energies of E=542 and
470 meV for the 1 and 3 at. % Fe samples, respectively, are
characteristic of activation energies for dc electronic trans-
port in many oxides. Sinclair et al.* deduced a grain bound-
ary activation energy of 600 meV for undoped CCTO from
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complex impedance data. This value fits with our results on
the Fe-doped samples which reveal a decrease in E with
increasing Fe content—a monotonic dependence as shown in
the inset in Fig. 11(b).

C. The intrinsic static dielectric constant of CCTO

Our low-T results in Figs. 2-4 as well as data in the
literature® on bulk ceramic samples gave initial indications
that the intrinsic value of &’ of CCTO =~100. Tselev et al.?!
reached a similar conclusion from results on thin film CCTO
grown epitaxially on LaAlO;, although their data extended
only down to ~80 K. However, as we have already seen in
Figs. 2—-4 a relatively strong frequency dispersion is ob-
served in all of these samples down to the lowest tempera-
tures, indicating extrinsic behavior. The clear exception is the
3 at. % Fe-doped sample shown in Fig. 8. Ignoring a possible
influence of the Fe dopant on the magnitude of &', these
latter results, which exhibit no frequency dispersion and
show an &’ that increases with decreasing T, indicate that
they represent the intrinsic behavior of &’ with a value of
~75 at the lowest T’s. Let us explain.

A value of ¢’ of ~75 is large for a normal ionic crystal.
What is the origin of such a large value? In the absence of
dipolar centers, &' of an ionic crystal is determined by a
very-high-frequency contribution &’., (=n?, where n is the
refractive index) and a lattice, or infrared, contribution, &',
determined by the polar optical (TO) phonons. For most
ionic crystals (e.g., alkali-metal and alkaline-earth-metal ha-
lides) &', and &’ are roughly comparable, and usually below
10 in magnitude. However, there are known ionic solids,
which are not ferroelectric, that have large &’s. An example
that is closest to being relevant for comparison to CCTO is
rutile (TiO,) in which the Ti** ion is surrounded by an oxy-
gen octahedron as in CCTO. Rutile is a tetragonal crystal
whose dielectric constants &', and &', are large and decrease
with increasing 7. Specifically, &, decreases from 114.9 to
110.6 and &', decreases from 251 to 234 in going from 4 to
76 K.?2 These &’s are dominated by &', which is determined
by the existence of a relatively soft long-wavelength phonon
mode in the TO phonon spectrum whose frequency decreases
with decreasing 7—a fact due to anharmonic lattice dynami-
cal contributions.?”> The general rule for normal ionic crystals
is the opposite, i.e., a decreasing &’ with decreasing 7 due to
stiffening of the phonon spectrum and a concomitant de-
crease in the lattice polarizability with decreasing volume
(thermal contraction). Thus, we suggest that CCTO has some
soft-mode character in its TO phonon spectrum. It is this
soft-mode character that is responsible for the ~75 value of
¢' and for its increase with decreasing 7" as shown in Fig. 8
in the T range above Ty-a situation akin to that in TiO,.

This indeed turns out to be the case. Homes et al.? studied
the temperature dependence of the ir-active TO modes of
CCTO. They find that whereas the higher-lying modes (w
=300 cm™") harden and narrow with decreasing T, as ex-
pected for an ordinary ionic crystal, the low-lying modes,
especially the lowest one with w=122 cm™!, soften and
broaden with decreasing 7. This is characteristic of soft-
mode behavior, albeit the degree of softening is small and is
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consistent with the relatively small increase in &’ with de-
creasing 7, as we observe.

Homes et al.” calculated the complex dielectric function
from their ir data, modeling the modes as Lorentzian oscil-
lators. They find that the low-frequency value of &’ at room
temperature is ~75, which increases to ~115 below 10 K.
This low-T value is of the same order of magnitude, but
somewhat higher than, the 75 we measure (see Fig. 8) on the
3 at. % Fe-doped sample. While Fe doping may contribute
some to the difference, we do not believe that it accounts for
its entirety. He et al.’s first-principles calculations® yielded a
lattice contribution of ~40 to &’. Despite these numerical
differences, we believe that our experimental results have
finally established the intrinsic low-temperature dielectric re-
sponse of CCTO, and it is ~75.

The combination of the temperature and pressure depen-
dence of &' at low temperatures allows us to examine the
above considerations further. The measured temperature de-
pendence of &’ at constant pressure arises from two
contributions,??> (i) the change that arises solely from the
change in lattice spacing or density, i.e., the explicit volume
effect, and (ii) the explicit temperature dependence that
would occur even if the volume of the sample were to remain
fixed. Writing ¢'=¢’(V,T) we then have

(&lns’> _(ﬂan) <6lne'> +<(9lns’) B
or )p \ 9T Jp\amV/, ar )y
dlneg’ dlneg’
_E( ns) +( ns) (1)
k\ JdP /)y aT |y

where S=(d1n V/JT)p is the volume thermal-expansion co-
efficient and k=-(JIn V/9P); is the isothermal volume
compressibility. Thus, the constant-volume contribution
(d1lng'/dT), can be evaluated from the measured isobaric
and isothermal derivatives and a knowledge of 8 and «.

It is physically meaningful to evaluate the two contribu-
tions in Eq. (1) for CCTO only in the intrinsic regime which
is truly observed below ~80 K (Fig. 8). We should also stay
away from the lowest 7”s to avoid the AFM phase and be-
cause both B and (de’'/dT)—0 as T—0 K. Thus, the rel-
evant intrinsic regime for our 3 at. % Fe sample exists over a
narrow 7 range where we find that the second term, i.e.,
(dIng'/dT)y, is by far the dominant term in determining
&'(T). We illustrate this at one temperature, 60 K. At this
temperature, B=1X10"%/K, xk=~5X10"*/kbar (a typical
value for a perovskite) and from our data, (dIng’/dP)
=—1X1072/kbar and (d1n &'/dT) p=—5 X 107*/K. Substitut-
ing these values in Eq. (1) yields +0.2 X 107#/K for the first
term on the right-hand side and —4.8 X 10~*/K for the second
term (d1ng’/dT)y, clearly showing the dominance of this
latter term. Noting that this term is proportional to
(d1n a/dT)y, where « is the polarizability, it is seen that
unlike the case of ordinary ionic crystals, the polarizability
of CCTO decreases with increasing T—a property of lattices
that exhibit soft character in their long-wavelength TO pho-
non spectrum.??
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FIG. 12. Magnetic susceptibility versus temperature for un-
doped CCTO and samples with 1, 3, and 10 at. % Fe. Inset: inverse
susceptibility for these four samples over an extended 7T range.

D. Magnetic properties (Ty and y)

The magnetic molar susceptibility y,, was measured from
5 to 300 K in an applied field of 10 mT to determine the
effect of Fe doping on the magnetism in CCTO. Figure 12
compares the results for undoped CCTO and three doped
samples containing 1%, 3%, and 10% Fe. In all cases, y,, is
plotted per mole of CCTO in dimensionless MKS units. The
inset shows the inverse susceptibility versus temperature for
the same four samples. The undoped sample shows classic
AFM temperature dependence with a maximum near 25 K,
in good agreement with earlier work.!'-13 At low temperature
X for undoped CCTO falls to 2/3 of its maximum value, as
expected for a polycrystalline AFM.

The Cu?* ions in CCTO have an unusual triply degenerate
T, ground state, leading to a strong coupling between the
crystallographic and magnetic structures.”? This strong cou-
pling is observed in the low-temperature dielectric anomaly
discussed above. In addition, the Cu superexchange interac-
tion that leads to AFM ordering occurs mainly through the
nonmagnetic Ti** ions.?> Hence, substitution of Fe* on the
Ti** B site should affect the AFM transition.

Figure 12 shows that the addition of Fe causes a mono-
tonic increase in the susceptibility at all temperatures. Table
IT gives the Néel temperature Ty for the four samples. There
is a marked decrease in Ty with increasing Fe content, con-
sistent with Fe** occupying Ti** sites and thus disrupting the
Cu superexchange interaction. The 7 values for undoped
and 3% Fe-doped CCTO are in good agreement with the
break in dielectric response at 24 and 21 K, respectively, as
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discussed in Sec. III A. For undoped CCTO and samples
with 1% and 3% Fe, T)y was determined from the local maxi-
mum in susceptibility. For the sample with 10% Fe, Ty was
estimated from the slight break in y,,(7) between 14 and 15
K (which is revealed more clearly in a x7 vs T plot). This
feature was present in repeated measurements on the same
sample.

The susceptibility data for the undoped CCTO sample be-
tween 75 and 300 K were fitted to a Curie-Weiss equation
plus a temperature-independent paramagnetism factor A,

Xm(T) =A+ CCu/(T+ 6Cu) (2)

where C, is the Curie constant for the Cu ions and 6, is the
Curie-Weiss temperature. The least-squares fitting param-
eters were A=0.015(3) per mole CCTO, Cg,
=16.5(5)K/mol CCTO, and 6-,=24(1)K. Using a spin-only
moment of 1.9 Bohr magnetons (uz) for spin-1/2 Cu?* ions
in an oxide host, the predicted Curie constant is 17.0 K/mol
CCTO, in good agreement with our least-squares value and
prior measurements on undoped CCTO.''"!3 The origin of
the temperature-independent paramagnetism, parameter A in
Eq. (2), is not known.

Given the limited temperature range above 7, where
Curie-Weiss fits are reasonable, the effect of Fe on y,, was
modeled by adding one additional parameter, a Curie term,
Cr/T, to Eq. (2). This was motivated by the monotonic in-
crease in y,,(T) with decreasing T for the 10% Fe-doped
CCTO sample (Fig. 12) and the expectation that Fe substi-
tuting on the Ti B site would not have significant exchange
coupling to the Cu ions, i.e., any “Curie temperature” O,
would be small. Table II shows the least-squares value Cpg,
for the three Fe-doped CCTO samples, where the other pa-
rameters (A, Ce,, and 6c,) were Kept fixed at their values for
undoped CCTO.

Fe’* has an effective spin of 5.9 up in an oxide host and
a calculated Curie constant of 211 K per mole of CCTO if all
Ti** is replaced by Fe**, more than 12 times the value for
Cu?*. Hence, the 10% Fe-doped CCTO sample should have a
value for Cg, somewhat larger than the 16.5 measured for
Ccy- As shown in Table I, Cg, is less than half the expected
value. Fe** has a larger moment (6.7u versus 5.9 up for
Fe** in oxide hosts), so the small value for Cg, cannot be
attributed to a portion of the Fe substituting as Fe’* for A-site
Cu?*. This suggests that a substantial part of the Fe dopant is
not incorporated into the CCTO host lattice.

E. Coupled dielectric-magnetic interactions

There is considerable recent interest in identifying mate-
rials that exhibit coupling between the polarization and

TABLE II. Néel temperature and Curie constant for undoped and Fe-doped CCTO samples.

Composition Ty (K) Ccy (K/mol CCTO) Cr. (K/mol CCTO)
CCTO undoped 25.0(2) 16.5(5) 0
CCTO/1%Fe 24.1(2) 16.5(5) 2.5(3)
CCTO/3%Fe 21.9(2) 16.5(5) 4.3(3)
CCTO/10%Fe 14.6(5) 16.5(5) 7.0(3)
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magnetization—the so-called magnetodielectric or multifer-
roic materials. Recent publications have identified the dis-
torted perovskites RMnO; (R=Y, Yb, and Lu) (Ref. 24) and
SeCuO; and TeCuO; (Ref. 25) as compounds that exhibit
such coupling. All of these compounds exhibit known AFM
transitions (the exception being SeCuO; which exhibits a
ferromagnetic transition) that are accompanied by small di-
electric constant anomalies at their transition temperatures.
The shape and character of the anomalies (decrease in &’ in
the magnetically ordered phase over what it would be in the
absence of magnetic order) are common to all of these ma-
terials and are similar to our own results on CCTO (Fig. 8).
Another attempt to look for coupling between the polariza-
tion and magnetization is the recent fabrication of a compos-
ite structure made up of cobalt ferrite rods embedded in a
BaTiO; matrix.?® In this sample an anomaly is observed in &’
at the magnetic transition, but it is not clear that this is due to
the sought-after coupling.

How do we understand this coupling in the distorted per-
ovskites, including CCTO? In the case of the RMnO; com-
pounds that have hexagonal crystal structures, it is found that
there is an anomaly in &', (T) at T<Ty, but not in &’ (T),
suggesting a unique correlation between the magnetization
and polarization in the ab plane.?* In contrast, our CCTO is
an isotropic cubic material that should exhibit no anisotropy.

Katsufuji et al.®* attribute the decrease in &’ of the
RMnO; compounds below T to a decrease in the electronic
dielectric constant &', with no contribution from the lattice
(phonon) dielectric constant &’;. The argument goes as fol-
lows. Given that &’ oc 1/ Egz, where Eg is a charge excitation
gap, an increase in E, on AFM ordering (associated with
charge transfer between the Mn 3d and 2p states) implies a
decrease in &’...

Lawes et al.® have interpreted the &’ anomalies at the FM
transition in SeCuQOj; and the AFM transition in TeCuOj; in
terms of a phenomenological model based on a complex cou-
pling between uniform polarization and wave-vector-
dependent spin-spin correlation functions. Implied in their
treatment is the notion that the influence of magnetic fluc-
tuations sets in at 7> Ty, with the thermal average of the
spin-spin correlations, (M ,M_,), developing g dependence
that peaks near the magnetic Bragg vector at the zone bound-
ary. It is suggested that the coupling leads to a decrease in &’
below Ty.

CCTO is a more complex oxide than the above-cited
RMnO; and TeCuO; compounds but, due to a fortunate cir-
cumstance, this complexity leads to a more natural view of
strong coupling between the crystallographic and magnetic
structures. Specifically, as shown by Lacroix?® in materials
with orbital degeneracy, the crystallographic and magnetic
structures are strongly connected, the exchange interactions
being dependent on the occupied orbitals, which are related
to the crystallographic distortions. In the case of triply de-
generate 15, states as in CCTO, the magnetic structure can
be interpreted by taking into account the superexchange and
the spin-orbit coupling.?® The Ti** ions are in octahedral
sites and their d orbitals are all empty (nonmagnetic), Cu>*
ions being the only magnetic ions in CCTO.

The superexchange interaction between Cu?* ions occurs
mainly through the Ti** ions, and this has consequences for
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our present work. First, the substitution of Fe’* for Ti*
should affect T, and this is what we observe, as discussed in
Sec. I D. Secondly, this coupling of the Cu?* and Ti** ions
should lead to some stiffening of the lattice (primarily the
TiO4 octahedra) on AFM ordering—an effect that will raise
the soft-mode frequency, thereby reducing the lattice polar-
izability and lowering &’ in the AFM phase as observed in
Fig. 8. We should also point out that the strong coupling
between the magnetic and crystallographic structures can
lead to changes in the lattice parameter(s) and structure of
CCTO in the AFM phase, and such changes can also contrib-
ute to the observed &'(T) anomaly below T). Clearly, diffrac-
tion studies of CCTO in the neighborhood of Ty would be of
interest.

IV. CONCLUDING REMARKS

In this work we have investigated the influence of Fe and
Nb doping and hydrostatic pressure on the dielectric re-
sponse and magnetic properties of CCTO. Several features in
the responses of this interesting material have been found.
Here we provide a brief summary of the main findings and
remaining issues.

(1). We have demonstrated that the unusual dielectric re-
laxation response of CCTO is indeed extrinsic and can be
understood in terms of a simple capacitive-layer model con-
sisting of conducting grains and insulating grain boundaries
as also concluded by others.*”-10

(2). The energetics and kinetics of the main (low-T) re-
laxation process were determined. Two thermally activated
regimes, related to different conduction processes in the
CCTO grains, control the dynamics. It is suggested that these
two regimes result from the emission of electrons from two
energy levels associated with the oxygen vacancy in CCTO.
A higher-T relaxation process was also discovered that is
determined by grain boundary conduction.

(3). Both Nb and Fe doping lead to lower &’ in the pla-
teau region and to lower dielectric losses, but increased Fe
doping leads to the more dramatic effects. In particular, 3
at. % Fe makes CCTO an intrinsic very-low-loss dielectric
and removes the anomalous &’(w,T) response. It is sug-
gested that the intrinsic behavior is due to carrier compensa-
tion in the grains, the Fe-produced holes compensating for
the conduction electrons contributed by the oxygen vacan-
cies.

(4). The intrinsic value of &’ (=75 at low T) and its tem-
perature dependence were determined. It is shown that this
large &’ (compared to that of normal dielectrics where
e'=<10) and its T dependence are largely determined by a
low-lying, long-wavelength, soft TO phonon.

(5). A dielectric anomaly associated with the onset of an-
tiferromagnetic order is observed below 24 K providing evi-
dence of coupling between the polarization and sublattice
magnetization. A plausible explanation for this anomaly is
given.

(6). The Néel temperature of CCTO is essentially inde-
pendent of Nb doping (up to 4 at. %) and of hydrostatic
pressure (up to 7 kbar), but decreases significantly with in-
creased Fe doping. At the highest Fe concentration (10
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at. %), the results suggest decoupling of the Fe spins from
the Cu spins, consistent with considerable Fe** substituting
for Ti**.

Thus, we conclude that the present work has revealed
many additional facets about the interesting properties of
CCTO and has shed much light on the physics. More work is
needed to more fully understand the electrical properties of
both the grains and grain boundaries during ceramic process-
ing. Studies on single crystals, when they become more
readily available, could add additional insights.

Finally, we note that recently we became aware of a pub-
lication by Capsoni et al. on the role of doping in CCTO.?’
Two aspects of their results are relevant to our work and
support our conclusions. Specifically, (1) using EPR they
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find that Fe substitutes at the Ti site, and (2) Fe substitution
in the 2-5 at. % range makes CCTO insulating with compa-
rable bulk and grain boundary resistivities of more than
107 Q cm.
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