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Cadmium pyroniobiate (CNO) is the ferroic material with unusual diffuse phase diagram which includes both
relaxor and nanocluster domains. We present the data for CNO crystals with several admixtures of paramagnetic
ions studied on X and S microwave bands at zero-external magnetic field and classical EPR conditions. Our results
lead to an assertion of a ferroelectric resonance effect due to “electronic ferroelectricity”. The data fit well to the
Falicov—Kimball theoretical model applicable to strongly-correlated-electron or mixed-valence systems.
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1. Introduction

Cadmium pyroniobiate CdaNboO7 (CNO) is a ferroic
material with unusual diffuse phase transition (PT) de-
spite the absence of compositional fluctuations, unlike the
conventional relaxors PbMg; /3Nby /303 (PMN), where
a frequency-dependent broad dielectric peak is brought
about by nanoscopic polar clusters, but macroscopic fer-
roelectric ordering does not appear [1,2].

We will present data strongly suggesting that both
the ferroelectric/ferroelastic and local order do coexist in
CdyNbyO7 compounds and the interplay between them
leads to a rich phase diagram and relaxation [3-5].

Recently, attention has been paid to the possibility of
electronic ferroelectricity based on charge-ordering phe-
nomena in complex oxides like perovskite structure man-
ganites [6, 7]. An intriguing behavior of dielectric per-
mittivity versus external electric field [8] stimulated us
to look closely on this problem by means of EPR spectra
of doped CdyNbyO7.

Some EPR papers with the aim to study the molec-
ular mechanism of the phase transitions in CdaNbyO7
crystals have been published [9, 10]. Our papers [11, 12]
concerned especially EPR of Cr3* and Gd3* ion dopants
under the influence of temperature and/or external elec-
tric field. The EPR data on Gd®* give us a clear ev-
idence of various types of ferroic states in CdoNboO+.
By using the Gd3* (S = 7/2) probe, one can study the
temperature behavior of the order parameters 7, 72
and indexes v, 8 estimated from the EPR line splitting:
AB ~m ~ (Ty —T)" or AB ~ ny ~ (T. — T)?, where
T, T, are the critical temperatures of the ferroelastic and
ferroelectric phase transitions with v+ = 1 and 5 = 0.5,
respectively [11]. The intensity ratio of split lines char-
acterizes thermally or DC electric-field induced changes
in the domain pattern below Ty and T.. Thus, two fer-
roic states of different nature (an improper ferroelastic-
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ferroelectric state, with the latter appearing below T)
coexist in the ferroelectric phase.

The dielectric behaviour of cadmium pyroniobiate
CdyoNbyO7 shows “unusual properties” around PT and
strongly suggests the presence of polar clusters carrying
additional polarization. However, no molecular origin of
such a behavior has been yet elucidated [8, 13].

The most striking effects observed in current study
represent anomalies in the microwave resonator quality
parameter () versus temperature in zero external mag-
netic field. In CdyNbsOr, this effect appears only in
the X-band (= 9.5 GHz) and is absent from the S-band
(= 3.5 GHz). The details of the dependence Q = Q(T)
rely on the type and concentration of the doping (para-
magnetic) ions Mn?T, Cr3*, Fe3* introduced. In current
paper, mainly electric (@) data, complemented with the
EPR ones in case of necessity, will be discussed.

2. Sample description and experimental setup

The cubic pyrochlore structure of CdosNboO7 is a three-
dimensional framework consisting of corner-connected
oxygen octahedra with Nb ions inside forming NbOg
chains and parallel O-Cd-O zigzag chains [4]. The crys-
tal exhibits as many as seven phase transitions and sev-
eral dielectric relaxation features below 525 K, making
it a very complex system. Obviously, the specific fea-
ture of CdaNboO+7 consists in its crystal structure which
is characterized by a rigid network of NbOg octahedra
and a very flexible CdO subnetwork. Recently Pas-
ciak et al. [14] have determined a paraelectric phase of
CdaNboO7 from X-ray diffuse scattering and found dy-
namic disorder of both sublattices and an anisotropy be-
tween longitudinal and transversal correlations of ionic
displacements from average positions. This local distor-
tion leads to a shift in the structure containing cations
toward their nominal valences.

We assume that the valence instability may be cru-
cial for the rich phase diagram as well as for the con-
tradictory experimental data for CdaNboO7. Our long-
term crystal investigation by EPR leads to a conclusion
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that producing really pure crystals of CdasNbsO7, with-
out paramagnetic impurities down to the purity of the
order of 0.001%, is yet not accessible. This may be due
to the high temperature of growing process.

In the Isupov [3] review paper it is pointed out that
the colourless crystals and the weakly coloured ones were
found to be most imperfect in contrast to the highly
doped ones. It is supposed that the cadmium pyroniobi-

ate formula can correspond to the (CdaNbyOg);,?

sition, or possibly rather to the (CdaNbsOg_,0)z
one, with x < 1 and o denoting the oxygen vacancy.
Thus, the introduced additionally ions like Zn, Ni, Cu,
Fe, and Gd [5], most likely hindered the formation of
structural units in CNO analogous to fluorite groups [3]
in the corresponding cubic fluorite-type structure and
thereby possibly changed the number of the oxygen va-
cancies.

We have performed an EPR experiment on crystals
doped with paramagnetic ions with concentration in the
range of 0.02-5 wt%. For example, introducing Fe3*
ions with concentration of 5 wt% cancels ferroelectric-
ity indicated for the low ion concentration by EPR line
splitting. This means that Cdy;NboOr7 is transformed
into the non-ferroelectric CdNbyOg pyrochlore structure.
Hence, we postulate the crystal formula in the form of
Cdo_;NbsO7_, 0, in order to stress the essential role
played by oxygen vacancies. For the data under consid-
eration earlier and in the current work, the paramagnetic
probes: Cr3t, Mn2*, Fe?* were chosen. The question for
this data is: how do the electric parameters of cadmium
niobiate behave if the dopant ions introduced bear either
the same charge as Cd?T (Mn?") or an excess charge
(Fe?t). Both samples with Mn?* and Fe3* dopants have
been grown with a procedure described in our earlier
works [5, 11] and prepared in the form with dimensions
of 2 x 2 x 1 mm?®. Subsequently, the samples were inves-
tigated with EPR ELEXSYS E500 Bruker spectrometer
operating on X (9.5 GHz) or S (3.5 GHz) microwave
bands at temperatures in the range of 5-300 K. Both the
EPR spectra and the resonator quality @@ were measured.
The resonator quality is defined as Q@ = Av/v, where v is
the resonance frequency and Av is the width at the half
height of the resonance line.

The @ measurements have been done at a low value of
microwave power (2 mW) to avoid sample heating [15].

3. Experimental data

The EPR data indicate [10] that Mn?* ion replaces
Cd?* ion in the CdyNbyO7 crystal lattice. Both Cd?t
and Mn?* ions have the same valence but different ionic
radii (R(Cd?t) = 0.97 A, R(Mn?t) = 0.80 A). In cases
of Fe*t and Cd2* the difference in ionic radii is 0.33 A,
although the 1+ excess charge of Fe3T needs compensa-
tion.

The quality parameter Q values for Mn?* sample is
shown in Fig. 1 versus temperature for two runs: from
the high temperature down to the low one and back.

No essential temperature hysteresis was observed for
CdsNbyO7:Mn?t and Fet samples. In Table I, our
earlier data obtained for the @Q = Q(T) dependence for
CdyNbyOr crystals doped with Cr3* ion are also shown.
The temperatures of dielectric anomalies for the pure
CNO crystal [3] are also added.
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Fig. 1. The resonator quality parameter @) versus tem-

perature for Mn?"-ion doped CNO.

TABLE I

Temperatures of dielectric anomalies for pure and qual-
ity parameter Q (EPR) for different ion-doped CNO
crystals.

Ton T(Qmin) [K]
pure CNO [3] 18, 45, 85, 150, 188, 201, 205
Crit 99, 149, 174, 207, 258, 275, 314
Mn?+ 73, 150, 165, 212, 233, 257
Fe3+ 92, 132, 149, 180, 195, 224, 229

We have applied the Falicov-Kimball-like model
(FK) [6] to our data description. This model is pro-
posed to describe the transition from the integer-valence
ground state into the inhomogeneous intermediate-
valence ground state. The FK model has been used ex-
tensively [16] for mixed-valent compounds, heavy fermion
systems and associated metal-insulator transitions. In
the mixed-valent compounds the built-in polarization
breaks the inversion symmetry leading to electronic ferro-
electricity. This model presents the conditions for ferro-
electric resonance effect. The energy gap of several meV
observed in the mixed-valence ferroelectrics is due to the
electron—hole pairing. In the mixed-valent system, the re-
sponse to AC electromagnetic field in the presence of DC
bias field leads to ferroelectric response frequency [16]:

AE

wo = Q(QUzEz)lﬂv a = Uf (1)
where wq is the frequency of the AC field, E, is the in-
ternal electric bias field, A is the gap of the localized-
extended (d—f) single electron states in the FK model
or ion—hole gap in our case, U is the Coulomb repulsion
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energy, . is the electric dipole moment and Ey is the
value of f-level energy.

Our discussion of Cdy;NbyO7 data finds experimental
support in the electronic ferroelectricity data of dielectric
permittivity obtained by Ang et al. [8] who have observed
a significant suppression of the dielectric permittivity by
application of DC field of the order of 3-4 kV /cm in the
temperature range of 160-220 K. As a result, they sug-
gested the presence of the “polar clusters” with the size of
11-15 nm in CdsNbsO7, carrying polarization of the or-
der of 0.5-2.5 mC/m?. Internal bias field E, determines
the size of the polar clusters.

According to Blinc [2], the condition for polar clusters
stability is valid for

w.E, ~ kT. (2)
In our case
kT
pE, = %a (3)
where n = 1,2,3..., and the value n = 1 is assigned to

the lowest temperature at a minimum value of (). The
value n = 1 corresponds to a charge localized on the ions
and our final equation of the FK type has the form
2

Nl (4)

TN
The constant values of a as shown for the CdyNby O~ for-
mally described crystal with low doping by Fe3*, Cr3+
and Mn?* ions are equal to (4.7;3.9;4.1) x 107° meV,
respectively. These values are not clearly corrected with
ionic radii of doped ions nor with their valences. As men-
tioned above, ferroelectric Cds_NboO7_, tends to be
nonferroelectric as x tends to 1. Our EPR preliminary
results for samples with Fe?*, Cu?* ions concentrations
higher by a factor of ten (approximately) than before
revealed that the number of Qui, are reduced in com-
parison with that having lower dopant concentration.

In the FK model simulation of the number steps of
valence transition it has been shown that the staircase
structure (like the number of Qi in our case) is reduced
with growing of U-Coulomb repulsive energy between the
d—f levels [17].

On the basis of our data we suggest that the effect of
ferroelectric resonance is a characteristic feature of the
pyrochlore structure of the Cds_,NboO7_, type.

We have also measured the EPR spectra at tempera-
tures at which the @) value was low, but still high enough
to record the EPR spectra. In Fig. 2, the EPR lines for
5/2 — 3/2 electron spin transitions of Mn?* at 300 K
(Q = 4500) and at 70 K (Q = 650) are presented and at
70 K may be conceived as a sum of the first derivative
(paramagnetic) and absorption (ferroelectric) lines.

4. Discussion

Our EPR data [11] revealed the coexistence of two
ferroic states of different nature in the ferroelectric
phase, which indicates the presence of an at least two-
component order parameter. The pyrochlore structure
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Fig. 2. EPR line for electron spin transition 5/2—3/2

(nuclear spin I = 5/2) of Mn®" ion at (a) 300 K
(@ = 4500) and (b) 70 K (Q = 650). Solid lines in-
dicate simulations and symbols represent experimental
data. The line asymmetry (b) has been obtained as
sum of first derivative (paramagnetic) and absorption
(ferroelectrics) lines with ratio 26 to 74.

of Cd3NbyOr7 is described as consisting of two interpene-
trating networks [4]. The rigid part of CNO is composed
of (NbOg)?~ coordination polyhedra sharing their cor-
ners around hexagonal vacancies. The vacancies are oc-
cupied by the O(7)-Cd—O(7) dipole chains constituting
the second network. It has been shown [14] that the dy-
namic disorder is significantly larger in the sublattice of
Cd ions than in that of Nb ions. Within the octahedral
NbOg groups and in the zigzag Cd—O chains, the longitu-
dinal ion displacements are strongly correlated, but only
weakly so for the transverse component. Local distor-
tions lead to a shift in the valence bond sums for cations.
Oxygen octahedra are deformed in a way that allows the
bond valence sum of Nb atoms to decrease with simulta-
neous increase in the otherwise underbonded atoms. In
the paraelectric phase, the valence bond sums amount
to 1.6745 for Cd and 5.1982 for Nb [14]. The observed
dynamic disorder leads to the fluctuation of valences: for
Nb it is lowered to 5.02 and for Cd it is raised to 1.75.

According to the susceptibility data [5], in the py-
rochlore family dielectric, ferroelectric and antiferroelec-



10 S. Waplak et al.

tric materials can be encountered. As to polar regions,
a long-range ordering of polarization and a random ori-
entation of local polarization can occur simultaneously.
Below T = 185 K the polar clusters carry [8] polar-
ization P ~ 0.5—2.5 mC/m? and the cluster size is
L =~ 11-15 nm. It is a question, which type of polar
clusters does exist in this compound? The mixed va-
lence model can help answer this question. Inside the
clusters, the additional dipole moments built due to the
electron—hole pairs are stabilized by internal electric bias
field. As we have shown years ago, the internal bias field
is due to the uncompensated volume of charge around
the “blocked” dipoles [18]. According to [7, 17], there
are several mechanisms for electronic ferroelectricity like:
mixed valence transitions (FK model) or charge order-
ing phenomena (including charge density waves). In our
EPR (Q-data) experiments, we have found that paramag-
netic ions with concentration of the order of 5 wt% can-
cel ferroelectricity in Cdy_,NboO7_,., similarly as in the
CdNbsOg columbite structure. On the other hand, low
concentration of paramagnetic ions with different charge
and ionic radii leads to some differences in temperatures
at Qmin (see Table I). Nevertheless, the parameter « in
Eq. (4) lies in the narrow range of (3.9—4.7) x 1075 meV.
This is probably due to the overwhelming effect of the
electronic ferroelectricity of the pure bulk as compared
to that of the doped regions occupying a few percent of
the total volume only. The subtle differences in EPR
spectra of different paramagnetic ions will be discussed
in a separate paper in more detail. Herein, we can only
state that most probably the so-called “incommensurabil-
ity” at the lowest temperature in Cds_,NboO7_, was ob-
served in particular works due to the subtle differences in
volumes of samples doped with foreign ions and those of
samples free of such ions. The second feature worth men-
tioning is the fact that the step-like effect of the cluster
dynamics behaves with temperature as n~/2 like in FK
model with mixed valence transitions [17]. The existence
of such peculiar patterns is related to the combination
of ferroelectric and relaxor properties due to nanostruc-
tures embedded into ordinary ferroelectric domains. In
such a situation, the variation in the commensurability
ratio with varying physical parameters forms a devil’s
staircase [19].

After application of electric field of the order of 4-
5 kV, similarly as in dielectric experiments |8, 20|, the
@@ anomaly is shifted towards higher temperatures due
to the breaking of the resonance condition according to
Eq. (4). Finally, our data strongly support the occur-
rence of the ferroelectric resonance effect in CNO as spe-
cial state of matter characterized by a resonance between
the energy states of intermediate valence.

5. Conclusion

Our microwave X, S-bands data as well as direct cur-
rent DC electric-field e data [8] strongly support the exis-
tence of the polar nanoregions (PNR) in CNO. PNR are

due to composition- or frustration-induced charge disor-
der leading to random fields. PNR exist in ferroelectric
(highly polarised) CNO in the form of islands. The va-
lence instability (frustration) is well established, even in
pure CNO. There is no doubt that the strong microwave
X-band absorption in CNO occurs in the internal bias
field E, and fits very well the FK-like equation. Also,
resonance transitions (Qmin) plotted versus temperature
reveal a devil’s staircase structure [17, 19].
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