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Nonintrinsic origin of the colossal dielectric constants in CaCygTi,O15
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The dielectric properties of CagTi,O,,, a material showing colossal values of the dielectric constant, were
investigated over a broad temperature and frequency range extending up to 1.3 GHz. A detailed equivalent-
circuit analysis of the results and two crucial experiments, employing different types of contacts and varying
the sample thickness were performed. The results provide clear evidence that the apparently high values of the
dielectric constant in CaGli,O,, are nonintrinsic and due to electrode polarization effects. The intrinsic
properties of CaCyTi,0,, are characterized by charge transport via hopping of localized charge carriers and a
relatively high dielectric constant of the order of 100.
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Recent reports on the observation of colossal dielectritower absolute values of compared to their earlier work,
constant§CDCsy in CaCuyTisO4, (CCTO) reaching values they argued in favor of an intrinsic effect and explained the
up to 16 (Refs. 1-3 have generated considerab!e interest iNCDC in terms of braced lattices with defects. However, as it
this material and related compourfd$? The stunning obser-  will be discussed below, these experiments are not a final
vation in CCTO was a high and almost temperatureproof. The aim of the present work is to finally clarify,
independent dielectric constasat at elevated temperatures \whether or not the detected CDCs in CCTO are due to ex-
and a steep decrease by almost three orgers of magnitude@ina| contact contributions. For this purpose we have mea-
low temperatures. The steplike decreaseoés function of  greq the complex dielectric permittivity including the con-
temperature and an associated peak in the dielectriceloss yctivity of CCTO over a broader frequency range than in all
strongly depend on the measuring frequency and.roughl}Srevious reports, extending up to 1.3 GHz. We provide a
;OS”C?’\i,;:I):Q 'tA‘or r?ﬁg'gﬁ)&?ﬁ;‘gﬂ;\;hﬁ rﬁi;’:@t'ggﬂr?ze;bﬁg'?rergi_sdetaiIed analysis of the frequency-dependent response within
ational mode%or to the slowing down of dipolar fluctuations an equwalen_t-mrcmt picture .taklng Into account eXte”.‘a'

contact contributions. In addition, we performed two crucial

in nanosize domainsSimilar effects were obtained in thin ) A
films of CCTO making this system a good candidate foreXperiments to check for electrode contributions, namely

many applications. measurements of a sample with varying contact material and

However, shortly after the reports of the CDCs, their in-With varying sample thickness. _ _
trinsic nature has been questioned and arguments have beenPowders of CCTO were synthesized by standard solid-
put forth that extrinsic effects as contributions from State reaction, starting from well ground stoichiometric mix-
the electrode/sample interface, from grain boundariedures of CaC@ CuO, and TiQ. Samples were heated in
in polycrystalline materials, or from twin boundaries in alumina crucibles at 1000 °C for 48 h with one intermediate
single crystals may be the sources of the giant dielectrigrinding. Powder x-ray diffraction proved CCTO to be single
constant:10.12.1419ndeed, as it is known since decad®d’ phase. A structure analysis by Rietveld refinement yielded
the above outlined characteristics of the dielectric permittiv-good agreement with previous reports based on neutron dif-
ity exactly corresponds to what is expected in case of interfraction data'® For the dielectric measurements cold-pressed
facial polarization. Similar behavior, termed Maxwell- pellets, sintered in air at 1000 °C were prepared. Their den-
Wagner relaxation, has been observed in numerous materieggy was determined using a gas pycnometer yielding
(see, e.g., Ref. )51t was pointed out that, even if the CDCs 96(+2)% of the theoretical density. Metallic contacts were
in CCTO are not intrinsic, this material could be a possibleapplied to opposite sides of the pellets forming a parallel-
candidate for commercial applications as internal barrierplate capacitor. Various types of contacts were used, namely
layer capacitoi(IBLC). In IBLCs, internal barriers at grain polished brass plates pressed onto the sample, silver paint,
boundaries lead to the observed high valueg'ofRef. 5.  and sputtered gold or silvéthickness 100 nim The conduc-
Thus, clearly there is an urgent need for clarification of thetivity and permittivity were measured over a broad frequency
true origin of the observed CDCs, which in case of an intrin-range of more than 10 decadé3.1 Hz<v<1.3 GH2 at
sic nature would have important theoretical implications andemperatures down to 20 K. A frequency-response analyzer
in case of an IBLC scenario still would be of high technical (Novocontrol a-analyzey was used av<<1 MHz and a re-
relevance. flectometric technique, employing an impedance analyzer

As has been pointed out in Ref. 15, intringr IBLC)  (Agilent E 49914, at v>1 MHz.1°
and electrode effects can well be separated using different Figure 1 shows the temperature dependence of the dielec-
contacts and sample geometries. Consequently, Ramirgdc constants’ and conductivitye’ for various frequencies
et al® remeasured CCTO using a different type of contactfor a sample with sputtered silver contacts. Similar to earlier
preparation. Despite the fact that they observed significantlyeports,e’(T) [Fig. 1(a)] exhibits a steplike increase from a
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FIG. 1. (Color online@ Temperature dependence of dielectric
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low-temperature plateau value of the order of 100 towards

“colossal” values of:’ at high temperatures. The step shifts  FIG. 2. (Color online Frequency dependence of dielectric con-
to higher temperatures with increasing frequency and it istant(a), loss(b), and conductivity(c) of CCTO for selected tem-
accompanied by a peak A (T) [Fig. 1(b)] (aso’ ~&" X w, peraturegsame measurement as Fig. The lines are fits with the
this corresponds to a peak #f(T), too). Overall,¢’(T) and  equivalent circuit indicated in frame).

o'(T) show the typical signature of relaxational behavior asi, ot the electrode/bulk interface thin depletion layers can
it is commonly observed, e.g., for the glassy freezing of d"arise, e.g., due to the formation of Schottky dio4e¥.
polar molecule$® Compared to the work of Homest al.>  These thin layers of low conductivity act as high capacitance
two differences become obviou@) In the present results iy parallel with a large resistor, connected in series to the
instead of a single relaxation feature, a second steg(f)  bulk sample, which can lead to the erroneous detection of
occurs at high temperatures and correspondingly a secongry large values of’ (for details, see Ref. 35Thus we
high-temperature peak i’ (T) shows up(ii) While the ab-  employed the equivalent circuit shown in FigcR to fit the
solute values of the low-frequency plateatf,,~80 are data of Fig. 2. Here two parallel RC-circuits were used to
similar, the value of the high-frequency plateaa{,igh account for the external and intern@rain-boundary con-
~4000 is smaller. Concerning poifit) it should be noted tacts atT= 200 K, respectively one RC-circuit for the lower
that in various other reports on the dielectric response ofemperatures. These elements were connected in series to the
CCTO (Refs. 2, 7, 8, and Jltwo steps ine’(T) [or corre-  bulk response. At high frequencies the contact resistors be-
spondingly ine’(v)] were detected, too. Interestingly, all come successively shorted by the contact capacitors and the
these reports were on polycrystalline samples as in thétrinsic response is detected. In Figcpit becomes obvious
present work. Thus one can conclude that the second step that the intrinsico”’ increases with frequency at low tempera-
¢’ is nonintrinsic and connected to the occurrence of grairiures, a behavior, which is often observed in transition-metal
boundaries in polycrystalline samples. Concerning p@ipt  oxides and indicative of hopping conduction of Anderson-
we remark that there is a large variation in reportediocalized charge carriefé:2! It can be parametrized by the
epgrrvalues, which vary between 500 and 80a6@&fs. 1-3, so-called universal dielectric response, namely a power-law
5-8, 11, and 1Rand with our value lying well within this increase ot’(v) and the corresponding contributiondf(v)
range. This broad variation is puzzling and a first hint that(Refs. 17 and 2R and it is taken into account by an appro-
sr’“gh may be due to nonintrinsic effects. Finally, we point out priate element in the equivalent circuit. The lines in Fig. 2
that our high-frequency measurements reveal CCTO havingre fits with this circuit. A satisfactory agreement with the
no colossak’ at room temperature for GHz frequencj€sy.  experimental data could be achieved in this way; especially
1(a@)]. In addition, above 1 MHz we find’ being strongly the apparently colossal values gﬁigh are explained with a
temperature dependent. Thus, even if the detected CDGQsasonable contact capacitance in the order of several
should be intrinsic, CCTO certainly is not suitable for appli- 100 pF. For the present case, where the bulk conductance is
cations in modern high-frequency electronics. much larger and the bulk capacitance is much smaller than
In Fig. 2 the frequency dependence of the complex perthe contact values, the time constanbf the circuit is in-
mittivity and the conductivity is shown. Again the results areversely proportional to the bulk conductance. The semicon-
qualitatively consistent with those reported in literattié:®  ducting characteristics of the bulk conductivity thus leads to
In the following we will adopt the view that the main relax- a strong decrease af with increasing temperature. As the
ational step ire’ is due to external contacts. As known since step ing’(v) and the corresponding peak dfi(v) occur for
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FIG. 4. Frequency-dependent dielectric constant at room tem-
|°g1o [v(Hz)] perature of a CCTO sample, measured before and after reducing its
thickness by polishing. The contacts were formed by silver paint.
FIG. 3. Frequency-dependent dielectric constant at room tem-
perature of a CCTO sample, successively prepared with differershows results on ferroelectric BaT{@slightly doped with
contact types. The inset shows(T) of Fe-doped ferroelectric Fe, which is not relevant hexeThey were obtained for the
BaTiO; close toT,, measured with silver paint and sputtered silver same sample with silver paint and sputtered silver contacts.
contacts. The identical result of a truly intrinsie’ up to 1¢ demon-
strates the suitability of silver paint as contact material. The
v=1/(277), this explains the observed strong temperaturdfinding that sputtered contacts lead to the highest apparent
shift of these features. As contact steps and peaks are rathdielectric constants can be explained by a more effective
broad, a distribution for the time constant of the leaky ca-formation of the Schottky barriers. Namely, the very small
pacitor(7,=RC) representing the barrier had to be used. Thismetal clusters applied during sputtering will lead to a larger
can be ascribed to the roughness of the sample surface. Heaeea of direct metal-semiconductor contact than for the rela-
for simplicity reasons a Cole-Cole distribution was tively large particles=um) suspended in the silver paint.
employed'’ This obviously is not quite correct as some de- Furthermore it is reasonable that metal plates simply pressed
viations of fit and data especially at the left wing of the to the sample surface will lead to the poorest “wetting” and
g"-peaks occufFig. 2b)]. However, the intention was only thus to the smallest values ef. The sputtered silver and
to demonstrate the principle feasibility of this equivalent-gold contacts lead to almost identical results because the
circuit description for the explanation of the CDCs and theelectron work-functions of these metals, determining the
relaxationlike behavior of CCTO. thickness of the depletion layer of the Schottky diode, are
While this successful equivalent-circuit description dem-almost identical.
onstrates that the picture of external contacts causing the To further corroborate our findings, we also varied the
CDCs of CCTO is in agreement with the experimental datathickness of one sample by polishing it down after measure-
it cannot be considered as a real proof of this notion. Aament, and remeasuring it. Figure 4 shows the results: The
noted beforé® only additional experiments, especially a value Ofsr'ngh is significantly higher for the thicker sample,
variation of the contact type or of the sample thickness, canvhich should not be the case for an intrinsic or IBLC origin
finally prove such a scenario. Thus we have investigated onef the CDCs. Instead this result can be understood assuming
sample with different types of contacts, namely,polished  roughly the same depletion-layer contribution to the mea-
brass plates, pressed to the bare sample surfagesilver  sured capacitance in both cases.sAss calculated from the
paint contactsyiii ) sputtered silver contacts of 100 nm thick- capacitance by dividing it by the empty capacitarCg
ness, applied after removing the silver-paint in an ultrasoniavhich is smaller for the thicker sample, of course a larger
bath, and finally,(iv) sputtered gold contacts of the same apparent dielectric constant results. The fact that the differ-
thickness, applied after removing the silver by polishing. Theence of g/,,, of both measurements comes out somewhat
results of the corresponding frequency sweeps, performeldwer than expected from the thickness ratio may be due to a
at room temperature, are shown in Fig. 3. Depending on théifferent roughness of the surface after polishing.
contact type.ey;q, varies considerably, the contacts formed In summary, our results clearly prove that external contact
by brass plates leading to the lowest and the sputteredontributions lead to the erroneous detection of CDCs in
contacts to the highest values. This finding clearly provesCCTO. This finding is in stark contrast to conclusions drawn
that external contact contributions are causing the detecteid Ref. 8, also based on a variation of contacts. In this work
CDCs. In contrast tegn €, IS Nearly identical for the a thin insulating layer of AlO; was deposited onto the
silver paint and sputtered contagter experimental reasons, sample surface before applying metallic contacts. The idea
brass plates could not be used at frequencies above)MHzwas to exclude the formation of Schottky diodes by avoiding
Thus the value ot;,,~80 constitutes the intrinsic dielec- a direct metal-semiconductor contact. In this way, still rather
tric constant of CCTO. Argy,, of the order of 100 consis- high values ofey,,;~5000 were detected, for which an in-
tently was reported in numerous earlier reports ontrinsic nature was claimed. However, the arguments of the
CCTO?257811.13n marked contrast to the mentioned strongauthors are only correct assuming tlass-freecapacitors,
variation of the reported magnitude aﬁigh. To preclude ob- namely bulk and layer in series arrangement, in which case
jections that silver-paint contacts may not be suited to corthe smaller bulk capacitance dominates. However, taking
rectly measure high dielectric constants, the inset of Fig. 3nto account that the bulk material, CCTO, has to be pre-

172102-3



BRIEF REPORTS PHYSICAL REVIEW EO, 172102(2004)

sented by deakycapacitor, leads to the same overall behav-are of Maxwell-Wagner-type and easily understandable
ior of C(v) as for Schottky-type contacts. Especially, highly within an equivalent-circuit picture. Within this framework,
enhanced apparent valuesasfare measured for—0, due it also becomes clear why the reported values;gf, vary so

to the high capacitance of the very thib00 nm) insulating  much: Its absolute value depends on details of contact for-
Iay_er. _In this configuration, _the apparent diglectric constaniation, e.g. the surface roughness, type of contact, and sto-
£, 1S given bys, =g/ X tp/t), with ¢ the dielectric constant of jopigmetry at the surface. We also believe that CCTO is not
the msulatmg_layer, an_q, a,ndt| the thlcknefs of bulk and exceptional in any way compared to other isostructural com-
layer, respectively. Taking, ~ 10 (Al0y), =100 nm and pounds. The differences i’ at 100 kHz found for 21 re-

assuming,=0.1 mm, a value o, ~ 10 results, which is in . : 4
the same order of magnitude as the values reported in Ref. 'ted materials by Submaranian al." with reported values

In an earlier worf® we already demonstrated that indeed P€tween 33 and 3560, CCTO standing out vtk 10286,
even such an insulating layén our case Teflon or mica foils May also be explainable by different contact contributions.
of several 10um on semiconducting CgEIn) can lead to  Also the frequency position of the main relaxational step
very large apparent dielectric constants and a Maxwellimay vary(via the circuits time constant, it also depends on
Wagner relaxation in the spectra. We point out that the viewthe bulk conductivity in a way that at 100 kHz sometimes
of external contacts causing the CDC in CCTO also is ing[,, is measured or even a value in the transition region
good accord with the dielectric results of Ref. 5, which werepetweene/,,, and e, In addition, recently it was demon-
analyzed employing complex impedance plots. It is wellstrated by broadband dielectric measurements T €D, »,
known that semicircular arcs occurring in the complex im-peing structurally related to CCTO, that apparent CDCs can
pedance plane at low frequencies can be indicative of intergjso occur in this materidb As in Cw,Ta,0;,, the intrinsic
facial contributions, both from grain boundaries or externalgf(:gl’0 ) of CCTO as determined from literature and from
contacts. The authors of Ref. 5 suggested a grain-boundagy,r measurements consistently seems to be of the order of
origin but of course the observed features could also be duggg. This is not colossal but nevertheless rather high, com-
to external contacts. The dependence on annealing time afgred to most other technically relevant materials and thus
oxygen partial pressure during annealing found in Ref. 5 caicCTQ or related compounds still may be of interest for pos-
be ascribed to a variation of external contacts, €.g. via @jple applications in electronics. It certainly would also be
variation of oxygen stoichiometry at the sample surface. jnteresting to check what may cause this rather high dielec-

In conclusion, we have performed two crucial experi-tric constant, e.g. ionic or electronic polarization processes.
ments to clarify the true origin of the CDCs in CCTO. The

dependence ofy;,, both on contact type and sample thick- ~ We thank U. Pamukgi for performing the BaTj(nea-
ness clearly proves that external contacts via an interfacisfurements. This work was supported by the Deutsche
polarization process lead to the detection of very high dielecForschungsgemeinschaft via the Sonderforschungsbereich
tric constants. The observed relaxationlike spectral feature484 and partly by the BMBF via VDI/EKM, FKZ 13N6917.
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