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Separation of grain boundary effects and intrinsic properties in perovskite-like Gg gY o .BaC0,05 5
using high-frequency dielectric spectroscopy
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The dielectric response of GgY,.BaCa0s5, which undergoes a sequence of magnetic and electronic
phase transitions, has been investigated in the radio-frequency range from 1 MHz to 1.8 GHz in order to
separate the intrinsic properties from grain boundary and sample-electrode interface effects. Analysis of the
measured response, showing the characteristics of a damped resonator, reveals the intrinsic dc resistivity, which
cannot be detected using the standard four-point measurement method. From the skin-effect-governed dielec-
tric response the temperature dependence of the magnetic permeability was determined.
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[. INTRODUCTION overwhelmed by superexchang¢®E) interactions, yielding
an AFM ground staté.However, it remains unclear why no

The discovery of colossal magnetoresistafR) in anomalies can be detected in the resistance at the PM to FM
perovskite-like manganese oxidessnewed interest in the phase transition.
properties of transition-metal oxides. Exciting ground states To shed some light on the nature of these phase transitions
in these materials result from the competition of spin, chargewe performed detailed dielectric measurements on this class
and orbital and structural degrees of freedom. Of special inof compounds, focusing on a new member of this family,
terest are the perovskite-type cobalt oxides, which reveanamely GgeYoBaCq0Os55. The synthesis, structural de-
depending on the relative strengths of crystal-field effectd@ils, and the magnetic properties are described in a separate
and Hund’s rule coupling, different spin states and, in som@ublication: Magnetization and four-point dc measurements
cases, even temperature-dependent high-spin to low-spligvealed that GgY,,BaCo0s 5 undergoes a sequence of
transitions>* Recently, special attention was paid to the Ml FM, and AFM phase transitions at temperaturesTg

~ ~ ~ i 1
oxygen-deficient layered family ®BaCag,0Og_, , WhereR is ~34_0 K, TC 290 K, andTy~270 K respectively.
a rare-earth iofi~® The structure of these compounds is de- Dielectric measurements are an important tool to charac-

rived from the perovskite structure via ordering®and Ba terize M gransmon, where a diverging dlelect(lc constant is
: . . ; expected? Numerous reports of extremely high dielectric
cations into layers along the axis and removing oxygen

lusively f theR | H the stacki constants in transition-metal oxides point in this direction;
exclusively Trom the 1ayer. Hence tne stacking SequUence,q ever, in ceramic samples a careful analysis is needed to
along thec axis can be described as[BaO]—[Co0,]

e separate intrinsic electronic properties from grain boundary

—[RO, ] —~[C00,]—. In addition to large MR effects, for effects. Indeed, in the manganites it is well known that the

x~0.5, using four-point dc resistivity measurements, also gjectrical transport is highly influenced by grain boundary

metal-insulatOI‘(Ml) transition was detected at temperatureSresistance and that band bending and Space Charge effects are

310-360 K ~° important for their physics® By performing high-frequency
When compared to the manganites, significant differencefnpedance measurements, contributions from contacts, bulk,

show up in the phenomenology of the sequence of phasgnd grain boundaries can be separated. Thus, the main em-

transitions. While the temperature dependence of the magnghasis of this work is to characterize the electronic bulk

tization looks very similar to that of the half-doped properties using dielectric spectroscopy and to check for a

manganites? the nature of phase transitions must be com-giverging dielectric constant at the M transition. In addition,

pletely different. In cobaltites, the MI transition, yielding a we want to examine the occurrence of hopping conduction of

step-like increase of the resistance by one order of magniocalized charge carriers, which leads to characteristic con-

tude, is connected with a structural phase transition indicagributions to the ac conductivity.

tive of orbital order and probably connected with a spin-state

transition® The latter shows up as a change of slope in the

paramagnetic susceptibility only. The two succeeding mag- Il. EXPERIMENTAL PROCEDURES

netic transitions can hardly be detected in the resistance. In

manganites the MI transition is driven by double exchange The polycrystalline GglgY4BaCa0s5 samples were

(DE) and is directly coupled with a paramagnetRM) to  prepared using conventional mixed oxide synth&sldltra-

ferromagnetiq FM) transition, while charge order drives the pure oxide powders were dried, mixed in the appropriate

antiferromagnetic(AFM) transition. It has been proposed amounts, and carefully ball milled to ensure homogeneous

that DE is also the driving force for the PM to FM transition samples. Pressed pallets were sintered at 12001 & ficand

in cobaltites, but due to the charge carrier localization, DE ighen slowly cooled down to room temperature. The oxygen
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FIG. 1. (Color) Temperature dependence of the resistivity of §6 ,BaCq0s5 5. Open symbols: ac resistivify’ for different frequen-
cies: 1 MHz (), 3.85 MHz (V), 17.3 MHz (¢), 77.3 MHz (A), and 402 MHz (). Dashed line: four-point dc resistivity. Solid circles:
intrinsic dc resistivity as deduced from the equivalent-circuit analysis of the frequency-dependdifigiatd and 3 Solid line: fit of the
intrinsic dc conductivity to the variable-range hopping model. The colored regions indicate the different contributions to the overall response,
as explained in the texfor T>300 K no clear identification is possibleThe lower inset shows a representative result of an ac magnetic
susceptibility measurement for the determination of the magnetic phase transition temperatures. The upper inset shows the temperature
dependence of the magnetic permeabjlitydetermined from the intrinsic dc resistivity and skin-effect-induced frequency dependence of the
resistance.

content of the samples was determined thermogravimetrivarious frequencies between 1 MHz and 402 Mtdpen
cally with an accuracy of approx 0.4%. The magnetic sussymbols. p3? shows a significant increase &, ~340 K;
ceptibility and magnetization were measured using a supehowever, only a small anomaly is observedTat, and no
conducting  quantum interference  deviceSQUID)  anomaly at all is detected at,. The ac measurements lead
magnetometef0—-50 kOe, 1.5 KT<400 K). Inthe lower 5 5 grastically different temperature dependencepbf
inset to Fig. 1 we show a representative result of an ac suypile no transitions are detected at 1 MHz, at the highest
ceptibility measurement. T\_NO peaks in ﬂ?e Imaginary p}ért frequencies significant anomalies, bothlatandat T, can

an_d a peak anq shoulder |n't.he real paftof the suscepti- be observed. Especially, on approachinghe impedance at
bility characterize the transitions from the PM to the FM microwave frequencies is strongly reduced, a behavior that
state [~290 K) and from the FM to the AFM phase to our knowledge has never been observed so far. While this
(TN~.270 .K)' . behavior involves contributions from bulk and grain bound-

Dielectric measurements were performed employing a re jes it is clear that the intrinsic electronic properties have to
flectometric technique, as described in Ref. 14. Since th'%hange considerably @, . In order to explain this phenom-
technique requires a two-point contact configuration, elec—enon we performed a detailed analysis of the high-frequency
trodes contribute to the measured overall response. dielectric response in GgY o 8aC0,0s s.

Figure 2 shows the frequency dependence of the dielectric
constante’ and conductivityc’, measured at several tem-
peratures. At lower temperatures the data reveal the charac-

Figure 1 shows the temperature dependence of the dc reeristics of an overdamped resonator.spectra at these tem-
sistivity p4? (dashed ling measured in a standard four-point peratures are shown in the inset, since they differ
configuration, compared to the resistivip/, measured at significantly from those obtained in the temperature region

Ill. RESULTS AND ANALYSIS
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FIG. 3. Frequency dependence of the real part of the resistivity
10°F conmet sample p'. Solid lines through the experimental data are fits using the

holder

bulk equivalent circuit, presented in Fig. 2. The inset shows dafh at
OnobDoooooogoooooogoaand

E po® . . . . T .
O , ooas® =225 K, fitted to an equivalent circuit consisting of tMRC cir-
o 10t

©

feosesossscrasenaseneee®®  ipr o8 cuits in series to the intrinsic dc resistance. Dashed lines in the inset
s mannnsare e TR show the separate contributions from external and internal contacts.

o' =0yt ogw®, o'=weqe’ =tansw/2)oyw®, (1)

10° , 0.6 04 with e, being the permittivity of free space amsel1l. Sev-
10° 107 108 10° eral theoretical approaches deduce such a behavior from mi-
v (Hz) croscopic hopping transport properties, including thermal ex-
citation over or tunneling through an energy barrier
FIG. 2. Frequency dependence of the dielectric constamind ~ Separating different sites of the localized charge cartfers.
conductivity o' measured at several temperatures in With increasing temperatures, approaching the magnetic
GdygYoBaCa0ss. The ¢’ data obtained at lower temperatures transitions, a peak i’ (w) develops and at the highest fre-
are shown in the inset. Solid lines through the experimental data arguenciess’ becomes negative. This behavior of an under-
fits using the equivalent circuit, which is also indicated in the figure.damped resonator with a resonance frequency of several hun-
. . dred MHz can be ascribed to the inductahcef the system
ground the magnetic transitions, where the system behaves conjunction with high values oy
like an underdamped resona_lto_r. . . In addition to the above-mentioned contributions, also the
At low temperatures, a distinctive downward stepeih skin effect may play a role at high frequencies. The skin

(inset to Fig. 3, which is accompanied by a step-like in- yonih 5 depends on the resistivity and magnetic permeability
crease ino’, is observed. Since for low frequencie$ ap- i of the material as
g

proaches unreasonably high values and the correspondi
peaks ine"~o'/w (not shown follow a single-exponential s=[2pl ppow]™? )
Debye response, the origin of this behavior are contact con-

tributions, rather than a dipolar relaxation process. Besidewhereu, is the permeability of free space. ff reaches the
external contacts that, via the formation of Schottky diodesorder of the sample thickness, the reduction of the current-
lead to a thin depletion layer of low carrier concentration atcarrying cross section leads to an increase of the measured
the sample surfacE,also internal contacts, i.e., grain bound- resistance’

aries, can drive such a behavior. IndeedTat150 K two Figure 3 shows the frequency dependence of the real part
successive steps are observ@mset to Fig. 2, which we  of the resistivityp’, which can be calculated from’ ande’.
ascribe to the two types of contacts—external and internalAs the impedance of the inductané¢eL, contributes to the
For high frequencies the capacitive contact barriers becomignaginary part only, the resonance dominating the high-
successively shorted and the intrinsic response is detected. fgmperature curves ef' (w) ande’(w) (cf. Fig. 2) plays no
temperatures below 200 K, following the contact steps, role in p’(w). Instead, forT=225 K a skin-effect-related
approaches a plateau, which can be identified with the intrinincrease op’(w) shows up at the highest frequencies, which
sic “bulk” dc conductivity o4.. At higher frequenciesr’ can be ascribed to the elevatedclose to the magnetic tran-
increases steeper again and concomitantly, following theitions in conjunction with the relatively low resistivity.
contact stepg’ approaches a power-law decredsee, e.g., In order to analyze the experimental data quantitatively,
the 120 K curve in the inset to Fig.).2This intrinsic fre- we have used the equivalent circuit, presented in Fig. 2. In-
quency dependence can be well described by the so-callddrnal contact contributions are modeled by a pardRél
universal dielectric respongelDR) with the addition of a dc ~ circuit.*>*"*® The intrinsic response of the sample is de-
conductivity"® scribed by its dc conductance, the UDR, skin effect, and its

Gd Y BaCozosﬁ
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inductance and capacitance, the latter taking into account the At T=T,, the interpretation of the results is hampered by
high-frequency dielectric constant due to ionic and electroniche fact that at high frequencies a mixture of intrinsic,
polarization. Finally, the inductance of the sample holder iscontact-related, and skin effect contributions is actually mea-
connected in series. It may be remarked that, depending asured, and the transition &t seems to affect all these con-
the temperature range, only part of different elements are itributions. Namely, the grain boundary contribution seems to
fact necessary for a description of the sample; e.g., at lowdiminish and the internal contact step moves to much higher
temperatures the contaB®C circuit can be omitted as the frequencies. Nevertheless, from the equivalent-circuit analy-
contact step has shifted out of the frequency windav  sis, significant information opy.(T) can be obtained up to
Figs. 2 and B The lines in Figs. 2 and 3 are fits using this 300 K and at the PM to FM transitigs},. seems to reduce by
equivalent circuit, performed simultaneously fof ando’.  at |east a factor of 5. This fact implies that DE interactions in
At low temperatures the equivalent circuit leads to an excelfact are responsible for the occurrence of FM in these com-
lent description of the complete spectra. However, with in-pounds, as suggested by Moritorabal® The finding that
creasing temperature deviations appear at low frequenciefpr T<T,, after the initial drOPPijc increases again on de-
Here the contact steps, successively shifting into the fregreasing temperature seems to support the view that DE in-
quency window, turn out to be too broad to be fitted satiSteractions are suppressed due to carrier localization that sets
factorily by one contact step only and contributions bothjy 4t T, .9 In fact the hopping conduction of localized
from external and internal contacts have to be considered. Asharge carriers is explicitly detected below 200 K and may
an example, in the inset of Fig. 3 the(w) curve atT  pjay a role also at higher temperatures. Finally,Tat SE
=225 K is fitted by an equivalent circuit consisting of two jnteractions dominate, yielding the AFM ground state. How-
RC circuits connected in series to each other and to the bulkyer, it remains a puzzle why, cannot be detected at all in

sample, which for simplicity is represented_byaresistorionly.dC experiments. AfT., grain boundary effects contribute
The broad contact step can well be taken into account in this. g 3 ) cm to the total dc resistance th% just below
way (solid line). The dashed lines demonstrate the separatg aaches value of some 10tronly (cf Fig 13 Neverthe-
cor}'cglgl%uggtssfrom_the external and internal contacts. less, whenpy. is reduced aff ., one expects to observe a
ignificant result of the equivalent-circuit analy- i " 40 ¢ aisence can only be explained by the fact
sis is the intrinsic dc resistivity}.. Its temperature depen- Pdc- : y plained y t
Ve P P that atT., at the same time while the intrinsic resistance

denpg forT<300 K is shown in Fig. l(solid mrcles). I decreases, the intergrain resistance increases, smearing out
exh|p|ts values up tq one decad_e lower th’é@' Th|s can be any clear anomaly. And indeed the onset of significant inter-
ascribed to the grain boundaries that contributep§p 8S  grain resistivity is well documented in a number of MR
indicated by the purple region in F!g._l. O_nI)_/ _by high- manganited3

frequency measurements can the intrinsic resistivity of these

ceramic samples be detected. The 1 MHz curve Tor

>220 K reflects the sum of external and internal contact IV. CONCLUSIONS
resistances, the external contribution being indicated by the _ _ _ _ _
green region. For decreasing temperatuyesg, is succes- In conclusion, by performing dielectric spectroscopy in

sively approached as the characteristic time constant of th&e€ high-frequency range from 1 MHz to 1.8 GHz, the intrin-
circuit comes into the region of the inverse measuremen$iC properties were separated from the contributions of grain
frequency. For the higher frequencies, this happens for sudoundaries and sample-electrode interface in the layered per-
cessively higher temperatures, and for the 402 MHz curve iPvskite Gd Yo BaCq0s 5. The intrinsic dc resistivity is

the region 125 K T<300 K, the contact capacitances are Significantly smaller than the resistivity determined by stan-
shorted and the intrinsic response is detected. This is alséard four-point measurements, for which grain boundary
reflected by the coincidence pf,. andp’ (402 MH2) in the contributions dominate. In contrast to the four-point dc re-
region 190 K<T<270 K. Thec deviations of the high- sults, the ferromagnetic transition shows up as a pronounced
frequency curves frO”ﬁ’E showing up aff<190 K (blue anomaly in the resistivity measured in the 100 MHz range.
region are due to the UCDR and indicate the importance 01:From the analysis a decrease of the intrinsic dc resistivity at
hopping of localized charge carriers in this region. This isTC’ indicating the importance of DE mteractlons,.can be
corroborated by the temperature dependencglof which suspected. At temperatures below 200 K, the hopping of lo-

for T<230 K can be described using the prediction of thecalized charge carriers is detected, becoming the dominant
variable-range hopping modebg,~exp(—To/T)¥419 The charge transport process at low temperatures.

deviation ofp’ (402 MH2) and py, showing up around the
magnetic transitions can be ascribed to the skin effect, as

L . . . . ACKNOWLEDGMENTS

indicated by the orange region. For this region, from the fits,

via Eq.(2) the magnetic permeability can be determiiteg- This research was supported by the BMBF via VDI/EKM
per inset of Fig. 11 exhibiting a pronounced peak 8t and  13N6917 and 13N6918 and partly by the Deutsche For-
even a small anomaly aty . schungsgemeinschaft via the SFB 48digsburg.

184403-4



SEPARATION OF GRAIN BOUNDARY EFFECTS AND ... PHYSICAL REVIEW B5 184403

*On leave from Joaf Stefan Institute, Ljubljana, Slovenia. 104, Kuwahara, Y. Tomioka, A. Asamitsu, Y. Moritomo, and Y.
IR. von Helmholt, J. Wecker, B. Holzapfel, L. Schultz, and K. Tokura, Scienc&70, 961 (1995.

Samwer, Phys. Rev. Letf1, 2331(1993; S. Jin, T. H. Tiefel, M. Paraskevopoulost al. (unpublishel

M. McCormack, R. A. Fastnacht, R. Ramesh, and L. H. ChenT. G. Castner, Philos. Mag. B2, 873 (1980; H. F. Hess, K.

Science264, 413(1994). DeConde, T. F. Rosenbaum, and G. A. Thomas, Phys. R2§, B
2l 0. Troyanchuk, N. V. Kasper, D. D. Khalyavin, H. Szymczak, 5578(1982.

R. Szymczak, and M. Baran, Phys. Rev. L&, 3380(1998. 133, Klein, C. Hdener, S. Uhlenbruck, L. Alff, B. Bchner, and R.
3Y. Moritomo, M. Takeo, X. J. Liu, T. Akimoto, and A. Nakamura, Gross, Europhys. Lettl7, 371(1999; S. Lee, H. Y. Hwang, B.

Phys. Rev. B568, R13 334(1998. I. Shraiman, W. D. Ratcliff II, and S-W. Cheong, Phys. Rev.
4. 0. Troyanchuk, N. V. Kasper, D. D. Khalyavin, H. Szymczak, Lett. 82, 4508(1999.

R. Szymczak, and M. Baran, Phys. Rev58 2418(1998. 4R, Bohmer, M. Maglione, P. Lunkenheimer, and A. Loidl, J. Appl.
5A. Maignan, C. Martin, D. Pelloquin, N. Nguyen, and B. Raveau, Phys.65, 901 (1989.

J. Solid State Chenil42, 247 (1999. 15, K. JonscherDielectric Relaxations in Solid&Chelsea Dielec-
5T. Vogt, P. M. Woodward, P. Karen, B. A. Hunter, P. Henning, and  trics Press, London, 1983

A. R. Moodenbaugh, Phys. Rev. Le®4, 2969(2000. 163, R. Elliott, Adv. Phys36, 135(1987.
’T. Saito, T. Arima, Y. Okimoto, and Y. Tokura, J. Phys. Soc. Jpn.”A. Seeger, P. Lunkenheimer, J. Hemberger, A. A. Mukhin, V. Yu.

69, 3525(2000. Ivanov, A. M. Balbashov, and A. Loidl, J. Phys.: Condens. Mat-
8W. S. Kim, E. O. Chi, H. S. Choi, N. H. Hur, S.-J. Oh, and H.-C. ter 11, 3273(1999.

Ri, Solid State Commuril16, 609 (2000. 18p_ | unkenheimer, M. Resch, A. Loidl, and Y. Hidaka, Phys. Rev.
9Y. Moritomo, T. Akimoto, M. Takeo, A. Machida, E. Nishibori, Lett. 69, 498(1992.

M. Takata, M. Sakata, K. Ohoyama, and A. Nakamura, Phys.lgN. F. Mott and E. A. Davis,Electronic Processes in Non-

Rev. B61, R13 325(2000. Crystalline Materials(Clarendon Press, Oxford, 1979

184403-5



