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High dielectric permittivity and hole-doping effect in La;_,Sr,FeO;

G. Chern, W. K. Hsieh, M. F. Tai, and K. S. Hsung
Department of Physics, National Chung-Cheng University, Chia-Yi, Taiwan, Republic of China
(Received 5 January 1998

We have measured the complex dielectric permittivity for ceramic samples pf,8gFeQ; (0.2<x
=0.8), which, unlike La_,Sr,MnO; and Lg _,Sr,Co0O;, do not exhibit a metal-insulator transition with a
small amount of X~0.2) hole doping. This measurement is carried out as a function of Sr dopingX0.2
=<0.8), frequency (20—f0Hz) and temperaturé80—300 K. These results show strong temperature and
frequency dependence and high real dielectric constahtP, on all compounds at room temperature. This
high dielectric polarization is due to a thermally activated process. The associated dipolar thermal activation
energy linearly decreases from 260 to 60 meV when Sr doping increasesxfrdn®? to 0.6 and it nearly
vanishes a=0.8. The static dielectric constant reache&0’ in high Sr-doping samples due to an extra
low-frequency polarization enhancement where a relatively high ac conductivity is also observed. These results
are consistent with the persistence of the insulating phase until kight Y Sr doping and illustrate the doping
effect on the dielectric polarization in La,Sr,Fe0;. [S0163-18208)02027-X]

. INTRODUCTION La, _,Sr,FeQ, as a function of Sr-doping concentration
(0.2<x=0.8), frequency (20—f0Hz), and temperature
The study of the perovskite series of,LaSrFeQ; (0 (80—300 K. We have also measured dc conductivity and
=x=1) can be traced back to the late 195@riefly, both  found that it increases from a good insulator to a semicon-
stru_ctural and magnetic trgnsitions were ob_s;erved by Sr_ holgyctor (or poor metal by Sr hole doping as expected. The
_doplng. The parent material LaF@_@ an antiferromagnetic energy gap gradually vanishes when the Sr doping closes to
insulator and the Nl temperature is about 750 K. The mag- y_ 8 The dielectric measurement shows strong tempera-

getici‘ order ishweha:fened t;]y sub?titutiorr: of thaIent La BYyre and hole-doping dependence. An extremely high dielec-
ivalent Sr, which forces the Fe from the stable trivalent to, . e C

b > -
the rare tetravalent state. Structurally, Lakel@s ortho- tric permittivity, >10°, which is comparable to a ferroelec

rhombic symmetry. It becomes rhombohedral for the compoimc value, at low frequency and room temperature for all

sition L&y St sFe0;. With further Sr substitution of La, the ﬁpmhpdqurd? 1S oblse'rveg.llf\t the :?SUIaleg ferxek().?], thIS”
structure approaches cubic. igh dielectric polarizability results mainly from a thermally

Recently the interest in these compounds was revived afictivated process. The temperature and frequency depen-

ter the discovery of high-temperature superconductivity indence of the dielectric constants in this region can be de-

cuparates and giant magnetoresistance in manganese oxidg$/iPed by a Debye relaxation mechanism. An extra enhance-
In the perovskite series MO, (M = transition metal sub- ment on the dielectric constant is also observed at lower
stantial changes on the electronic properties have bedkeguency regions. This low frequency dielectric constant be-
found?3 A metal-insulator transition is observed while La is comes more pronounced and quickly reache0’ at the
replaced by a divalent element such a&"SiThe transition ~ conducting end X=0.8). A relative high ac conductivity,
mechanism is, however, varied from a Mott-Hubbard typewhich is accompanied with this low-frequency polarization
for the early transition metal to a charge-transfer or covalentenhancement, develops simultaneously. It is likely that this
insulator class for the late transition metal* WhenM is  high dielectric behavior at low frequency is thus due to free
the middle elements of Mn, Fe, and Co, it is expected tocarriers rather than bound structural unftsAn interesting
show a crossover behavior on the metal-insulator transitiorand potentially important question arises: How does the high
It is rather surprising that, while La,SrMnO; and dielectric property change from the insulating phase to the
La; _,Sr,CoO; become metallic forx>0.2, La_,Sr,FeOQ;  more conducting phase? This sets a major goal for the
does not exhibit a metallic phase untit-1. The origin of  present paper: to examine how this high polarization behav-
this unexpected behavior may give useful clues for the funior in La;_,SrFeQ; (0.2<x=<0.8) samples is affected by
damental mechanism of the metal-insulator transition irthe Sr-doping concentration.

these perovskite structures. Furthermore, many perovskite Briefly, the dielectric measurements show that the dipolar
materials have shown high dielectric or ferroelectric properstrength, which is due to a thermally activated process, sub-
ties and the dipolar unit in these systems play an importargtantially reduces with higher Sr doping. The associated ac-
role in the electronic transport phenomena. It is suspectetivation energies also quickly decrease from 260 to 60 meV
that the high dielectric polarization, if it exists, may be car-while the doping of Sr ratio increases frox 0.2 to 0.6. It

ried over into the metallic phase but the free electrons prebecomes~0 when the doping igs=0.8. On the other hand,
vents from measuring this properyNow with the lack of  the low-frequency dielectric enhancement grows as Sr dop-
metallic phase in La ,SrFeQ; (x<1), it provides an op- ing increases. It also shows strong frequency and tempera-
portunity to examine this hypothesis in detail. In this study,ture dependence but quite different from the Debye process.
we have measured the complex dielectric constant ofhe associated ac conductivity exhibits, however, a rather
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FIG. 1. (a) Real part of the dielectric constant aflg) electrical conductivity vs frequency for LgSr, ,-FeO;.

are very close to the activation energy of the dipolar rotation

quency dependengeThe energy gaps deduced from the at various temperatures. This result seems to indicate that
low-frequency ac conductivity and independent dc conduchoth free carriers and bound units are related to each other
tivity measurements are very similar and both decrease whiand this duality of bound and unbound carriers represents a
lethe Sr doping increases. Interestingly, these gap energiemique feature in these perovskite oxides.
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FIG. 2. (a) Real part of the dielectric constant aft) electrical conductivity vs frequency for hgSr, J/e0;.

Il. EXPERIMENT
A. Sample preparation and x-ray diffraction results

The samples of La ,Sr,FeQ; (0.2<x=<0.8) were pre-

(~0.8 g) were pressed inte 12 mm diameter disks under a
compression pressure-200 kg/cnt and then sintered at
1300 °C for 24 h under flowing £© The temperature was
gradually cooled to room temperature at rate 200 °C/h. The

pared by the solid-state reaction method starting with highx-ray diffraction measurement showed that the oxide com-

purity LaOs; (99.99%, SrCQ; (99.999%, and FgOg

pounds were single phase orthorhombic perovskitesxfor

(99.5% powder in the required proportions. The mixtures <0.2 and rhombohedral for 0sdx<0.8. The lattice param-
were ground and calcined at 950 °C for 24 h. The samplesters all match well with the earlier reported d4ta.
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FIG. 3. (a) Real part of the dielectric constant aftg) electrical conductivity vs frequency for LaSr, sFeO;.

B. Measurements data have been converted to a dielectric constant and electric
conductivity using an equivalent circuit of a parallel capaci-
The complex dielectric constants are obtained from im-<tor and a resistor. The electrical contacts were used with
pedance measurements in the frequency and temperatusidver paint. A low field strengttil VV/m) is applied through
ranges of 20— 10Hz and 80—-300 K. The data are taken with the whole measurement to avoid possible non-Ohmic
an HP 4284A Precision LCR meter. The complex quantity-behavior'®
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FIG. 4. (a) Real part of the dielectric constant aflg) electrical conductivity vs frequency for LgSr, gFeO;.

Ill. RESULTS AND DISCUSSION

A. Frequency- and temperature-dependent
dielectric permittivity

Complex dielectric constant of La,Sr,FeO; (0.2<x

mittivity of free space and” is the imaginary dielectric
constantof Lay gSKy ;FeQ; as a function of frequency at vari-
ous temperatures is shown in Fig. 1. The real dielectric con-
stante’ is strongly temperature and frequency dependent. A
thermally activated process, shown as a drop of the real di-

=<0.8) series is measured. A representative real dielectrielectric constant in Fig. (&), gradually shifts to lower fre-

constant and the conductivitg = wee”, wheree is the per-

quency as the temperature decreases. An additional polariza-
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FIG. 5. Real part of the dielectric constant as a function of temperatu@ atMHz, (b) 100 kHz,(c) 10 kHz, and(d) 1 kHz.

tion, which develops while the temperature increases, can be e*=e,+(es—e)/[1+(jwr)] 9, 1)
identified especially in the low-frequency region. Note that
e’ reaches an absolute maximum value-e10° at 300 K wheree, and ., are the static and high frequency limit of
due to both the thermally activated process and this addidielectric constants, respectively,is the most probable re-
tional polarization. At lower temperature, however, it dropslaxation time,a is an empirical constant with values between
to ~20 with weak frequency dependence. 0 and 1, and is measured of an assumed symmetrical loga-
The conductivity plot, Fig. (b), also shows various fre- rithmic distribution of the relaxation timé$.1t corresponds
quency and temperature dependence. Qualitatively, thg the Debye model in the case @f=0, which has a single
frequency-dependent feature at different temperature is venglaxation time. After the analysis from E(.) we found that
similar. The major effect on the conductivity is shown as athe limited region of the polarization of La,Sr,FeQ; satis-
gradual jump from the lower frequency to the higher fre-fies the Cole-Cole mechanism. The relaxation time obtained
quency and it shifts to higher frequency when the temperaat different temperature gives the Arrhenious relation and the
ture increases. This feature reflects the same thermally aci¢orresponding activation energy is 260 mé&ée below.
vated process observed in the real dielectric constant
measurements. The conductivity becomes nearly constant in
the lower frequency portion. Beyond the local jump the con-
ductivity, which is at the higher frequency end, becomes The complex dielectric constants of samples with higher
weakly dispersive and increases as the frequency increaseSr doping(0.4—0.8 are also studied with similar temperature
The frequency dependence of the dielectric response caand frequency dependence. The results show that all the
be represented by the Cole-Cole relaxation model whoska; ,SrFeO; (0.4<x=<0.8) compounds have comparable
complex permittivity is given by or even higher dielectric constants. In Figs. 2—4, the real

B. Sr-doping-dependent dielectric permittivity
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dielectric constant and conductivity of LaSrFeQ, (x  =<0.8) compounds. The physical interests can be better seen,
=0.4, 0.6, and O_Bare presented_ Both real dielectric con- however, from different pIOtS. BaSica”y, part of the dielectric
stant and conductivity in LS, J/€0; (Fig. 2) show similar ~ Strength is due to a thermally activated process, which is
results as in LggSt, FeO;. Extra enhancement on the real related to the dipolar unit. In addition, the low-frequency
dielectric constant in the low-frequency region becomes eveﬁ'e".aCtrIC enhancemelnt may be dqe to more loosely bound
stronger that the ' increases for another 2 orders of magni- carriers. Thes_e_ two dielectric cc_)ntrlbutlons are both seen on
tude higher at 300 K. In addition, the thermally activatedthese permittivity results. We f|_rst concentrate on the t_he_r-
process, shown as a drop on the dielectric constant, shifts ally activated process, Wh'Ch IS related to a dipolar unit in
the low-frequency limit with a slower rate when temperature ese compounds. It is interesting to know how the hole-

varies (corresponding to smaller activation energy, see beEjOpIng process affects this dipolar polarizability. In that

low). Similar behavior is also seen an where the conduc- sense, the high-frequency limit resulless free carrier ef-

tivity jump shifts to the relatively higher frequency in the fect) give better observation on this thermally activated pro-

simiar temperare egon The enhancement of e eal of¢5S 0% B30, e rperaure depencen oo
electric constant at the low frequency region and the deg P

creases in the activated strength becomes more pronouncé?i‘ad frequency .Of 1 kHz—l MHz are given. At 1 MHEig.
when the Sr doping increasé&igs. 3 and 4 The rate of the a)], the real_dlelectrlc constant increasing from low tem-
shift of these activated process is also systematically der_)erature to higher temEerature can be seen on a.II com-
creasedin these cases, even at80 K, the dielectric con- pounds. The strength\e =5~ #..), however, substantially

stant is still strongly frequency dependert the highest Sr _reduced from~_2>< 10 to less than 1bwhen the S_r doping
doping, in La Sk de0, the real dielectric constant be- increases. Notice that the low-frequen@xponentially var-

comes exponentially varied as a function of the frequency'e.d)h g?%kfric;]ungaﬁfTap"Tcﬁtsetsretgésstriﬁsrilrtﬁaﬁipseiﬁg ilr? ltgg
The thermally activated process can be barely seen at t 9 ping ple.

- - ; ; but Ae in Lagy,Sry gFeO; further decreases. At even
high-frequency limit. Note that the real dielectric constant Z 0.22708
still reaches~ 10’ at low frequency but it remains- 10* at lower frequencyFig. 5(c) and Sd)], the A from the ther-

high frequency limit even at 82 K. mally act!vated process almost d|sap_pears a_nd the dielectric
constant is replaced by the exponentially varied background.
C. The dipolar polarization and Sr-doping dependence D. Relaxation time and activation energy

In principle, Figs. 1-4 represent all the information of the At lower temperature the relaxation time of the thermally
complex dielectric permittivity of La ,Sr,FeQ; (0.2<x activated process becomes extremely long and the dielectric

10°,
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FIG. 6. The relaxation time vs inverse temperature foy L&rFeO; (x=0.2, 0.4, and 0.6 The points are obtained by using the
Cole-Cole fit for the experimental data. The slops give the activation eneEgesyhich are plotted as a function of Sr concentration in the
insert.
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which is consistent with a typical semiconductor insula-
La,,SresFe0; tor) behavior. The absolute conductivity is~10"8
(2 cm)™1 for Lag gSr, FeQ; at 80 K. It quickly increases in
the compounds with more Sr doping and becomes 0.1
(Q cm)~! for Lag ,Sr gFeQ; at low temperature. Many or-
ders of magnitude changes on the conductivity by Sr doping
at low temperature is clearly identified. At higher tempera-
\ Lag St FeO, ture they all merge to~0.1 (Q cm)~! at 300 K for all

~

-
| i
PRI Ry

-
b
Lyl

La, ,Sr,sFe0,

a(Qm)”

compounds. Notice that in LaSr, dFeO; there is a weak
transition on the d¢and a¢ conductivity at~200 K. The

103 slop of the plot clearly increases at this transition tempera-
E ture suggesting that a insulating phase may have been

g La,:Sr, FeO, switched to a semiconductéor poor metal at this tempera-

e i ; } ’ { . ; 1 ture by cooling. For Lg,Sry gFeO; the conductivity becomes

relatively flat but no obvious transition can be seen. A wiggle
on the conductivity in LggSr, -FeQ; (the insulating endis
1T (1/K) seen at-160 K. From the original dielectric constant results
' (Fig. 1) we know that this weak slop changing on the con-
FIG. 7. The dc and ac conductivities vs inverse temperature fofluctivity is associated with the dipolar activated process. In-

=

4x10° 8x10° 1.2%x10? 1.6x107

La;_,SrFe0; (0.2< X <0.8). terestingly, this property extents to the dc conductivity mea-
surement.

results may only show the high-frequency limit. How the

changes on the relaxation timeand the associated activa- IV. CONCLUSIONS

tion energy depend on the Sr doping may provide useful Many La _,Sr,MO; (M is a transition metalperovskite
information on the metal-insulator transition. Figure 6 showsyyides present the metal-insulator transition with hole dop-
the relaxation time as a function ofTL/ The activation en- g These materials possess a feature different from the
ergy Ea, which can be obtained from the slops of these plotgider metallic materials: the phase proximity between the
is shown as a function of the Sr concentration in the inset ofpetallic and insulating states. This feature lets us to perform
Fig. 6. The extrapolation from the linear plot indicates thaty measurement to observe how the polarizability in the insu-
the activation energy vanishes around0.8, which is quali-  |ating phase changes while they approach the metal-insulator
t_atively cons?stent with our gxperimental result. Notice that &ransition. La_,SrFeO; compounds are especially suitable
linear behavior of the associated gap energy as a function @y this purpose because it does not have the transition until
the hole-doping concentration has been seen OR_1 At insulating site,x~0.8, the dielectric constant is
La,_,SKVO; compounds before the onset of the metal-—1¢° at low frequency and room temperature. It drops to
insulator transition X<0.275): ~ 20 at low temperature with weak frequency dependéace
high-frequency limit. This temperature and frequency de-
E. Low-frequency dielectric constant and conductivity pendence is well interpreted by a Debye thermally activated
process. The activation energy associated with this process is

The other origin of the high dielectric constant in the low 260 meV. When the Sr-dobing | ! I
frequency is suspected to relate to more freely charge carri- meV. When the Sr-doping increases, we continuously
ee this activated process but with gradually decreasing

ers. It is different from the thermally activated process that®

we discussed in previous sections. The real dielectric co §trength. More importantly, the activation energy shows a

stant shows an exponential frequency dependence plus \pear decay .and. it almost vamshesmtp.Z(metalhc sidg.
weak temperature effect. This behavior becomes extreme t the metallic 5|de.x~0.2; the dielectric constant becomes
strong when the Sr doping reaches 0.8[Fig. 4@)]. In that ~ €ven higher, reaching-10" but with different origin. The
case, the real dielectric constant is dominated by this |0ngpolar polarizability still exists .bUt IS negll_glble reIatl\{e to
frequency polarization. Notice that the dipolar polarizationthe Néw low-frequency polarization. We believe that this part
strength,Ae, still exists but it is negligibly small compared of the d'EIECt”C constant is o_lue to more Ioose_ly_ bound
to the low-frequency polarization. This loosely bound chargef:harge carriers. Qne evidence is th? high c_onductlwty fpun_d
effect can be better recognized from the ac conductivity re!l the high Sr doping samples. One interesting observation is
sult. The ac conductivity, in the low-frequency region, is aIIthat the gap energy deduced fro_m the temperature-
weakly frequency dependent and thus the temperature depeqependent-c_onduct|V|ty megsurement IS very close to the fj"
dence becomes more important. In Fig. 7, we plot the a@0lar activation energy. This suggests that in the perovskite
conductivity, at arbitrary fixed low frequency, as a function OX'_dE'TS there is a unique e_Iectronlc property that ha_s charac-
of the 17T for each compoundas dotted lines The dc con- teristics of both dipolar unit and loosely bound carriers.
ductivity (as solid lineg is also shown for comparison. The ACKNOWLEDGMENTS

ac and dc conductivity basically agree to each other quite
well except a small shift to higher conductivity in ac at some  The support of the National Science Council of R.O.C.
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