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The complex dielectric function &;+ie, of La;_,Sr,MnO; has been investigated for concentrations 0.1
<x=0.175 near the metal-to-insulator transition. Quasioptical spectroscopy technique were employed for
frequencies 100 GHz < v<1100 GHz and temperatures 10 K < 7<300 K. Both, the dielectric constant &; and
the conductivity oy =¢gyg,w of all samples were found to increase on cooling through the magnetic-ordering
transition. From this observation and from the analysis of the frequency dependencies we conclude that the
charge carriers are localized in a broader range of the phase diagram than generally accepted. We show that
hopping or tunneling between localized states dominates the conductivity for Sr concentrations x<0.15 and
temperatures 7<<300 K. Even for La, 7,551 175sMnO; the localization effects are observed at least 10 K below
the magnetic-phase transition. Finally, the dielectric constant is observed to diverge on approaching the metal-

insulator transition. [S0163-1829(99)02519-9]

I. INTRODUCTION

The observation of a negative colossal magnetoresistance'
in the doped perovskite manganites has attracted much inter-
est in these materials. The parent compound LaMnOs is a
semiconductor that orders antiferromagnetically below 140
K. The substitution of La** by a divalent alkaline-earth cat-
ion, such as Sr? or Ca>", induces mixed valency on the Mn
side. The resulting composition can be represented in the
form Laj* A2*Mn3* Mn?'0O;. With increasing doping con-
centration x the conductivity of manganites increases, which
can be attributed to the growing amount of holes in the lat-
tice on Mn*' sites. For x>0.17 the low-temperature resistiv-
ity shows a metallic character. The charge transfer in these
compounds can be qualitatively understood using the double-
exchange (DE) mechanism, which has been introduced by
Zener.? Later on it has been realized that other effects (Jahn-
Teller distortions, orbital order) play an important role in
determining the conductivity and the magnetoresistance in
the manganites.’

Within the framework of the double-exchange model, the
ferromagnetic (FM) order at low temperatures favors the
charge transfer between Mn>* and Mn ** ions and hence,
strongly influences the hole mobility. As a result, the occur-
rence of magnetic order in the doped manganites is accom-
panied by a sharp decrease in resistivity at 7= T, which has
been interpreted as a semiconductor-metal transition. For
further decreasing temperature, charge-ordering transition is
observed at T=Tq restoring the semiconducting behavior
of the resistivity. It has been concluded that the doped man-
ganites in this concentration range are metals between 7
and T'co . This conclusion is mainly based on the definition
for metallic conduction as having the positive derivative
dp/dT>0. This concept, however, is hardly applicable in
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the vicinity of phase transition, as the decrease on p(7T) on
decreasing temperature may be not due to the increase of
metallicity but, for instance, caused by the decrease of the
spin-disorder scattering at the magnetic-phase transition® or
due to the strong increase of the hopping probability within
the double-exchange model. Thus, the analysis of the tem-
perature dependence of the dc resistivity alone do not allow
the clear separation of metallic and the superconducting be-
havior. Strictly speaking, the clear definition of the metallic
and the insulating state exists only for zero frequency and
zero temperature.”® At T#0 and w#0 the description
quickly becomes more complicated. Therefore, for practical
purposes we will not try to distinguish between the metallic
and semiconducting state but mainly will be interested in the
question ‘‘Are the charge carriers in doped manganites lo-
calized or delocalized?’’ and will focus on the regimes that
reveal metalliclike behavior.

In the following we will try to find the answer to this
question on the basis of the analysis of complex conductivity
at finite frequencies and finite temperatures. As will be
shown below, localized and delocalized states have com-
pletely different properties from the point of view of the
frequency and temperature dependence of the complex con-
ductivity.

In order to describe the frequency dependence in the de-
localized state, the Drude model can be used:*!°

c¥(w)=0,+icy=0y(l—iwT)" . (1

In this expression o is the dc conductivity and 7 is the
characteristic scattering rate. Equation (1) describes free
charge carriers and it is important to note that the real part is
nearly constant for w7<€1 or a decreasing function of fre-
quency do;/dw<<0. Another characteristic feature of the
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Drude process is a negative value of the real part of dielectric
constant ;= — 0, /gqw<0. The Drude model is applicable
in the approximation of a single-collision frequency and
well-defined elementary excitations. In a more general case,
the damping term in the Drude equation is allowed to be
complex and frequency dependent [ 7— 7*(®)].!"!? The re-
sulting expression, termed ‘‘modified Drude model’’ has
been widely used recently to describe the complex conduc-
tivity of high-T- superconductors in the infrared frequency
range.'® However, the two mentioned features of the modi-
fied model except for exotic choice of 7*(w) remain the
same: do; /dw<<0 and £,<0.

On the contrary, using the mechanism of hopping or tun-
neling between the localized state one obtains the conductiv-
ity, which is an increasing function of frequency, and can be
expressed by'*

o(w)=0ytAw’—idw'tan (sm/2), (2)

with the exponent s, which generally is lower than one. The
frequency dependence of the dielectric constant [as extracted
from Eq. (2)] is given by &,=4w’ ‘e, ' tan(s7/2) and is
expected to hold only at high frequencies. In the low-
frequency region (w<w,), where the dc term in the conduc-
tivity dominates, the complex conductivity takes the
form15:16

o(w)/o(0)=1+iaw+a,5’, w=ow/o,, (3)

and thus the dielectric constant levels off. In this equation «;
and «, are constants and w, is the characteristic frequency.
Compared to Eq. (1), two main features of the hopping con-
ductivity show completely opposite character: (i) the real
part of conductivity is now an increasing function of fre-
quency do;/dw>0 and, (ii) the dielectric constant is posi-
tive, £,>0.

Therefore, by measuring the frequency dispersion of the
conductivity do(w)/dw, one obtains the tool to distinguish
between localized and delocalized charge carriers at a given
temperature, though it is not always easy to extract the elec-
tronic contribution from the spectra. Furthermore, the analy-
sis of the sign of the dielectric constant &; provides a second
possibility to draw conclusions about the mechanism of the
charge transfer.

In this paper we report on submillimeter-wave (100 —
1100 GHz) properties of La; _,Sr,MnOj; crystals of the con-
centration x=0.125, 0.15, and 0.175. We analyze the experi-
mental data on the basis of the concepts presented above, in
order to distinguish whether the complex conductivity shows
localized or delocalized character. Lag75Sr; 1,5MnO; and
La, g5Sry 1sMnO; were measured at temperatures between 10
and 300 K. Lagg,5Srj ;17sMnO; was measured between 270
and 300 K, i.e., above and few degrees below the ferromag-
netic phase transition. Below 270 K the conductivity of
Lag gr5S1) 175MnO; is too high to allow transmission mea-
surement with our experimental setup. In addition, we in-
clude a discussion of the submillimeter properties of
Laj ¢Sty ;MnOj5, which were obtained by the same technique
and were published previously.!”
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FIG. 1. Temperature dependence of the conductivity (lower
panel) and the dielectric constant (upper panel) of
Lag g7551) 1,sMn0O5 at v=860 GHz. Two curves represent two dif-
ferent optical axes of the sample. The phase-transition analysis is
given according to Ref. 23. The notations are: PM — paramagnetic,
CA — canted antiferromagnetic, FM — ferromagnetic, O — Jahn-
Teller distorted orthorhombic phase, O" — nondistorted orthorhom-
bic phase, O” — the O’ phase with an additional charge and orbital
ordering, and R — rhombohedral phase.

II. EXPERIMENT

Single crystals of La; _,Sr,MnO; (x=0.125, 0.15, 0.175)
were grown in the air by using a floating zone method with
radiation heating.'® X-ray powder diffraction measurements
revealed that the grown materials were of single phase. Two-
dimensional x-ray topography of the crystals indicated a twin
structure of all crystals.

The temperature dependence of the dc resistivity!® was
measured using a four-point technique and resembles quan-
titatively and qualitatively the data known from literature.**°
Transmission experiments in the frequency range 100—1100
GHz were performed utilizing a set of backward-wave oscil-
lators. The measurements were performed in a Mach-
Zehnder interferometer arrangement,?! which allows both the
measurements of transmission and phase shift. Utilizing the
Fresnel optical formulas, the conductivity and the dielectric
constant were determined directly from the observed spectra
without any approximations. The principal optical axis could
be distinguished only for the x=0.125 sample, although the
twinning did not allow the identification of specific direc-
tions. Due to the twinned structure of the samples investi-
gated and because of possible phase-separation effects,? the
measured conductivity spectra should be considered as aver-
aged values across the sample.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the con-
ductivity and the dielectric constant of Lagg;5Srg 1,sMnOj.
Both functions reveal a complicated temperature depen-
dence, which is a direct consequence of the complex phase
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FIG. 2. Frequency dependence of the conductivity (lower panel)
and the dielectric constant (upper panel) of Lagg75Sry ;,sMnO5 at
different temperatures. The solid lines at 7=150—250 K represent
the fits according to Eq. (2). The lines at lowest and highest tem-
peratures are guides to the eye. The inset shows the temperature
dependence of the frequency exponent according to Eq. (2).

diagram of the Sr-doped manganites. In the following discus-
sion of the observed anomalies of conductivity and dielectric
constant we will use the notations of the recent paper of
Paraskevopoulos ef al.?®> They derived the magnetic-phase
diagram on the basis of susceptibility and magnetization
measurements of Sr-doped samples from the same batch.
Though the low-temperature magnetic-phase diagram was
critically reconsidered, the structural aspects remain similar
to the known phase diagram.>?° According to the phase dia-
gram, La g75Sr) 1,sMnOj5 is in a paramagnetic (P) state with
an orthorhombic (O') structure at room temperature. A
structural-phase transition to the Jahn-Teller distorted ortho-
rhombic phase (O) takes place around 7=270 K and clearly
corresponds to a step of conductivity and the dielectric con-
stant at 860 GHz in Fig. 1. On further decreasing tempera-
ture, the steep increase of o1(7) and &,(7T) is observed at
T~175 K and coincide with the paramagnetic-to-canted-
antiferromagnetic transition. Two further characteristic tem-
peratures represent the transition into the charge-ordered O”
phase at 7=~150 K and the transition into the ferromagneti-
cally ordered state 7~ 140 K. Most probably the maximum
of the dynamical conductivity at 7~ 130 K and the small
step in o; somewhat below this temperature correspond to
these two transitions. A difference in the absolute values of
the transition temperatures may be attributed to the slightly
different oxygen stoichiometry of our samples. We note, that
between T=170 and 130 K the dynamic (Fig. 1) and the dc
conductivity (Ref. 19) both are decreasing functions of tem-
perature, and thus possibly suggest the metallic and itinerant
character of the charge-transfer mechanism.

Figure 2 shows the conductivity (lower panel) and the
dielectric constant (upper panel) of Lagg75St) 12sMnO; as a
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function of frequency at different temperatures. The conduc-
tivity increases as a function of frequency at all temperatures
investigated. This behavior is accompanied by a negative
dispersion of the dielectric constant. Both effects agree well
with the frequency dependence of hopping conductivity as
given by Eq. (2). The temperature dependence of the effec-
tive frequency exponent s was extracted from the spectra
using Eq. (2) and is presented in the inset of Fig. 2. The
influence of the processes at higher frequencies was taken
into account by adding a frequency independent €., to the
dielectric constant. The fits are represented as solid lines in
Fig. 2. Due to the growing importance of phonon contribu-
tions at low temperatures the simultaneous fitting of conduc-
tivity and dielectric constant using Eq. (2) becomes poor for
T<130 K. At these temperatures the absolute value of the
frequency exponent was estimated solely from o(v) data.
The most interesting point is that even in the temperature
range between 130 and 175 K the frequency dependence of
complex conductivity remains nearly the same. Below T
~175 K the sample becomes magnetically ordered and the
change in slope from dp/dT<0 to dp/dT>0 is observed in
both 0,.(T) and o,.(T). But also in this range the submil-
limeter spectra can well be described using Eq. (2), and this
is a strong indication that hopping still dominates the charge
transport. It is only the effective amplitude factor 4 of Eq.
(2) that has a strong temperature dependence in the range
between 130 and 175 K. Because of this dependence both the
conductivity and the dielectric constant exhibit a simulta-
neous increase as the temperature is lowered below Ty
~175 K (Fig. 1). As mentioned in the introduction section,
there is no need to suppose the itinerant character of elec-
trons in this temperature range. Many other possible mecha-
nisms, e.g., the freezing of the spin scattering or an increase
of the hopping probability due to the magnetic ordering may
explain the observed temperature dependence of resistivity
without assuming the itinerant character of the charge-
transfer process. Finally, we note that the observed behavior
of the conductivity and the dielectric constant cannot be ex-
plained using the picture of delocalized carriers as given by
Eq. (1) because the increase of the conductivity within this
model would be followed by a decrease of dielectric con-
stant, just the opposite to what is observed experimentally.
Thus, we conclude that hopping between localized states re-
mains the leading conductivity mechanism in
Lay g7551) 1,sMnO5 for all temperatures 7<<300 K.

Figure 3 shows the dielectric constant (upper panel) and
the conductivity (lower panel) of La gsSr ;sMnO; as a func-
tion of frequency. At low temperatures the conductivity is
clearly an increasing function of frequency with a frequency
exponent of about one. The apparent frequency dispersion of
the conductivity becomes weaker with increasing tempera-
ture, which may be interpreted as a decrease of the effective
frequency exponent. Because of the high value of de conduc-
tivity, it is not possible to distinguish whether this tempera-
ture dependence of the frequency exponent represents the
asymptotic high-frequency behavior (w*) or just is due to a
crossover from o, to o,.. Nevertheless, Fig. 3 indicates
that hopping between localized carriers again is the dominat-
ing conductivity mechanism. This conclusion apparently
contradicts the temperature dependence of the dc resistivity
for temperatures just below 7'-=250 K, where dp/d7>0. In
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FIG. 3. Frequency dependence of the conductivity (lower panel)
and the dielectric constant (upper panel) of La, 35St ;sMnOj5 at dif-
ferent temperatures. The solid lines are guides to the eye.

order to further investigate this point, we turn to Fig. 4,
which shows the temperature dependence of the conductivity
and the dielectric constant of LaggsSrg ;sMnO; at different
frequencies. The behavior of the dielectric constant is more
complicated than &,(7) of Lajg7551) 1,5sMnO5 because the
structural OO’ transition almost coincides with the
magnetic-ordering temperature. This transition is observed
around 275 K for x=0.125 (Fig. 1) and obviously causes the
observed decrease of €(7) in Lag 35Sty sMnO;. The dielec-
tric constant and the conductivity steeply increase as the
sample is further cooled below 7. This behavior again can

T v T ' 1
GHz Lao.ess r0.15M nos 4

100

[ 400 GHz %,

860 GHz

FIG. 4. Temperature dependence of the conductivity (lower
panel) and the dielectric constant (upper panel) of La 35St ;sMnO5
at different frequencies. The notations of different phases are the
same as in Fig. 1.

A. PIMENOV et al.

PRB 59
\ 80F 295K
'\ 400GHz W
100 | ° .
1080 GH= s
200 1000
o LA\E\.\ Vv (GHz)
N\, @ T
A\A\.\ l (o]
A 2,
A-a-g-Q , L
30 'Lao.3253r0.175MnO3 ‘I‘ A-AAA
1 N L I '
.\
b ~—
100 | A (o)
_g \ i
°] 'Y
*&L
o 1o
30F FMR 5
] | L

FIG. 5. Temperature dependence of the conductivity (lower
panel) and the dielectric constant (upper panel) of
Lag g,5S19.17sMnOj5 different frequencies. The notations of different
phases are the same as in Fig. 1. The insets show the frequency
dependence of o; (lower panel) and &, (upper panel) at room tem-
perature.

well be explained on the basis of Eq. (2), and thus confirms
that hopping between localized carriers is the main mecha-
nism of conductivity. An additional support of this conclu-
sion is provided by the 230 K curve of Fig. 3. Even at this
temperature, which lies in the middle of the ‘‘metallic’’ re-
sistivity, the conductivity reveals a weak but definite
positive-frequency dispersion.

The inset of Fig. 5 shows the frequency dependence of
the conductivity and the dielectric constant of
Lay g55S1) 17sMnO5 at room temperature. Within the resolu-
tion of our spectrometer, both functions () and o(v) are
frequency independent. At this point, two possible mecha-
nisms can explain the observed behavior. As a first possibil-
ity, the conductivity may be due to the hopping process with
the term o, Eq. (2) dominating the total contribution and,
therefore, suppressing the dispersion of conductivity and di-
electric constant. Second, the conductivity could be repre-
sented by the Drude model with the characteristic scattering
rate much higher than the frequency range of present experi-
ment 7~ '>v. In this case also Eq. (1) yields a frequency-
independent conductivity and dielectric constant. The ob-
served positive value of the dielectric constant may be
attributed to the phonon contribution at higher frequencies.
In order to distinguish between these two possible explana-
tions, we analyze the temperature dependence of the conduc-
tivity and the dielectric constant as presented in Fig. 5. As
was already seen for  Lagg;55r)1,sMnO;  and
Lag g5Sry 1sMnO3, both functions increase simultaneously as
the sample is cooled below 7-=288 K, and this behavior
clearly excludes the Drude explanation of the conductivity
mechanism. On the contrary, Eq. (2) with temperature-
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FIG. 6. Doping dependence of the absolute value of the dielec-
tric constant step for La; _,Sr,MnOj;. The data for the Sr concen-
tration x=0.1 are taken from Ref. 17. The arrow marks the critical
concentration of the metal-insulator transition.

dependent amplitude factor provides a natural explanation of
the observed behavior. Thus, even in the apparently metallic
region (dp/dT>0), the charge carriers still remain localized
at least 10 K below the magnetic-ordering temperature.

The absolute value of the observed step of the dielectric
constant continuously increases for increasing Sr doping. Al-
though the specific values are frequency and orientation de-
pendent, it is possible to estimate the approximate values in
the submillimeter frequency region. In order to exclude the
high-frequency phonon contribution to the dielectric con-
stant, only the absolute values of the step of the dielectric
function at the magnetic-ordering temperature will be ana-
lyzed. The phonon effects are assumed to be temperature
independent. The values estimated in this way are: Ae
=5+10(x=0.1, Ref. 17); 8+20(x=0.125); 25+35(x
=0.15) and Ae>40+90 (x=0.175) and are plotted in-
versely in Fig. 6 as a function of Sr doping. From Fig. 6 it is
evident that &, diverges at a Sr concentration close to x
=0.16, and thus resembles the well-known phenomena of
dielectric catastrophe,”® which has been observed in doped
semiconductors in the vicinity the metal-insulator transition.
On the basis of these data the Sr concentration of x=0.16
can be identified as the critical concentration that determines
the metal-insulator transition.

The remaining problem with Lag g,5St, ;7sMnO5 concerns
the behavior of the complex conductivity at even lower tem-
peratures than we were able to measure. At temperatures
substantially lower than T, the magnetic moments are ex-
pected to be saturated and would not further influence the
temperature dependence of conductivity. Thus, the metallic
behavior of the resistivity (dp/dT>0) observed at low tem-
peratures for Laggr5Srg 17sMnO;'*?° seems to indicate the
metallic character of conductivity in this range. Moreover,

according to recent optical data,”> a Drude-like peak is ob-
served for Lagg,551)17,sMn0O;5 for 7= 150 K and the charge
carriers seem to be delocalized at these temperatures. For T
=9 K, the parameters of the Drude process were estimated
to be 0,=26000"" cm™! and 1277=16 meV
=3.9 THz. According to Eq. (1), these parameters corre-
spond to a strong negative dielectric constant with the low-
frequency limiting value of £;=—1200. In order to retain
agreement of all existing experimental data for
Lay g»5S1( 175MnO5, we must suppose that the dielectric con-
stant changes sign in the temperature range between 150 and
270 K. Furthermore, as the observed increase of €, indicates
the approach of the insulator-to-metal transition, the change
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of sign of &, has to be accompanied by a divergence of the
dielectric constant. This effect should readily be observable
in thin-film samples at submillimeter frequencies and will be
investigated in a future paper.

Recently, studying the
La;_,Sr,MnO; single crystals with x=0.1, Ivanov ef a
have observed a jump of the dielectric constant around T
=100— 120 K. The authors have related this phenomenon to
a polaron-ordering transition. Taking into account the above
discussion and the experimental uncertainties, we can give
an alternative explanation of the observed phenomena. The
jump in the dielectric constant in LajoSry ;MnO; possibly
results from the onset of magnetic order, and thus corre-
sponds to the enhancement of the conductivity at 7<Tc, .
Similar to the samples with Sr concentrations 0.125<x
=0.175, this behavior is well explained by hopping or tun-
neling between localized states, described by Eq. (2) with the
temperature-dependent amplitude parameter 4.

On the basis of the above results we can give the follow-
ing interpretation of the observed temperature dependencies
of the conductivity and dielectric constant of the samples
with Sr concentrations 0.1<x=<0.175. In the paramagnetic
state, all the charge carriers are localized and the charge
transfer takes place through the hopping or tunneling be-
tween localized states. Below T, the magnetic moments
become increasingly ordered. This ordering strongly influ-
ences the hopping probability through the freezing of the
spin scattering or, within the DE model, through an enhance-
ment of the transfer probability between neighboring states.
Although the exact microscopic mechanism of this influence
is not well known up to now, the localized character of the
conductivity is nevertheless retained. In agreement with Eq.
(2), the simultaneous increase of conductivity and the dielec-
tric constant can be phenomenologically described using the
temperature-dependent amplitude parameter. In the doping
range x<0.15, even the full ordering of the magnetic mo-
ments is not sufficient to make the states delocalized. Few
degrees below T, the magnetic moments are nearly fully
ordered. As a result, the high-temperature activated behavior
of the conductivity is recovered, but on the other quantitative
level. Moreover, fine inspection of the temperature-
dependent  resistivity data of a  high-quality
Lag 47551, 12sMnO; sample of Uhlenbruck et al.%® in the tem-
perature range between T and T shows that the activated
temperature dependence is recovered before the charge or-
dering takes place. It is therefore possible that the charge
ordering observed for Sr concentrations 0.1=<x=<0.15 is not
the absolute necessary condition to regain the activated be-
havior.

submillimeter properties of
l.l7

IV. CONCLUSIONS

Finally, we have investigated frequency and temperature
dependence of the complex conductivity of La;_,Sr,MnO;
for Sr concentrations 0.1<x<0.175. As temperature is low-
ered through the magnetic-phase transition point, all samples
show a simultaneous increase of the conductivity and the
dielectric constant. Based on this observation and on positive
frequency dispersion of o(v) of Lajg75Sry1,sMnO; and
Lay g5Sry 1sMnO;, we conclude that the hopping or tunneling
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between localized states remains the leading conductivity
mechanism in the whole temperature range. Surprisingly,
Lay g»5S1) 175MnO5 also shows hopping behavior even 10 K
below the magnetic-phase transition, where the conductivity

A. PIMENOV et al.
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is expected to be metallic according to dc-resistivity data.
Finally, the absolute value of the dielectric constant for Sr
concentrations 0.1<<x=<0.175 shows the tendency to diverge
on approaching a critical Sr concentration.
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