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Scaling of terahertz conductivity at the metal-insulator transition in doped manganites
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Magnetic field and temperature dependence of the terahertz conductivity and permittivity of the colossal
magnetoresistance manganite Pry5Cag,3Srg(;MnO; (PCSMO) is investigated approaching the metal-to-
insulator transition (MIT) from the insulating side. In the charge-ordered state of PCSMO both conductivity
and dielectric permittivity increase as a function of magnetic field and temperature. Universal scaling relation-

ships Ag o Ao are observed in a broad range of temperatures and magnetic fields. Similar scaling is also seen
in La;_ Sr,MnOj for different doping levels. The observed proportionality points towards the importance of
pure ac-conductivity and phononic energy scale at MIT in manganites.
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Physical properties of doped manganites are governed by
a complex interplay of charge, lattice, orbital, and spin de-
grees of freedom, which lead to a large variety of unusual
effects.! While known since early works by Jonker and van
Santen? and Wollan and Koehler? the interest in these com-
pounds was enormously stimulated by the observation of
large magnetoresistance effects in thin manganite films.* It is
generally accepted now? that the magnetoresistance effects in
manganites are strongly influenced by electronic phase
separation® between paramagnetic or antiferromagnetic
(AFM) insulating and ferromagnetic (FM) metallic regions
which coexist on a microscopic scale close to the metal-to-
insulator transition (MIT).

Particularly large values of magnetoresistance have been
observed’ in Ca-doped PrMnO; (PCMO),® which has been
explained as a consequence of the first-order transition®!”
between charge- and orbitally ordered insulating!' and ferro-
magnetic metallic phases.'” Although phase-separation ef-
fects are still important in PCMO,>!3-1% in order to fully
understand the MIT on the basis of electronic phase separa-
tion a modification of the standard approach is necessary.'”!8
Additional fine-tuning of PCMO by the substituition of Ca**
by Sr** (Ref. 19) leads to eleven orders-of-magnitude
changes in resistivity in magnetic field.”*?! The subtle bal-
ance of various energy scales in (Pr:Ca:Sr)MnOj results in
new physical effects like the switching of the MIT by light,
x-ray, or electric field.?>>

In this paper we present the results of the dynamic con-
ductivity experiments at THz frequencies on the insulating
side of the metal-to-insulator transition. On approaching the
transition a linear relationship between conductivity and di-
electric permittivity is observed, both using magnetic field
and temperature as tuning parameters. This linearity points
towards the importance of the characteristic frequency scale
of a few THz for the charge dynamics. Closely similar scal-
ing behavior can also be stated in Sr-doped LaMnOs.

Single crystals of PrggsCag5Sr90sMnO5;  (PCSMO),
which were used in the present experiments, were grown by
the floating-zone method with radiation heating.?® The
samples were characterized using various experimental
techniques,”’ and the B-T phase diagram has been con-
structed. Crystals with a typical growth direction [100] were
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cut from the main rod to a thickness of 0.1—1 mm.

On cooling from room temperature, in zero magnetic field
PCSMO reveals a structural phase transition at T¢q
=210 K into the charge-ordered (CO) insulating phase. On
further cooling an AFM phase transition is observed at Ty
=170 K, and below T;,=100 K strong hysteresis effects in
magnetic fields are observed. Without magnetic field the
samples remain in the insulating state down to the lowest
temperatures. Strong magnetoresistance effects as high as
10'Y at T=50 K are observed below Tq. Typical values of
the external magnetic field to switch between CO insulating
and FM metallic state are in the range 2—-5 T. Detailed dis-
cussion of these results is given in Ref. 21. The B-T phase
diagram for the samples under investigation’! agrees well
with published results. %1

The dynamic conductivity experiments for frequencies
0.1 THz<wv<1 THz were carried out in a Mach-Zehnder
interferometer,2”28 which allows the measurements of trans-
mittance and phase shift of a plane-parallel sample. PCSMO
samples of different thicknesses have been utilized. To en-
sure mechanical stability the thinnest sample (~0.1 mm
thick) was glued onto a MgO substrate. The electrodynamic
properties of the substrate were obtained in a separate experi-
ment. The experimental data for both single-layer and two-
layer systems have been analyzed using the Fresnel optical
formulas for the complex transmission coefficient.?’ The ab-
solute values of the complex conductivity o =0, +ico, and
dielectric permittivity " =g, +ig,=0"/igyw were determined
directly from the measured spectra. Here g5 and w=27v are
the permittivity of vacuum and the angular frequency, re-
spectively. The experiments in external magnetic fields were
performed in a superconducting split-coil magnet, which al-
lowed transmission experiments in magnetic fields up to 7 T
to be carried out. In order to exclude the influence of the
Faraday effect,?” the experiments were carried out in external
magnetic fields perpendicular to the propagation of the elec-
tromagnetic beam (Voigt geometry).

Figure 1 shows the temperature dependence of the dy-
namic conductivity (lower panel) and permittivity (upper
panel) of PCSMO at terahertz frequencies in zero external
magnetic field. The high-frequency properties reveal only a
weak temperature dependence below Tco=210 K. The
small changes of the conductivity in this temperature range
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FIG. 1. (Color online) Temperature dependence of the permit-
tivity (upper panel) and conductivity (lower panel) of
Pry ¢5Cag 28519 07MnO5 at 350 GHz and 850 GHz. Dashed lines in-
dicate the transition temperature between different phases: PM,
paramagnetic; CO, charge ordered; AFM, antiferromagnetic; I, in-
sulator. The insets show the frequency dependencies of conductivity
and permittivity in the THz frequency range. Symbols correspond
to the experimental data, lines are fits according to Eq. (1) and Ref.
35 using 5=0.8, v,=2.4 THz, A1}=6.3 Q"' cm™! (60 K), and Av}
=84 QO 'em™! (180 K).

are in marked contrast to the activated behavior of the dc
resistivity.?! This is the consequence of the hopping mecha-
nism of the charge transport and is typical for systems with
localization.?! For these systems it is generally observed that
the dc conductivity reveals an exponential temperature de-
pendence, while the temperature dependence of ac conduc-
tivity is comparatively weak.*?33 Approaching Tcn=210 K
from below, the dynamic conductivity starts to increase rap-
idly and the permittivity exhibits a cusplike maximum at
Tco- Similar to recent results on the MIT in Fe;O,4 (Ref. 28),
the decrease of the permittivity for 7> T can be ascribed
to the growth of a Drude-like contribution of the mobile
carriers to the dynamic conductivity, which now is domi-
nated by the dc contribution, while the ac processes become
reduced.

The insets in Fig. 1 show the characteristic conductivity
and permittivity spectra of PCSMO in the frequency range of
our experiment. The conductivity (lower panel) is an increas-
ing function of frequency and follows well the power-law
dependence

AV
+— .
1+ (vlv)*

a1 (v) = oy (1)
Here oy is the dc conductivity and s is the power-law expo-
nent. Compared to the conventional expression®* the addi-
tional frequency cutoff v. has been introduced in order to
preserve the finiteness of the conductivity spectral weight.
The application of the Kramers-Kronig transformation to
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FIG. 2. (Color online) Magnetic field dependence of the permit-
tivity (lower panel) and conductivity (upper panel) of
Prj ¢5Cag 2510 i7MnO5 at 350 GHz and for different temperatures.
The curves were shifted for clarity as indicated in the brackets.

o(v) leads to an expression for the frequency dependence of
the dielectric permittivity,”®33 which has been used to fit the
spectra in the upper inset of Fig. 1. Comparatively poorer
agreement between experimental data and the calculations
are due to small relative changes in the dielectric permittivity
(~25% in our frequency range). By investigating PCSMO
using broadband dielectric spectroscopy, a superlinear power
law has been detected® at high frequencies and low tempera-
tures. The downward curvature in &,(v) above 800 GHz (up-
per inset in Fig. 1) probably corresponds to this regime.

Figure 2 shows the magnetic-field-dependence of the con-
ductivity and the dielectric permittivity of PCSMO at v
=350 GHz as a function of the external magnetic field. Start-
ing from B=0 and for increasing fields, both the conductivity
and permittivity initially increase. The increase of the dielec-
tric permittivity approaching the MIT in doped semiconduc-
tors has been investigated earlier and is known as dielectric
catastrophe.’® For even higher magnetic fields the increase
of the conductivity in PCSMO continues, but the dielectric
permittivity starts to decrease. Interestingly, similar behavior
is observed in Fig. 1 with temperature as a tuning parameter
approaching the MIT. Based on structural data, the tempera-
ture range close to the MIT has been identified as a melting
of the charge-ordered state in PCSMO.”!° In analogy, the
upturn in the magnetic-field-dependence of the dielectric per-
mittivity in Fig. 2 is probably due to the melting of the
charge-ordered state under the influence of the external mag-
netic field.

Figure 3 shows the dielectric permittivity of PCSMO re-
plotted as a function of the conductivity. This plot, with the
magnetic field as a parameter, allows us to check a possible
scaling between conductivity and dielectric permittivity. In
this presentation, the zero-field values of o; and &, have
been subtracted and only the field-dependent changes are
shown. Surprisingly, all data between 60 K and 200 K, i.e.,
in the charge-ordered state, converge into one universal lin-
ear relationship of permittivity and conductivity that is em-
phasized by the dashed lines in Fig. 3. Solely close to the
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FIG. 3. (Color online) Dielectric permittivity of PCSMO replot-
ted as a function of conductivity at ¥=350 GHz (lower panel) and
v=850 GHz (upper panel). The data are shown for fixed tempera-
tures varying the magnetic field (symbols) and for B=0 varying the
temperature (solid lines). The dashed lines indicate linear scaling
between permittivity and conductivity.

melting of the CO state this proportionality between conduc-
tivity and permittivity breaks down. We note that the same
proportionality between o and g is observed with the tem-
perature as an explicit parameter. These data correspond to
the temperature dependence in Fig. 1 and are shown in the
scaling plot (Fig. 3) as a solid line.

An explanation for the scaling o <&, can be obtained on
the basis of the power law of the conductivity, Eq. (1).
Within this model the dielectric permittivity can be propor-
tional to the conductivity neglecting oy, as well as &, and
assuming fixed power-law exponent s and cutoff frequency
v,.3 This constitutes an important result of this work: dielec-
tric constant and conductivity in manganites are dominated
solely by ac contributions when approaching the MIT. Tak-
ing the power-law exponent s=0.8 from the fits in Fig. 1 and
using the scaling of Fig. 3, the cutoff frequency can be esti-
mated as v,~2 THz, which is in agreement with v,
=2.4 THz from the fits in Fig. 1. (We note that changing the
value of the power-law exponent s only weakly influences
the cutoff frequency.) The cutoff frequency of the insulating
state lies in the frequency range of phonons and points to-
wards the phononic mechanism of the hopping conductivity
in PCSMO.

At the same time, dc and ac conductivity are closely
connected,’! especially close to MIT. Depending upon the
conduction mechanism, this can be due to the hopping
mechanism of the conductivity,37 or reflect different fre-
quency scales in the phase-separation scenario.’ In the
former case the observed cutoff frequency characterizes the
maximum hopping rate of charge carriers, which is therefore
phonon mediated. Assuming a phase separation, the cutoff
characterizes the relaxation within an elementary RC circuit
between insulating and metallic droplets.

In contrast to recent reports on colossal dielectric con-
stants in manganites’® the observed high-frequency values
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FIG. 4. (Color online) Dielectric permittivity of La;_,Sr,MnO;
plotted as function of conductivity with the temperature as tuning
parameter and for B=0. Open diamonds, x=0.125 [single crystal
(Ref. 41)], open triangles, x=0.175 [single crystal (Ref. 41)] closed
circles, x=0.33 [thin film (Ref. 43)]. The data correspond to the
frequency range 400—1000 GHz. The dashed line indicates a linear
scaling between permittivity and conductivity.

are comparatively low. Neither contacts nor internal-barrier
layers contributions® play a role in THz quasioptic experi-
ments. However, due to the dominating term &,~ (o
—0y4)/ v~ 1"~ (Ref. 35), the permittivity at low frequencies
indeed can diverge, and an estimate with the parameters in
Fig. 1 leads to the values above £,~1000 at kHz frequencies.

Finally, we compare the observed scaling behavior in
PCSMO with the temperature dependence of the conductiv-
ity and permittivity in Sr-doped LaMnO;5. The parent com-
pound LaMnOs is an insulator and orders antiferromagneti-
cally below Ty=140 K. On substituting La’* by Sr** (Refs.
40-42) metallic behavior sets in for doping levels above
~16%. Figure 4 shows the parametric dependence of the
dielectric permittivity in La,_.Sr,MnOj; for different doping
levels. The data correspond to two metallic compositions, x
=0.175 (Ref. 41) (single crystals) and x=0.33 (Ref. 43) (thin
films), and to one composition in the insulating part of the
diagram, x=0.125 (Ref. 41) (single crystals). In full analogy
with the results for PCSMO, the data in Fig. 4 reveal a direct
proportionality between conductivity and permittivity. Again,
similar arguments allow estimation of the characteristic fre-
quency of the underlying process, v.~6 THz. This docu-
ments that at high frequencies (»>300 GHz) even in the
“metallic manganites” the ac conductivity dominates over dc
processes.

In conclusion, dynamic conductivity and permittivity of
(Pr:Ca:Sr)MnO; have been investigated close to the
magnetic-field-induced metal-to-insulator transition (MIT)
and at THz frequencies. Approaching the transition from the
insulating side the changes in conductivity and permittivity
are directly proportional to each other. Within simple argu-
ments this proportionality indicates that the charge transport
close to MIT is governed by ac processes with a character-
istic frequency in the phonon range. Closely similar scaling
can be observed in Sr-doped LaMnO; thus suggesting the
universality of the MIT in manganites.
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