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Metallic nature of strained thin single-crystal La,/;Sr;,3MnQOj; films
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We explore the charge dynamics of a 40-nm-thick strained single-crystal La,3Sr;,;MnO5 film as a function
of temperature. A coherent-incoherent crossover, occurring when the resistivity value approaches the loffe-
Regel-Mott limit, is observed at 7*=~200 K in both the dc resistivity and the optical conductivity. This
crossover, located far below the metal-insulator transition and the Curie temperature (7-=338 K), is associ-
ated to a rapid decrease in the mobile charge-carrier concentration above T*. A semiphenomenological model,
whose activation energy decreases with the square of magnetization, is used to fit the experimental change of
resistivity In p/py., and thus determine the film metal-insulator (MI) transition that arises 100 K above T*

close to room temperature.
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I. INTRODUCTION

Many oxides such as the ferromagnetic manganites'”’
apparently violate the Ioffe-Regel-Mott criterion®® with the
absence of resistivity saturation at py., in which the mean-
free path [ becomes comparable with the Fermi wavelength
Np=27/kp.'0 To reflect this lack of saturation, the term
bad metal was introduced, meaning a system with a positive
resistivity coefficient 3‘%>0 above a certain tempera-
ture 7*. In the prototypical double-exchange ferromagnet
Lay/3Sr;sMnO; (LSMO), one of the most studied half-
metallic manganite, this crossover temperature 7 was sug-
gested to correspond to the dc Mott resistivity pygo.'"

In LSMO single crystals'? and thick films,'3 the optical
conductivity o(w) shows a coherent-to-incoherent crossover
at T*, which defines two different metallic phases below T
(the word incoherent refers to [ <<Aj). At low temperatures in
the coherent phase (T<T*), the optical conductivity exhibits
a quasi-Drude behavior that can be interpreted using a one-
component picture, and is described by an extended Drude
formula with a frequency-dependent scattering rate y* and
optical mass m*.!' At high temperatures, in the incoherent
regime (T*<T<T and f’%>0), o(w) is characterized by a
finite-energy peak at around 1 eV that is related to localiza-
tion. While the crossover temperature 7™ is 40 K lower than
T, in single crystals,'* it has never been measured in a thin
strained film.

In this paper, we use optical conductivity to investigate
the carrier dynamics of a 40-nm-thick strained LSMO film.
We determine the crossover temperature 7 in three indepen-
dent ways. The charge dynamics is then modeled in a one-
component picture with an extended quasi-Drude response.
The temperature dependence of the number of carriers is
deduced and discussed in the scheme of a coherent-to-
incoherent crossover between two metallic phases. Our re-
sults show that there is a loss of mobile carriers at high
temperature in the incoherent phase, thus providing insight
into the charge dynamics of this material.
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II. EXPERIMENT

A 40-nm-thick LSMO epitaxial film was deposited on a
(001) SrTiO5 (STO) substrate using a pulsed laser deposition
(PLD) method at both reduced substrate temperature
(630 °C) and pressure (5X 107> mbar). A two-dimensional
(2D) step edge growth mode was observed in sifu on the
streaky reflection high-resolution electron energy diffraction
(RHEED) patterns. The detailed description of the sample
growth and the procedure to achieve a complete oxygen sto-
ichiometry is reported elsewhere.!> The out-of-plane lattice
parameter was determined from the angular position of the
[002] peak in the x-ray diffraction (XRD) pattern, yielding
¢=0.3844 nm. With an in-plane parameter equal to agtg
=0.3905 nm, the misfit is 0.83%, inducing a tensile strain.
The thickness #; o Was calculated from x, the number of
RHEED specular oscillations (two oscillations for one cell
and f; g\o=5¢), and confirmed by a simulation of the XRD
spectrum of the LSMO film using a finite-size effect func-
tion. The precision on # g\o is better than 5% in this range
(=40 nm) and the surface roughness, deduced from AFM
measurements, is about 0.2 nm (half one unit cell). With a
thickness smaller than the critical thickness h.~47 nm (Ref.
16) above which the formation of misfit dislocations be-
comes thermodynamically favorable, our films are fully
strained with no extended defects as previously observed us-
ing high-resolution electron microscopy (HREM).” Those
HREM measurements confirm no significant relaxation of
the parameters (constant c¢/a ratio) from the interface to the
surface.

Near-normal-incidence reflectivity spectra were measured
from 30 to 8000 cm™' in a Bruker IFS-66V Fourier trans-
form spectrometer using two different combinations of
sources, beam splitters and detectors. A Cary-5 grating spec-
trometer was utilized to record the spectra from 4000 to
30 000 cm™'. The reflectivity was calibrated with a reference
Au mirror in the Bruker measurements and with a reference
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FIG. 1. (Color online) Temperature dependence of (a) the mag-
netization and (b) the resistivity of the single-crystal LSMO film.
The triangles correspond to the o(w—0) values deduced from the
fits. Inset (a): the Curie-Weiss fit for the determination of T¢. Inset
(b): determination of the crossover temperature 7* from the curva-
ture k (see text).

Ag mirror in the Cary measurements. The spectra were mea-
sured, in the whole range, at several temperatures from 10 to
300 K. The agreement of the reflectivity in the overlapping
spectral regions for different beam splitters and different
spectrometers was better than 1%.

III. RESULTS AND DISCUSSION

The temperature dependence of the magnetization M and
the resistivity pqy. of the single-crystal thin film are presented
in Fig. 1. T,=338 K was determined by extrapolation of the
Curie-Weiss law at 1/M =0 [see inset of Fig. 1(a)]. We ob-
tain the peak value of py. Tp=330 K, determined from the
zero value of the curvature « [see inset of Fig. 1(b)], where
k=p"/[1+(p")?]*? and the prime denotes the derivative. As
proposed by Bebenin et al.,'” « can also be used to determine
T* in the temperature range below T.. As observed in the
inset of Fig. 1(b), k=0 at T=200 K, which means that T* is
lower than 200 K. Even if manganites violate the Ioffe-
Regel-Mott limit,%° one can estimate the temperature of pyjo
at which the mean-free path / becomes equal to the inter-
atomic spacing a (i.e., the cell parameter). Assuming a me-
tallic carrier density n~10?® m™ [with a whole conductance
due to the spin majority channel and N{(Ep)
=0.58 states/eV Mn (Ref. 18)] and a Fermi velocity vp
~7X10° m/s,' one finds from Drude theory a maximal
resistivity,'”

muv
Py =~ = 645 puQ em, (1)
ne-a

and the corresponding Mott conductivity,

PHYSICAL REVIEW B 78, 115118 (2008)

E (eV)
0 2 3
1 .0 y T T T
1.0 r= Y
08!
Z 064
> T=10K g |
= 06} 2 04
= 02/
o 1= |
S r , 0.0 all|
5 044 % 200 400 600 800 1000
m ) Y Wave number (em”)
o2lll £ .
T=300K
0.0 T T T T
0 5000 10000 15000 20000 25000

Wave number (cm")

FIG. 2. (Color online) The experimental (circles) and fitted (full
line) reflectivity spectra of the LSMO single-crystal film at 10 and
300 K. The low-frequency part of the spectra is shown in the inset.

Ontor = 1/ pyio = 1135 Q'em™. (2)

From our dc measurements, pg.=pPpor=045 w) cm for the
temperature 162 K, which is a first indication of the value of
the crossover temperature 7*. At 7> 162 K, with a mean-
free path smaller than the interatomic distance, the film may
be considered as a bad metal even if the resistivity exhibits a
metallic dependence (%>0). Our dc measurements show
the existence of broad coherent-to-incoherent crossover in
the range 160-200 K, i.e., =160 K below T at a tempera-
ture significantly lower than in a single crystal.'*

Additional insight is gained by considering the optical
conductivity. Figure 2 shows the experimental and fitted re-
flectivity spectra at 10 and 300 K. We fit the experimental
spectra using a generalized Drude-Lorentz oscillator model
for the dielectric function of LSMO. Simultaneously, we ac-
count for the substrate contribution using the optical con-
stants of the substrate, independently measured at each tem-
perature. As discussed in previous research,’®?! we use the
resulting dielectric function to extract the intrinsic conduc-
tivity o(w) at each temperature. The resulting real part of the
optical conductivity spectra is presented in Fig. 3(b). For
comparison with the four-probe dc conductivity data, we ex-
trapolate the conductivity to w=0 at each temperature,
shown by the triangles in Fig. 1. As described by Takenaka et
al.,"! the optical method is very sensitive to any surface de-
terioration. Thus the similar dc and ac conductivity values
confirm the high quality of our films. Furthermore this agree-
ment validates our fitting procedure and our determination of
o).

At low temperatures, the conductivity spectrum exhibits
two components with a dominant coherent Drude-like con-
tribution (a peak centered around w=0) and a mid-IR broad-
band peaking in the range 3000—8000 cm™'. At room tem-
perature, the Drude peak has disappeared and a large mid-IR
band dominates at 1 eV, reflecting carrier localization from
the interorbital and charge-transfer dominant transitions. In
addition to the electrical measurements above, we deter-
mined the coherent-to-incoherent crossover temperature 7
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FIG. 3. (Color online) (a) Mass enhancement ratio :;Lh (inset:
renormalized scattering rate y* characteristic of the low » Drude
peak). (b) Real part of the optical conductivity o;(w) of the LSMO
film at different temperatures (inset: temperature dependence of o
for the determination of the crossover temperature 7). (), required
for Eq. (4) has been obtained by setting A=0 (m=m") at
8000 cm~!. Within experimental errors, the same results are ob-
tained for renormalization done at any w in the 5000—9000 cm™!
interval.

from the second derivative of the conductivity o, as shown
in the inset of Fig. 3(b). o takes low negative values at low
temperatures because of the Drude-like term and vanishes at
200 K, signifying the crossover to the bad-metal phase, con-
sistent with our dc resistivity measurements.

As commonly observed in manganites and other corre-
lated metals, at low temperatures, the observed peak at w
=0 has a quasi-Drude decay. We will show that the use of an
extended Drude formalism?? in a one-component picture is
well adapted to analyze our data.

The conductivity can be parametrized by a scattering rate,

v= 2—WQZRe< ! ) (3)

o

where Z,=377 ) is the characteristic impedance of free
space, and a mass enhancement ratio,

m* 2wl o, (1
—=1+>\(w)=z—059p 1m<—>. (4)

my, (o

A very useful function in analyzing the low-frequency
free-carrier behavior is the screened scattering rate,?
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y*szwﬂ
1 +NMow) o,

(5)

Contrary to v, the absolute value of y* does not depend on
the choice for Q2 and is therefore a more reliable quantity to
infer the low w behavior at the coherent-incoherent phase
crossover. Figure 3(a) shows the evolution of m™/m;(w) and
v*(w) of the thin film below 1 eV. The phonon contribution
has been subtracted from the fit to highlight the response of
the charge carriers. In the coherent phase, at low tempera-
tures, y* increases monotonically with w, as seen in the inset
of Fig. 3(a). It shows neither the linear behavior typical of
cuprate superconductors nor a > Fermi-liquid response. At
low frequencies, m*/m;, shows an enhancement that reflects a
strong interaction. At larger energies, the carriers are no
longer screened and, as expected for a free-electron behavior,
m*/my, approaches unity. At T=200 K, the absence of a
Drude-like peak makes it impossible to determine m™/m,,. At
the same temperature, y* diverges. Thus, above 200 K, the
film is in the incoherent phase (7>T*) and the extended
Drude formalism can no longer be applied. This is a strong
indication that the crossover temperature 7™ is slightly lower
than 200 K.

A similar approach was used to determine 7* for the
single-crystal LSMO with the composition x=0.4,'* where
T*=310 K was much closer to T.. The high-temperature
phase in the film appears at a lower temperature 7™
~ 180 K, which is not surprising since the film has a differ-
ently distorted cell due to the internal stress from the STO
substrate. However, the conductivity measured at T (o
=1350 Q7 'cm™ at T=180 K) is remarkably close to the
one previously reported by Takenaka er al. [o
~1600 Q' cm™ (Ref. 14)] for this single crystal with a
different composition.

Using the extended Drude formalism, the renormalized
plasma frequency can be expressed as Q*Z QZ/ [1+N(0)],
where 1+\(0) is the dc value of the enhancement factor. Q;
is the classical plasma frequency, estimated by the integra-
tion of the real part of the conductivity QZ—— ~Jpco(w)do.
Using a cut-off frequency w,.=8000 cm™! We estlmate a to-
tal effective carrier number N ;=0.32 at 10 K, which is con-
sistent with the doping level n=1/3.

The temperature dependence of the normalized total spec-
tral weight Ngg/ Negr10x, Which is proportional to Q / Qp 10K
is reported in Fig. 4 (blue circles). Note that thls spectral
weight, deduced from the classical plasma frequency, corre-
sponds to the total number of carriers in the film. Its tem-
perature dependence is very similar to that of the magnetiza-
tion (open circles), which is consistent with theories
involving an interplay of double-exchange and electron-
phonon couplings.'? Moreover, to analyze the carrier dynam-
ics, we also report on the same graph the temperature evolu-
tion of ) Z/Qp 10K- Actually, Q reflects only those carriers
that part101pate in coherent transport, and thus Q27 Q%
=Nprude/ Nprude-10k- The number of mobile carriers decays
more rapidly with temperature in the 10-200 K range (red
diamonds) as a consequence of the strong localization of the
carriers.
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FIG. 4. (Color online) Temperature dependence of both experi-
mental M/Mg (open circle) and In(p/ ppay)/—3.24 (open diamond)
in the 40 nm thin strained LSMO film, to be compared with the one
of the total number of carriers N/ Neff,IOKzﬂlz,/Q;_l  (full circle)
and the number of mobile Drude carriers Q;z/ Q;-IOK (full dia-
mond). The (M/Mg)? curve is also reported (dark line).

To reproduce theoretically the experimental p—T curves,
Bebenin and Ustinov?* have proposed a simplified semiphe-
nomenological approach based upon physics of disorder in
heavily doped semiconductors. An increase in disorder (at
T>T™) shifts the mobility edge E up to Ep so that the MI
transition occurs when E-—Ep=0. Close to T, where
(M/Mg)<0.5, Ec is assumed to be linear with (M/Mg)? and
the following temperature evolution is expected,

Fo _ B gy, 6)

In p/pmax=k—T T
B B

where E, and E| are constants.
In our investigation, we obtain the experimental relation
In p/ ppax=—3.24(M/Mg)?. Most notably, In p/p,.. has a
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similar temperature dependence as (M/My)?> for (M/My)
<0.45 (see open red diamonds and dark line curves in Fig.
4). This validates Bebenin’s model in the incoherent metallic
phase near T.. Moreover, the number of mobile carriers
Nprude! Nprugero x decays similarly to In p/p,, at low T,
which shows that the conductivity of the thin LSMO film can
be reliably analyzed using an extended Drude formalism.
These temperature dependencies are evidence of an inhomo-
geneous state near 7 in the tensile strained single-crystal
film. Finally from the temperature at which In p/p,.. van-
ishes, we determine the MI transition of the film to be 332 K,
close to Tp.

IV. CONCLUSIONS

We find a bad-metal incoherent phase in thin LSMO films
that extends over a much larger temperature range (180-330
K) than in the single-crystalline material. The temperature
dependence of the number of mobile carriers is shown to
decay more rapidly than the total number of carriers in the
film. We argue that this loss of metallicity in the temperature
range 180-330K is an intrinsic property of the thin film. To
clarify the role of stress on the incoherent phase and the
crossover temperature 7%, a more extensive investigation of
the optical conductivity could be performed on single-crystal
LSMO films of varying thickness and strain.
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