PRL 96, 035503 (2006)

PHYSICAL REVIEW LETTERS

week ending
27 JANUARY 2006

Far-Infrared Absorption of La, ,Ca,MnQ;_, at High Pressure
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The first far-infrared absorption spectra of manganite samples at pressures P up to 10 GPa were
obtained on La;_,Ca,MnO;_, by use of synchrotron radiation. For x = 0.25 and 0.20 (y =0), P
promotes partial metallization at room temperature through a strong reduction of the insulating gap.
An x = 0.20 sample with y = 0.08 does not show any charge delocalization effect up to 10 GPa. An
Urbach-like model of disordered Jahn-Teller wells is shown to well fit the far-infrared band edge and
allows one to obtain a reliable pressure dependence of the energy gap.
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The pressure-driven insulator-to-metal transition (IMT)
is one of the most intriguing phenomena exhibited by
condensed matter. The volume compression has usually
the effect of both symmetrizing the crystal structure and
increasing the overlap among the electronic clouds of the
elemental units (ions and/or molecules) leading to a deloc-
alization of the outer electrons. Despite the above over-
simplified picture, the actual path followed by an insulating
system towards metallization is peculiar and usually com-
plex since volume compression can also modify the bal-
ance among microscopic interactions. High pressure can
be an ideal tool to gain a deeper knowledge when dealing
with complex systems where different interactions are si-
multaneously at work. This is the case of La;_,Ca,MnOj;
manganites within the 0.20 < x < 0.50 doping range [1],
which undergo a transition from a high-temperature, para-
magnetic, insulating phase to a ferromagnetic metallic
phase at Ty, which apparently coincides with the Curie
temperature 7,.. It is now widely accepted that the IMT
originates from a competition between the ferromagnetic
Mn ordering induced by itinerant holes through the double-
exchange (DE) mechanism and an effective electron-
phonon coupling (EPC) due to the Jahn-Teller (JT) dis-
tortion of the Mn*30g octahedra [2,3]. The latter, remov-
ing the degeneracy of the outer Mn d orbital with e,
symmetry, tends to localize the carrier through polaronic
self-trapping.

The IMT temperature Ty, is expected to be proportional
to the effective e, orbital bandwidth, which in turn is
usually factorized into a bare structural term W, and a
narrowing factor y < 1, which depends on the EPC [4,5].
In principle, the application of external pressure should
monotonically increase Ty, as it: (i) increases W, by
increasing the superposition of the Mn, O orbitals;
(i1) increases y by reducing the EPC through a symmetri-
zation of the octahedra [4]. At variance with this predic-
tion, in Lag75Cag,5sMnO;5 [6,7] Ty (P) increases linearly
only up to P = 3 GPa and seems to approach an asymp-
totic value around room temperature beyond P = 6 GPa.
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This unexpected high-pressure behavior has been observed
also in other manganites [8,9] and can be explained as a
competition between mechanisms (i) and (ii) plus a
pressure-enhanced localization due to superexchange, anti-
ferromagnetic interaction [8,10]. As a final remark, we
observe that the above picture may become even more
complex if the suggestion for a phase separation regime
[11], where the metallic phase would be established by
percolation paths through metallic domains dispersed in an
insulating matrix [11,12], is let in.

As the charge carriers are described in terms of JT
polarons, their behavior can be efficiently studied through
their optical absorption. The localized small polarons of
the insulating phase will produce strong bands in the mid
and near infrared peaked at twice the self-trapping energy
[13], whose low-energy edge marks the insulating gap E,.
The charge delocalization process which leads to the IMT
will be observed through an increase of the spectral weight
on the low-frequency side of the polaronic band, an in-
creased phonon shielding, and eventually a closing of the
gap (E, — 0). Direct optical observations of this process
have been reported by approaching the metallization
through temperature variations [6,14].

Here, we first report on the observation of a far-infrared
(FIR) gap filling in a manganite, obtained by varying the
pressure at constant (room) temperature. To this purpose, a
membrane diamond anvil cell (DAC) equipped with IT A
diamonds 800 wm culet was used. The gaskets were made
of a 250 um thick steel foil with a sample chamber of
300 pwm diameter and 40 to 50 um height under working
conditions. Collection of high quality FIR data through two
diamonds and with such a small sample area is not possible
by use of conventional sources. We then illuminated the
DAC by the synchrotron radiation provided by the beam
line SINBAD which extracts FIR radiation from a bending
magnet of the 0.51 GeV double ring DADNE at LNF-
INFN Frascati [15]. The intensity /(w) transmitted by the
full DAC cell (@ =200 cm™!) was by a factor of 40
higher than for the mercury lamp of the interferometer,
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and the signal-to-noise ratio increased, correspondingly
[16]. The samples were three La; ,Ca,MnO;_,, polycrys-
talline manganites [17] with different Ca concentration and
oxygen stoichiometry. This allowed one to obtain different
effective doping values x.; ~x — 2y, (see Table I). At
ambient pressure, the resistivity of the stoichiometric
samples LC25S and LC20S showed IMT at Ty = 220
and 200 K, respectively, whereas the oxigen-deficent
LC20D did not show any metallic phase at low tempera-
ture. Very thin sample slabs (see Table I), obtained by
pressing finely milled sample powder between the dia-
mond anvils, have been placed in the gasket hole using
petroleum jelly as a pressure transmitting medium [18]. We
verified that no chemical reaction occurred between the
jelly and the sample, by comparing the ambient pressure
spectra collected before and after each pressure run.
Pressure was measured in situ by the usual ruby fluores-
cence method [19] before and after each data collection.
Visual inspection of the loaded samples revealed the pres-
ence of fractures over a small fraction # of total slab area.
The 7 values reported in Table I were estimated from
microscope pictures.

We verified once and for all that the transmittance
spectrum of the DAC, when filled with the hydrostatic
medium only, was actually flat vs w and simply propor-
tional to the intensity /y(w) transmitted by a pinhole of
the same aperture, in the frequency region of interest
(100700 cm™'). Therefore, the measured optical density,
OD,,(w), was obtained at each pressure using the inten-
sities transmitted by the DAC + sample, I(w), and by a
300 wm diameter pinhole, i.e., ODy(w) = In[Iy(w)/I(w)].
Data were then corrected for the variation with time of the
current in the synchrotron source. This procedure, although
affecting the absolute values of the optical density by a
constant, enables a quantitative comparison among the
OD,,(w) obtained for a given sample at different pressures,
strongly simplifies the measurement procedure, and allows
us to account for possible fluctuations of the synchrotron
source.

It is worthwhile to notice that although 7 is small (see
Table I), it can significantly affect high values of ODy(w).
By neglecting diffraction effects, which are cancelled by
the random shape of the fractures, if a fraction 5 of the
sample surface transmits /y(w), the total transmitted inten-
sity can be written as

I(w) = I)(0)[(1 — n)exp(— OD,(w)) + n] (1)

TABLE I. Ca doping x, effective charge doping x., slab
thickness d, and the percentage of fractures 7 in the sample
area, for the three samples.

Sample X Xegg d (um) 7m
LagsCag,sMnO;  (LC25S) 025 025 5 4%
LaggyCag,yMnO;  (LC20S) 020 020 4 2%
Lao_gocaolzoMnOZ'gz (LC20D) 0.20 0.04 4 2%

where OD,(w) is the frue optical density of the sample. The
measured OD,,(w) can be thus obtained by

OD y(w) = —In[(1 — n)exp( — OD,(w)) + 7] (2)

It is evident from Eq. (2) that OD,,(w) cannot exceed
— In(77) which represents the saturation level of our mea-
surements. The OD,,(w) are shown in Fig. 1 for the three
samples at different pressures. Three main phonon bands
are apparent in all samples at ambient pressure. From high
to low energy they are ascribed to the asymmetric octahe-
dral stretching (at about 590 cm™!), to the corresponding
bending (380 cm™!), and to an external mode of the rare
earth (180 cm™!) [20,21]. A remarkable pressure-induced
hardening is observed only for the octahedral stretching
mode. The high quality of the data in Fig. 1 is shown by the
splitting in the central peak, induced by strong doping, and
previously observed in a single crystal with x = 0.33 at
ambient pressure [20]. An additional vibrational line is
detected at ~250 cm™! and, in LC20S, at ~320 cm!.
Similar features observed in most perovskites at high
doping, when polaronic effects are present, are probably
related to the local distortion [13]. All those phonon struc-
tures are superimposed on the tail of a mid-infrared band,
whose spectral weight decreases as the metallic character
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FIG. 1. Optical densities of the three La;_,Ca,MnOs_,

samples at different pressure. Thick lines show the lowest and
the highest working pressure.
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of the sample decreases from LC25S to LC20S, to LC20D.
A strong pressure dependence of the polaronic contribution
is also apparent only in LC20S and LC25S, as well as a
smearing of the phonon structures at the highest pressures.
The former effect can be ascribed to a pressure-induced
filling of the polaronic energy gap, the latter one to the
partial screening of the phonon lines on approaching the
metallic phase [6]. We point out that pressure appears to be
ineffective in filling the gap of the LC20D sample, which
preliminary ambient pressure measurements show to be
around 700 cm~! and, consistently with the absence of a
metallic phase, almost temperature independent.

We finally notice that although saturation effects are
clearly present in the spectra of the thickest LC25S, the
polaronic contribution lies well below the saturation level
at all pressures. The good data quality in Fig. 1 allows for
detailed fits. We used a standard linear combination of
damped harmonic oscillators to refine the phonon struc-
tures, and a model borrowed from semiconductor physics
to fit the polaronic band edge. Therein, the effect of dis-
order on the crystal periodic potential is modeled by in-
troducing a Gaussian distribution of the potential wells
depth in a standard Kronig-Penney potential. This results
in adding an exponential tail (Urbach tail) within the gap
between the valence and the conduction band [22,23]. In
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FIG. 2. Optical densities of LC20S and LC20D samples at
P ~ 5 GPa (open circles) compared with the best fit curves
(solid lines). The phonon contributions (dotted lines) are sepa-
rately shown. The band edge (thick line) is also shown for the
LC20S sample.

the polaronic scenario of manganites, we assume that the
Jahn-Teller potential wells, where the charge-carriers self-
trap, have a similar Gaussian distribution. In close similar-
ity with semiconductors, we expect that the optical density
in the proximity of the gap is proportional to:

Alw — 0)"? o>,
Bexp(w/T)

)
w < w,

where the usual power law is replaced by the exponential
(Urbach tail [23]) at low frequency. The continuity con-
straint at w, on both the above functions and their first
derivatives introduces two new equations linking the five
parameters A, w,, B, I', and w, thus reducing the number
of independent parameters to three. We chose the band
amplitude A, the energy gap w,, and I' as free fitting
parameters. Equation (2) has been also included in the
fitting routine to account for the saturation effects. Two
examples of best fits to the experimental data are shown in
Fig. 2 for LC20S and LC20D at intermediate pressures. It
is worth noting that both samples exhibit very similar
phonon spectra, while the polaronic band is observed in
the LC20S sample only. The results obtained for the pho-
non contributions, not discussed here, are consistent with
those obtained in previous Raman experiments under pres-
sure [24]. All the phonon bands of each sample show an
almost linear pressure-induced frequency hardening, rather
weak for the external and bending modes, much stronger
for the stretching modes (about 6 cm™!/GPa). The most
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FIG. 3. Pressure dependence of the optical gap w, of LC25S
and LC20S. The LC20S gap at P =0 is obtained from a
preliminary mid-infrared absorption measurement (empty
square). The solid line is the w, behavior obtained from
Eq. (3) with Eyr = 0.8 eV. The inset shows a polaronic band
as a function of pressure in the LC20S sample; dashed lines mark
the gap at P = 3.4 GPa and P = 9.2 GPa.
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interesting findings come out from the analysis of the
polaronic band edge of both stoichiometric samples
(LC25S and LC20S) where this band is apparent and
show a remarkable pressure dependence. The best fit val-
ues for the Urbach parameter I', which is directly related to
the extent of disorder, are about 140 cm~! and 240 cm™!
for LC20S and LC25S (i.e., of the same order of magnitude
of those typical of several semiconductors [23]) and ac-
tually pressure independent. On the basis of the Urbach
model, I is directly related to the variation of the potential
well depth around an average value, not to the average
value itself. The present results thus show that pressure
does not affect disorder, namely, the distribution of the
polaron binding energies. This suggests that disorder is
mainly chemical, i.e., due to the random distribution of
dopant ions.

The inset of Fig. 3 shows how the gap and the Urbach
tail, as obtained from the fit to the LC20S absorption,
change with pressure. For increasing P, the polaron spec-
tral weight increases and the gap (see dashed lines) tends
to close up. The pressure dependence of the band gap w,
is shown in Fig. 3 for both samples which undergo the
metallization process at room temperature.

Under simple assumptions, a relation among the energy
gap value E, = hcw,, the JT energy Ejr, and the bare
bandwidth W, can be written [25] as

Eg(P) = Ejr/2 — Wy(P). (3)

Since W, (P) can be derived using structural parameters at
high pressure [4] available for the LC25S sample [26], the
present E,(P) data allow an estimate of Ejr. The line
shown in Fig. 3 has been obtained from Eq. (3) with E}r =
0.8 eV, in good agreement with previous experimental [25]
and theoretical estimates for La;_,Ca,MnO; [27]. This
further confirms the reliability of the model here first
employed.

Although the band gap closure is a clear indication of the
increased metallic character of the systems under pressure,
a direct comparison between Tpy (P) and w, (P) is not
straightforward. If we focus on LC25S, also investigated in
Ref. [7], we can notice that around 9 GPa the value of Tyy
is lower but quite close to 300 K [7], whereas the energy
gap w,, although remarkably reduced, is still open (w, ~
200 cm™!) and a crude linear extrapolation shows a room
temperature band gap closure (w, = 0) at a pressure
higher than 15 GPa. One should also consider that w,(P)
is an absolute, and bulk quantity, whereas the procedure in
Ref. [7] may be sensitive to percolation paths through
small metallic domains, as the good agreement between
the estimate of Ty from transport measurements and that
from spectroscopy [6,14] points out. This behavior might
be explained within a phase separation scenario where the
majority of the sample remains in the insulating phase,
whereas a metallic behavior would be established by per-
colation paths through small metallic domains [11,12].

In conclusion, we have here reported the first high-
pressure measurements on a manganite in the far infrared,
which were made possible by the use of infrared synchro-
tron radiation. The three La;_,Ca,MnO;_, samples we
measured show a similar pressure dependence of the pho-
non spectrum, whereas only the two with a metallic ground
state at ambient pressure (77 ~ 200 K) show a clear
tendency to acquire a metallic character at room tempera-
ture under pressure. This is shown by a shielding of the
phonon modes and a strong reduction of the insulating
gap. This latter is well fitted at all pressures by a model
borrowed from semiconductors and first applied to man-
ganites, where the absorption in the gap region exhibits a
w'/? decrease followed by an Urbach tail related to the
random distribution of the JT self-trapping potential wells.
As a consistency control on the model, we find for the JT
splitting Ejp = 0.8 eV, in agreement with previous
determinations.

We are gratefully indebted to T. Aselage, A. Kumar, and
D.D. Sarma for providing the samples investigated.
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