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Doping Variation of Orbitally Induced Anisotropy in the Electronic Structure of La;_,Sr,VO;
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The variation of anisotropic charge dynamics in the course of a filling-control insulator-metal transition
(IMT) in La;_,Sr,VO; has been investigated by measurements of optical conductivity spectra with the
focus on the role of the 1,,-orbital degree of freedom. The orbitally induced anisotropic feature of the
Mott-gap excitation as well as of the doping-induced midinfrared excitation is suppressed with increasing
x, and instead the isotropic and incoherent dynamics of the doped hole dominates over the low-energy

excitation near and above the IMT point.
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The orbital degree of freedom in the strongly correlated
electron system plays an essential role in producing versa-
tile phenomena via its coupling with charge, spin, and
lattice dynamics [1,2]. One such example is the colossal
magnetoresistance effect in the perovskite manganites
where the dramatic reconstruction of the electronic struc-
ture can be observed in the vicinity of the insulator-metal
transition (IMT) accompanying the orbital order-disorder
phenomenon [3]. In the manganites, the orbital ordering
transition and the concomitant change of the charge trans-
port property are strongly tied with the lattice degree of
freedom through the cooperative Jahn-Teller coupling of
the conduction e, electron. In the 7,, orbital system, by
contrast, the energy scale of the Jahn-Teller effect is com-
parable to that of the intersite spin-orbital exchange inter-
action as well as to that of the intra-atomic spin-orbit one
[4,5]. This results in the large spin-orbital quantum fluctu-
lation, responsible for anomalous spin dynamics [6,7] and
orbital excitations [8,9]. The quantum-mechanical aspect
of the spin-orbital coupling may be also visible in the
charge dynamics as well as the spin dynamics. One repre-
sentative example of the 7,,-orbital systems is LaVOj3, also
known as the prototypical Mott-Hubbard type insulator.
LaVO; has a pseudocubic perovskite structure and the
electron configuration of the nominally trivalent vanadium
ion is 3@ (13,) with S = 1. The spin moment is approxi-
mately 1.3 and much smaller than the free-ion moment
2up for § = 1, reflecting large spin-orbital quantum fluc-
tuation [4,7,10]. Since the orthorhombic lattice distortion
lifts the degeneracy of 1,, levels, one electron always
occupies the d,, orbital but another one does either the
d,, or d, orbital, retaining the orbital degree of freedom.
With lowering temperature (7), the C-type spin ordering
(SO) appears at Tsg = 143 K, where spins align ferromag-
netically along the ¢ axis and antiferromagnetically in the
ab plane [11,12]. Subsequently, the G-type orbital order-
ing (OO) appears at Too = 141 K, where occupied d_, and
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d,, orbitals are staggered in all (x, y, z) directions. Recent
studies have revealed the highly one-dimensional (1D)
nature of the orbital exchange interaction along the c¢
axis, which is realized in the C-type spin-ordered and
G-type orbital-ordered phase due to the interference type
cancellation of the ab-plane interaction [5,8,13]. In con-
trast to a naive view of this nearly cubic lattice systems, the
spin-orbital ordering induces the huge anisotropy of the
Mott-gap transition spectrum [14], the variation of which
with doping is the subject of the present study.

As shown in the inset of Fig. 1, the nominal hole doping
(x) in the form of La;_,Sr,VO; induces the filling-control
IMT at the critical doping level x, = 0.176, accompanying
the melting of the G-type OO [15]. We reproduce in Fig. 1
the T dependence of the resistivity for La;_,Sr,VO;. For
x < x,, a clear kink is observed corresponding to the onset
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FIG. 1 (color online). Temperature dependence of resistivity
for single crystals of La;_,Sr,VO; (x = 0, 0.050, 0.100, 0.168,
and 0.180). Sets show the electronic phase diagram plotted
against the doping level x, and the orbital and spin ordering
pattern in LaVO;.
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of the G-type OO. For x = 0 and x = 0.050, the resistivity
along the ¢ axis was found to be nearly identical to that in
the ab plane within an experimental error, showing essen-
tially no anisotropy of charge dynamics in the C-type spin-
ordered and G-type orbital-ordered state in the dc limit.
This is perhaps because of the nearly full-gap nature in the
low-doped region, and the active role of the orbital order-
ing should be explored in the finite-frequency (optical)
region even in the hole-doped crystals. Motivated by this
and also by the filling-control IMT feature concomitant
with the orbital disordering [15], we have investigated here
the doping variation of the anisotropic electronic structure
in single crystals of La;_,Sr, VO3 by measurements of the
optical conductivity spectra [o(w)].

In Figs. 2(a) and 2(b), we show the o (w) spectra for x =
0, 0.050, 0.100, 0.168, and 0.180 at 10 K with the light
polarizations parallel (E || ¢) and perpendicular (E L c¢),
respectively, to the ¢ axis. All the single crystals of
La;_,Sr,VO; investigated here were grown by a floating-
zone method, as detailed in Ref. [15]. The o(w) spectra
were obtained by a Kramers-Kronig analysis of polarized
reflectivity spectra between 10 meV and 40 eV, as de-
scribed in [14]. For x = 0, the E || ¢ spectra (o(w)) shows
the prominent peak structure originating from the Mott-gap
excitation around 2 eV. For the lightly doped compound
with x = 0.050, the spectral weight of the Mott-gap exci-
tation decreases as compared with that for x = 0, while a
midinfrared (mid-IR) peak, which results from the inco-
herent motion of the doped hole, is observed in the midgap
(1 eV) region [1,16]. With further increasing x, the mid-IR
peak gradually increases in magnitude with shifting toward
lower energy. Such a spectral weight transfer from the
Mott-gap excitation to the mid-IR peak as leading to the
charge-gap closing is consistent with the previous report on
the unpolarized spectra on the polycrystals [16] and com-
monly observed for other filling-control IMT systems [1].
In the spectra for E L ¢ [0 (w)], on the other hand, the
spectral weight around 2 eV is small and remains nearly
independent of x, whereas that of the mid-IR peak in-
creases with doping, similar to that for the o(w) spectra.
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FIG. 2 (color). (a) The optical conductivity

spectra  of
La;_,Sr,VO; with various doping levels (x = 0, 0.050, 0.100,
0.168, and 0.180) at 10 K for E || ¢ and (b) those for E || c.

The polarization dependence of the o(w) spectra at the
respective doping levels at 10 K is shown in Figs. 3(a)—
3(c). As clearly seen in Fig. 3(a), the spectral weight
around 2 eV for the o(w) spectrum for x = 0.050 is
much larger than that for the o (w) one, due to the
quasi-1D orbital exchange interaction along the ¢ axis in
the C-type spin-ordered and G-type orbital-ordered phase,
as well as for x = 0 [5]. The spectral weight around 1 eV
for the o (w) spectrum is also much larger than that for the
o | (w) one, implying the anisotropic dynamics of the
doped hole. As x increases, the anisotropy of the o(w)
spectrum around 1 eV is gradually suppressed as well as
that for the Mott-gap excitation and finally almost disap-
pears for x = 0.168 or upon the IMT.

To quantify the respective spectral weights of the Mott-
gap excitation and the incoherent motion of the doped hole,
both o (w) and o (w) spectra are fitted with the Lorentz
oscillators, expressed by the following formula,

2.2
S;yjw° w3

(w? — a)jz)2 + y?wz’

ey

a(0)
1+ w?7?

olw) =
Jj=m,mgl,mg2,ct

where the 7, §;, ¥, and w; represent the scattering time of
the coherent part, the oscillator strength, the damping
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FIG. 3 (color online). (a)—(c) The polarization dependence of
the optical conductivity spectra of La;_, Sr,VO5; (x = 0.050,
0.100, and 0.168) at 10 K, respectively. (d) The effective number
of electrons (spectral weight) of the Mott-gap excitation (Ny)
for E || c and E L c spectra plotted against the doping level x.
The x dependence of the ratio NyF[|I]/Nog[L] is also shown.
The vertical dashed line represents the critical doping level (x,.)
for the insulator-metal transition. (¢) The effective number of
electrons (spectral weight) of the mid-IR component (N;) for
E || cand E L c spectra plotted against the doping level x. The x
dependence of the ratio N[ |[]/N"%[L] is also shown. (f) The
mid-IR peak energy for E || c and E L ¢ and that of the Mott-
gap excitation for E || ¢ plotted against x (see text for definition).
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constant (broadening parameter), and the frequency of the
Jjth Lorentz oscillator, respectively. The first term is the
Drude component which is only present for the metallic
compound, x = 0.180. The second term is composed of the
sum of the mid-IR peak (j = m), the two components of
the Mott-gap excitation (j = mgl and mg2) and the charge
transfer excitation (j = ct) [14]. As assigned in [14], the
lower-lying mgl band is an allowed Mott-gap transition
along the ferromagnetic chain (|| ¢) in the C-type spin-
ordered state, while the higher-lying mg2 band with a
different final state on the V site is only weakly allowed
due to the imperfect spin-orbital polarization. The result
for fitting and the respective components of the o(w)
spectrum are exemplified for x = 0.050 in Fig. 3(a).
After the decomposition of the o(w), we calculated the
effective number of electrons (N.;) contributing to each
(jth) component as a measure of the spectral weight by the
following formula, NY) = 2[5 0V (w)dw. Here m and
N are the bare electron mass and the number of V sites per
unit volume, respectively [17].

Figure 3(d) shows the N of the Mott-gap excitation in
oj(w) and o, (w) spectra at 10 K, N;nff[ll] and N[ L],
respectively, as a function of x. Here, Nt is defined as the
sum of the two components (mgl and mg2) of the Mott-
gap excitation. We also plot the ratio Nyf[||]/Nyf[ L] as a
measure of the anisotropy in the Mott-gap excitation. For
x =0, NyE[I1/NGE[ L] ~ 1.8, indicating the large aniso-
tropic feature of the Mott-gap excitation due to the quasi-
1D orbital exchange interaction [5]. With increasing x,

Nf[I1] decreases more rapidly than Nyf[ L] and the ratio

NE[/NEE[ L] decreases monotonously toward unity
(isotropic 11m1t) This implies that the doped holes reduce
the spin and orbital correlation and the quasi-1D orbital
exchange interaction disappears in accord with the melting
of the G-type OO. A similar behavior is observed in the
mid-IR component. In Fig. 3(e), we plot the x dependence
of the spectral weight of the mid-IR component in o ()
and o (w) spectra at 10 K, NZ[||] and N[ L], respec-
tively. With increasing x, both N7,[||] and N7[ L] increase
monotonously and exceed that of the Mott-gap excitation
in the vicinity of the IMT. Concomitantly, the ratio N[l
1/NZ[ L] decreases and the spectral weight of the mid-IR
component becomes less polarization dependent. This in-
dicates that with the increase of hole concentration the
isotropic charge dynamics originating from the coherent
and/or incoherent hole motion dominates over the low-
energy excitation.

In Fig. 3(f), we also display the x dependence of the
mid-IR peak energy hw,, for the o(w) spectrum (hiw,,[||])
and that for the o | (w) one (hw,,[ L ]) together with that for
the Mott-gap excitation in (@) (hw g [|l]). According to
the theoretical calculation on the hole dynamics dressed
with the #,, orbital excitations (orbitons) [18], hw,,[|l] is
anticipated to be ~10 meV, which is much less than the
observed result, hw,,[||] ~ 0.7 eV. This implies that other

factors than the orbiton play a significant role in determin-
ing the excitation of the doped hole. One possible factor is
the lattice relaxation effect around the doped hole: The
doped hole would be trapped to form in the local bound
state accompanying the deformation in all the spin, orbital,
and lattice sectors, as observed for other doped Mott
insulators [19,20]. In the lightly doped region, e.g., at x =
0.050 and 0.100, both %w,,[||]] and hw,[L] appear to be
nearly independent of x, and NZ[||] and NZ[L] seem to
be proportional to x, implying that the doped holes locally
modulate the electronic state around themselves without
significant interaction between them. In the close vicinity
of, or beyond, the IMT critical doping (x. = 0.176), the
hw,, and the spectral weight of the mid-IR component
become isotropic with respect to the polarization, which
ensures the orbital melting feature of the IMT [15].
Furthermore, 71w [||] is nearly independent of x, indicat-
ing the subsistence of the Mott-gap feature right up to the
metallic region.

Next, we focus on the T dependence of the electronic
structure. In Figs. 4(a)—4(e), we display the T dependence
of the o|(w) spectra at the respective doping levels. For
x = 0, with lowering T the spectral weight of the Mott-gap
excitation is enhanced, which reflects the quasi-1D orbital
exchange interaction arising from the C-type SO and the
G-type OO [14]. The Mott-gap excitation are 7' dependent
below a T (e.g., 293 K) far above Tsg and T due to the
subsistence of the spin and orbital fluctuation. For the
doped compounds, the Mott-gap excitation shows similar
T dependence. However, the magnitude of the 7" depen-
dence appears to be gradually suppressed with increasing x
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FIG. 4 (color online). (a)—(e) Temperature dependence of the
optical conductivity spectra of La;_,Sr,VO; (x =0, 0.050,
0.100, 0.168, and 0.180) for E || c, respectively. The inset shows
the magnified view of the optical conductivity spectra below
0.3 eVof La,_,Sr,VO; with x = 0.168 for E || c.
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perhaps due to the reduction of the spin and orbital corre-
lation. The T dependence of the mid-IR peak also shows an
anisotropic behavior with respect to the polarization. At the
low-doping level, e.g., x = 0.050, the spectral weight of
the mid-IR peak for o|(w) spectra increases with lowering
T, especially around T5g and Toq, similarly to that of the
higher-lying Mott-gap excitation. Such a behavior is con-
trasted by that for o | (w) spectra which show the minimal
T dependence (not shown). Note that with lowering 7', the
spectral weight below 0.5 eV decreases, leading to the
charge-gap opening. With increasing x, the 7" dependence
of the mid-IR peak is gradually suppressed, but the charge-
gap formation remains to be clearly observed in the C-type
spin-orbital-ordered and the G-type orbital-ordered phase.
On the other hand, in the vicinity of the IMT, e.g., at x =
0.168, with lowering T from 293 to 150 K, the spectral
weight below 0.3 eV once increases, and then decreases
below 150 K with the formation of the charge gap, as
shown in the inset of Fig. 4(d). This is consistent with
the T dependence of resistivity, which shows a metallic
behavior in the high-T region above 150 K, but becomes
insulating in the low-T region. Such a thermally induced
crossover from the high-7" metallic to the low-T7 insulating
behavior is a generic feature in the vicinity of the Mott
transition [21,22] and appears in the present case to results
from the C-type SO and the G-type OO correlation.

These T dependencies of the mid-IR component may be
explained in terms of the orbital-dependent hole dynamics
in the course of the melting of the G-type OO. The large
enhancement of the mid-IR peak for o(w) around 7o
observed in the lightly doped region indicates that the onset
of the C-type SO and G-type OO is responsible for the
increase of the kinetic energy of the doped hole along the ¢
axis. Since the electrons in d,, orbital would not contribute
to NZ[|[], it is expected that the doped hole predominantly
occupies the d,, or d,, orbitals, where the effective hop-
ping of the electron is larger along the ¢ axis than within
the ab plane due to the quasi-1D orbital exchange interac-
tion. In this picture, the evolution of the gap feature for the
oj(w) in the low T region and the fact that hw,[[[]>
hw,,[ L] may be explained in terms of the enhancement
of electron correlation or the resultant formation of a
polaron [23]. Note that the mid-IR peak as well as the
Mott-gap excitation shows discernible 7 dependence
above Tgq and Tpg; the short range spin and orbital fluc-
tuation locally modifies the kinetic energy of the doped
holes. In the x region close to the IMT point, however, the
T dependence of the mid-IR peak no longer shows aniso-
tropic behavior, suggesting that the doped hole may almost
equivalently occupy the d,,, d,,, and d, orbitals and that
the anisotropy of the electron hopping almost disappears.
This coincides with the orbital melting feature of the IMT
[15].

In summary, we have investigated the polarization and
temperature dependence of optical conductivity spectra for

single-domain single crystals of La;_,Sr, VOs. The optical
conductivity spectrum is reconstructed over a wide energy
range up to 5 eV in the course of the filling-control IMT. In
the lightly doped region the doped hole predominantly
occupies the d,, or d,, orbital and forms the bound state
or polaron with large transition intensity for E || ¢, reflect-
ing the quasi-1D orbital exchange interaction. As the
filling-control IMT point is approached, the quasi-1D or-
bital exchange interaction is weakened and the anisotropy
of the conductivity spectrum is suppressed, while the iso-
tropic incoherent motion of the doped hole dominates over
the low-energy optical excitation. These results suggest
that the doped holes tend to equivalently occupy the d,.,

d,., and d,, orbital, leading to the orbital melting upon the

IMT.
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