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Hole Dynamics in Spin and Orbital Ordered Vanadium Perovskites
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A theory of doped perovskite vanadates with spin and orbital orders is presented. Mobile holes are
strongly renormalized by spin excitations (magnons) in the spin G-type and orbital C-type (SG-OC) order,
and orbital excitations (orbitons) in the spin C-type and orbital G-type (SC-OG) one. Hole dynamics in a
staggered t2g orbital array is distinguished from that in the antiferromagnetic order and the eg orbital one.
The fragile character of the (SG-OC) order in Y1�xCaxVO3 is attributed to the orbiton softening induced
by a reduction of the spin order parameter.
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FIG. 1. Schematic spin and orbital structures of (a) (SG-OC)
phase and (b) (SC-OG) phase. Commonly occupied dxy orbitals
are not shown.
One of the central and as yet not fully understood issues
in correlated oxides is the doped Mott insulator and metal-
insulator transition (MIT) [1,2]. The prototypical com-
pound is the high Tc superconducting cuprates (HTSC)
where holes doped into the antiferromagnetic (AFM) in-
sulating state are strongly renormalized by coupling with
spin excitations. There is another class of Mott insulator
where the orbital degree of freedom remains. Mobile car-
riers doped into this class of insulator couple strongly to the
orbital array. Perovskite vanadates R1�xAxVO3 (R � La,
Y, A � Ca, Sr) are the likeliest candidate. A number of
studies have been done in connection with the spin-orbital
orders in RVO3 [3–12]. In a V3� ion, two electrons occupy
the t2g orbitals with the S � 1 high-spin state. Two kinds of
spin-orbital orders are found in the ground state (see Fig. 1)
[3,5]: the G-type (three-dimensional (3D) staggered) spin
order (SO) with the C-type (rod type) orbital order (OO)
(the alternative d1xyd

1
yz=d

1
xyd

1
zx configuration) termed (SG-

OC) in YVO3, and the C-type SO with the G-type OO
termed (SC-OG) in LaVO3.

Apart from the well studied RVO3, less is known about
the doped Mott insulating R1�xAxVO3; dynamics of the
hole and the spin-orbital background, and their implication
for MIT. In the above spin-orbital arrays, the same kinds of
orbitals [Fig. 1(a)] or spins [Fig. 1(b)] are aligned along the
c axis, in contrast to the staggered spin and orbital order in
the ab plane. It is natural to expect that, in the lightly doped
region, carriers tend to move along this direction rather
than in the ab plane. We are aware that a mobile hole along
the c axis is strongly coupled to the spin excitations (mag-
nons) in (SG-OC) [spin-antiferromagnet (AF)] and the
orbital ones (orbitons) in (SC-OG) (orbital-AF). Orbiton,
standing for a quantized object of the collective orbital
excitation, was observed in LaMnO3 [13] and is suggested
in RVO3 [12,5]. Thus, the perovskite vanadates are ideal
for study of the quantum hole dynamics controlled by
orbiton in comparison with those by magnon. One of the
striking differences between the two phases is seen in their
stabilities; (SG-OC) is rather fragile against the hole dop-
ing [4,14]. This phase in Y1�xCaxVO3 rapidly collapses by
doping of holes around x � 0:05, and is changed into (SC-
05=94(15)=156408(4)$23.00 15640
OG) being stable up to x� 0:4. This anomalously fragile
nature of (SG-OC) is hardly explained by the conventional
doped 3D AFM with S � 1, and suggests the interplay
between spin and orbital on the hole dynamics.

Here we present a theory of doped vanadates with spin
and orbital orders. Hole dynamics associated with the t2g
orbitons is distinguished from that with magnons and the
eg orbitons. The fragile (SG-OC) order is attributed to the
strong interplay of spin and orbital on the hole dynamics.

Our starting point is the t� J type model with the t2g
orbital degree of freedom, H � H t �H J �H JT, de-
rived from the generalized Hubbard model in the large on-
site interaction limit [15]. The superexchange term is
H J � H 4A2

�H 2E �H 2T1
�H 2T2

where 4A2,
2E,

2T1, and 2T2 indicate the intermediate �t2g�3 configurations.
Although all the terms of H J are considered in the calcu-
lation, here we give explicitly the term with the largest
prefactor involving the high-spin 4A2 state as H 4A2

�

�J4A2
1
6

P
hiji�2� ~Si 
 ~Sj�h

l
O with the S � 1 spin operator

~Si, and the exchange interaction J4A2�� J� [16]. The com-
plete form of H J is presented in Refs. [12,7]. On a given
bond along direction l�� x; y; z�, the t2g orbitals are clas-
sified into two ‘‘active’’ orbitals, al and bl, with a finite
electron transfer between the nearest neighboring (NN)
sites, and a ‘‘inactive’’ one, cl, where the transfer is for-
8-1  2005 The American Physical Society



FIG. 2. Diagrams for (a) the self-energy of electron, (b) that of
magnon(orbiton), and (c) the optical conductivity. Bold lines are
for the full-fermion propagators and broken lines are for the
bare-magnon (orbiton) ones in the (SG-OC) [(SC-OG)] phase.
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bidden. For instance, �az; bz; cz� � �yz; zx; xy�, and for the
transfer integral tl� between the NN orbitals �, we have
tzyz � tzzx�� t� and tzxy � 0. Then, the orbital part is hlO �

�4 ~�li 
 ~�
l
j �

1
9 f4�

���
2

p
�vli � vlj� � 4vliv

l
jg where we intro-

duce the pseudo-spin operator for the active orbitals ~�li �
1
2

P
�;�0��al;bl�;�c

y
i�� ~���0ci�0�, and the charge-difference op-

erator between the active and inactive ones vli � nial �
nibl � 2nicl . The electron annihilation operator ci�� with
spin ���"; #�, orbital ��� yx; zx; xy� at site i, the number
operator ni� �

P
�c

y
i��ci��, and the Pauli matrices ~� are

also defined. Similar spin-orbital models are derived in
Refs. [7–10,17,18]. The Jahn-Teller (JT) coupling is given
by H JT � g

P
ifv

z
iQiEu � � ~�zi �zQiEvg where QiEu�v� is the

normal modes of an O6 octahedron with symmetry
Egu�Egv�, which is treated as a classical variable. The
(SG-OC) and (SC-OG) orders in RVO3 are well repro-
duced by H J �H JT [12]. Apart from the undoped
RVO3, motion of the doped holes is responsible for the t
term, H t �

P
hiji;�;��t

l
�c

y
i��cj�� � H:c:�.

We turn to the formulation of the hole dynamics in
R1�xAxVO3. The Schwinger-boson approach associated
with the self-consistent Born approximation (SCBA) pro-
vides a good description for the lightly doped Mott insu-
lator known in the HTSC [19–22] and the manganites [23].
The hopping of a doped hole in the staggered spin(orbital)
alignments induces the ‘‘wrong’’ spin(orbital) configura-
tions, i.e., the magnon(orbiton) excitations. There are two
kinds of orbiton modes per V3� ion; excitations of (A)
dyz $ dzx and (B) dxy $ �dzx; dyz�. The type-(B) excita-
tion does not propagate coherently (local mode), because
the wrong orbital configurations induced by the hole mo-
tion are not recovered by the quantum exchange processes
[12]. Besides, the dxy band is separated from the dyz=dzx
ones, i.e., the orbiton energy of (B) is higher than that of
(A) [6]. Then, we adopt the following expression for the
electron operator,

ci�� � �#���xy�
~fi~s

y
i� � #���zx;yz�fis

y
i�t

y
i��PS; (1)

where the type-(A) excitation is only introduced by the
bosonic operator ti�. The two fermionic operators f~fi; fig
for charge, and the two bosonic ones f~si�; si�g for spin, are
introduced with the local constraints [24]. The operator PS
projects onto the 3T1 high-spin state in the �t2g�

2 configu-
ration. In this scheme, the superexchange term H J is
expressed by the magnon and orbiton operators within
the spin-wave approximation [12]. The mean-field type
decoupling is introduced in H J; in the magnon (orbiton)
part expressed by si� (ti�), the orbital (spin) operators are

replaced by the static correlation function h�li�
l
ji (h ~Si 
 ~Sji).

The quantum spin-orbital coupled dynamics are expected
to be suppressed by the JT coupling [9] and the S � 1 spin.
H J is diagonalized by the Bogoliubov transformation.

It is clear that the hole motion in the ab plane is common
to both (SG-OC) and (SC-OG), and is not enough to
15640
explain the different hole dynamics and stability of the
two phases. Similar physical consequences are only to be
expected from the dxy-hole motion to those in a mobile
dx2�y2 hole in the 2D quantum AFM, which is studied well
in HTSC [19]. The dyz=dzx-hole motion in the ab plane is
associated with the simultaneous magnon-orbiton coupled
excitations which is supposed to be suppressed as dis-
cussed above. Then, we focus on the motion of the
dyz=dzx hole along the c axis characterizing different
hole dynamics in the two spin-orbital phases. This part of
the t term H t is

H c
yz=zx � �

4t����
N

p
X
~k; ~q

fy~k f ~k� ~q

�
g ~k� ~qu ~q � g ~ku

y
� ~q

�
; (2)

where u~q � s ~q for (SG-OC) and u~q � t ~q for (SC-OG) with
g ~k � cosakz. The mobile hole along the c axis is coupled
to magnon (orbiton) in (SG-OC) [(SC-OG)].

The hole dynamics is examined by calculating the elec-
tron spectral function A~k�!� for the fermion propagator

G~k�!�. In SCBA, the self-energy [Fig. 2(a)] is � ~k�!� �

i
2+N

R
d,

P
~qG ~k� ~q�!� ,�j��u�~k; ~qj

2D�u�0
~q �,� where u � s for

(SG-OC) and u � t for (SC-OG). We introduce the bare
boson propagator D�u�0

~q �,� and the renormalized-coupling

constant ��u�~k; ~q expressed by g ~k and the coefficients for the

Bogoliubov transformation by which H J is diagonalized.
An infinite class of the noncrossing diagrams is summed up
by ignoring the vertex correction [19,20,24]. A reasonable
parameter set as J=t � 0:2 and gQE=J � 1–1:25 with J
being around 30 meV is chosen [9,12].

In both the two phases, A~k�!� (Fig. 3) shows the broad
incoherent continuum and the well-separated quasiparticle
(QP) peak. The dispersive QP peak has the band width of
the order of J and has the highest energy at the momentum
�0; 0; +2a� with a being the cubic perovskite lattice constant
[25]. Let us focus on A~k�!� in (SC-OG) (orbital-AF); a
large portion of the spectra is concentrated on the QP peak,
and the QP weight a ~k is rapidly saturated with increasing J
(the inset of Fig. 3). This is clearly in contrast to both the
8-2
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FIG. 3. Contour plot of spectral function and DOS of electrons
in (SG-OC) [(a) and (b)], and those in (SC-OG) [(c) and (d)] for
x � 0:1. Bold lines in (b) and (d) are for DOS and broken lines
are for A�0;0; +2a�

�!� multiplied by 1=5. The origin of the vertical
axis indicates the Fermi energy. The inset in (d) shows the QP
weight at ~k � �0; 0; +2a�.
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FIG. 4. Contour plots of the spectral functions at x � 0:1 and
the DOS for orbiton (a) and (b) and those for magnon (c) and
(d) in (SG-OC). White broken lines in (a) and (c) indicate
dispersion relations at x � 0. The lower branch of the orbiton
in (a) corresponds to that along �0; 0; +2a� � �0; 0; +a� � �+a ; 0;

+
a� in

the Brillouin zone for the cubic perovskite unit cell.
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FIG. 5. (a) Reductions of the spin and orbital order parameters,
�S and �T, in (SG-OC). The inset shows those in (SC-OG) with
J=t � 0:2. (b) The minimum orbiton energy !MinOW. The filled and
open symbols in (b) are for gQE=J � 1:25 and 1, respectively.
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case of (SG-OC) (spin AF), where the spectra are widely
distributed to the incoherent part, and the ladder-type
spectra seen in the t� Jz model [20]. Those characters
of A~k�!� in (SC-OG) are ascribed to the large orbiton
energy with the gap about 2J–3J which suppresses the
low-energy inelastic scattering of holes, unlike the magnon
excitation in (SG-OC). The spectra in (SC-OG) are also
distinguished from those in the eg orbital order studied in
doped manganites [23,26]; A~k�!� has a large weight
around the free eg bands with the band width of the order
of t, rather than the QP peak. This is because the orbital
order parameter is conserved in the present t2g case, in
contrast to the eg case, where the nonzero hopping matrices
between the different orbitals break the conservation.

Then we turn to the spin and orbital sectors, especially,
in the (SG-OC) phase. The magnon-orbiton propagators
are given by the bubble-type self-energy diagram
[Fig. 2(b)]; ��u�

~q �!�� �i
2+N

R
d,

P
~kj�

�u�
~k; ~q
j2G~k� ~q�!�,��

G~k�,�. The spectral functions S~q�!� for magnon and
T~q�!� for orbiton, and their density of states (DOS) in
(SG-OC) are shown in Fig. 4. In the undoped case (white
broken lines), S~q�!� well reproduces the experimental
magnon dispersion in YVO3 [11]. The flat dispersion of
T~q�!� in the ab plane originates from no coherent propa-
gation of the orbiton in this plane [12]. The excitation gap
in T~q�!� at x � 0 comes from the discontinuous symmetry
of the orbital sector in H J and the JT interaction, and the
gap energy is much smaller than that in (SC-OG) [see
Fig. 5(b)]. Namely, the barely stable character of the
C-type OO subsists in the undoped state. As expected
from distortions of the staggered spin array by mobile
15640
holes, softening and broadening are observed in S~q�!�

[Figs. 4(c) and 4(d)]. Surprisingly, the bandwidth of
T~q�!� becomes broader with doping [Figs. 4(a) and
4(b)], despite that the orbital distortion by hole motion is
not caused directly along the c axis. The minimum energy
!Min
OW of T~q�!� is located along �� X in Fig. 4(a) corre-

sponding to �kx; ky;
+
a� for the cubic perovskite unit cell.

!Min
OW decreases with doping and finally touches the zero

energy. That is, the (SG-OC) phase is unstable against the
small doping and is changed into the G-type OO where the
8-3
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FIG. 6. Regular parts of the optical conductivity spectra for
(SG-OC) (a), and those for (SC-OG) (b). The inset in (a) shows
the integrated spectral weights for (SG-OC) (broken lines) and
those for (SC-OG) (bold lines).

PRL 94, 156408 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
22 APRIL 2005
C-type SO is stable. This orbiton softening originates from
the reduction of the staggered spin order parameter �S��
hS~q��++0�;�+++�i � 1� (Fig. 5). The remarkable change by
doping is only observed in �S of the (SG-OC) phase.
However, this reduction itself is not sufficient for instabil-
ity of the G-type SO, i.e., �S � S�� 1�. Instead, the
effective exchange interaction for the staggered (uniform)
orbital configuration JorbAF � J4A2�2� h ~Si 
 ~Sji� [JorbF �

J2E�2T1;2T2��1� h ~Si 
 ~Sji� ], increases (decreases) with in-
creasing �S. Then, the orbiton energy becomes zero at
the critical x. In short, the reduction of the AF spin corre-
lation due to the hole motion softens the orbiton through
the spin-orbital interaction, and causes the instability of
(SG-OC) to (SC-OG) observed in Y1�xCaxVO3 [14].

Finally, we demonstrate that the optical experiment is a
good probe to detect directly the qualitatively different
hole dynamics. The z component of the optical conductiv-
ity spectra is given by �zz�!����9te�2

c2 ImK�!� with

K�!� � 2
�2+N�2!

R
d!1d!2

P
~k1; ~k2

j��u�~k1; ~k2
j2G~k1

�!1� �

D�u�0
~k2� ~k1

�! � !1 � !2�G~k2
�!2�. This indicates the

particle-hole pair creation associated with magnon or or-
biton [Fig. 2(c)]. We show the regular part of �zz�!� at
finite frequency in Fig. 6. With increasing holes, sharp peak
structures growing up around ! � 0:3J and J in (SC-OG),
reflecting the large QP weight in A~k�!� (Fig. 3), in contrast
to the broad incoherent spectra in (SG-OC). A shoulder
structure is clearly seen in the integrated spectral weight
M�!� � c2

�9te�2
R
!
0 �zz�!

0�d!0 (the inset of Fig. 6) which

would be an evidence characterizing the hole dynamics in
the orbital ordered insulators.

In summary, we present a theory of doped vanadium
perovskites with spin and t2g orbital orders, beyond the
previous theoretical studies on undoped RVO3. The doped
15640
vanadates with the two spin-orbital orders are character-
ized by the hole motion accompanied by magnon and
orbiton. The QP associated with the t2g orbiton is distin-
guished from that with magnon and the eg orbiton. The
fragile nature of (SG-OC) observed in Y1�xCaxVO3 is
explained by the strong spin-orbital interplay on the doped
hole. These are ascribed to the t2g orbital characters, i.e.,
the conservation of the orbital order parameter and the
finite orbiton gap.
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