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A pump-probe spectroscopy using polarization controlled entangled photons was proposed to
improve the spectral resolution of optical signals in solids. Numerical simulation showed that sti-
mulated Raman scattering response due to simple phonon and phonon coupled to orbital excitation
can be discriminated in transmittance signal of a small cluster system mimicking LaMnO3, a Mott
insulator with orbital ordering. The simulation showed that orthogonal polarizations of the pump
and probe light field suppressed the simple phonon peaks, while it could not suppress the phonons
coupled to orbital excitation.
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I. INTRODUCTION

Light-matter interactions can provoke optical ex-
citations between the quantum states of the matter,
which result into distinguishable features in infrared
and Raman spectra. Analysis of the spectral features
provides the information of the interactions in the
many-body quantum states of the matter[1]. In some
solid matters such as strongly correlated electron sys-
tems, however lattice, charge, spin and orbital degree
of freedom compete each other on similar energy sca-
les to form the complicated low energy states[2], so
numerous possibilities are allowed for optical exci-
tations of microscopically different origins at similar
energy scales, which causes ambiguity in the inter-
pretation of the spectral features[3–6].

The ambiguity can be reduced, if multiple light
fields are employed as proposed in some non-linear
optical techniques[7]. Amplitude of the optical signal
is proportional to the expectation values of the dipole
operator acted upon the energy eigen-states of the
matter. When the multiple light fields are used, nu-
merous combinations of the light field creation or an-
nihilation operators are involved in the light-matter
interaction process in the experiment. Combinations
of light fields with different frequencies allow the
optical processes for different excitation-decay paths,
which makes the intensity signals of the processes to
appear at different places in the multi-dimensional
frequency space composed of those light field fre-
quencies. More information of the light-matter inte-
raction process thus can be obtained from the multi-
dimensional spectra[8]. Furthermore if those mul-
tiple light fields are entangled by their frequencies,
fine tuning of the interference between the entang-
led light fields can make signal intensities of different
excitation-decay paths to be different, which provi-
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des the chances to discriminate the light-matter inte-
raction processes less ambiguously from the optical
spectra[9].

Entangled-light-field spectroscopic methods there-
fore may have advantage to resolve the low energy
quantum states of the strongly correlated electron
solid matter systems. However, application of the
methods to the strongly correlated systems has not
been an issue of particular concern so far. It is
probably because the optical signals in those sys-
tems have bandwidth usually comparable or broader
than the minute energy differences between the sub-
band peaks formed by the emission or absorption
of phonon, magnon, or orbiton for the optical pro-
cesses. The signal intensity differences provided by
the entangled-light-field spectroscopic methods may
not be significant enough to distinguish the smeared
and overlapped neighboring peaks. In this paper,
we suggest that optical pump-probe method using
polarization controlled entangled-photon pairs can
be used to distinguish optical excitations of which
resonant energy is very similar but the microscopic
light-matter interaction process is quite different in
a model system. For the demonstration, we numeri-
cally simulated the polarization dependence of the
entangled-photon pump-probe response of a Mott
insulator of which geometrical symmetry of the va-
lence orbitals was broken.

II. MODEL AND METHOD

A. Hamiltonian

We choose LaMnO3 as a model material system.
This material system is well known for the spin and
orbital ordering[2]. LaMnO3 has Mn3+ ions with
electronic configuration 3d4 in high-spin state. Here
one electron occupies one of the doubly degenerate
valence orbitals. The orbitals show 3x2−r2/3y2−r2
type ordering coupled to the JT lattice distortion
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and the spins show A-type ordering in the ground
state. To mimic one lattice layer of the orbital and
spin ordered LaMnO3 crystal, we built an ideal Mn-

cluster composed of four Mn3+ ions[10]. The Hamil-
tonian of the system was built based on a quasi-two-
dimensional two-orbital Hubbard model as follows:

H = t(c†1,3x2−r2c2,3x2−r2 + c†4,3x2−r2c3,3x2−r2 + c†1,3y2−r2c4,3y2−r2 + c†2,3y2−r2c3,3y2−r2 + h.c)

+ U
∑

i

ni,3z2−r2ni,x2−y2 + ω(ph)b
†b+ q(b† + b)

∑

i

(−1)iT xi +Q3

∑

i

T zi +
∑

(i,j)

JγT
γ
i 〈T

γ
j 〉. (1)

Here the first term was kinetic energy of Mn ion eg
electron, t was the hopping integral between neighbo-

ring Mn sites. c†iα (ciα) represented the electron crea-
tion (annihilation) operator with orbital α at site i.
3x2− r2 (and 3y2− r2) represented the spatial sym-
metry of Mn electron orbital α. The second term was
the on-site Coulomb interaction. U was the Coulomb
repulsion energy between two electrons occupying
different eg orbitals of the same Mn site with high
spin configuration. The third term was Q2-type JT
phonon contribution. ωph was the Q2 phonon energy
and b† (b) was the phonon creation (annihilation)
operator. The fourth term was the electron-phonon
interaction. q was the electron-phonon coupling con-
stant and Tαi was the localized orbital pseudo-spin
operator. The fifth term was Q3-type static JT dis-
tortion. Last term was the super-exchange interac-
tion between the orbitals in the four-Mn-cluster and
the outside orbitals surrounding the cluster. We
solved the Hamiltonian numerically to find the eigen-
values and the eigen-states[10]. Fig.1(a) shows the
energy eigen-states schematically. |g〉 represented
a set of eigen-states, i.e. |g1〉, |g2〉, ... which inclu-
ded the ground state |g1〉. Double occupation of
electrons at one Mn-site eg orbitals was not allo-
wed for those states. The energy difference between
|gn〉 and |gn+1〉 was due to the phonon-orbital coup-
ling energy difference for different octahedral dis-
tortion and orbital ordering configuration. Second
set, |e〉 = |e1〉, |e2〉, ... represented the set of photo-
excited eigen-states. The excited state denoted one
hole and one double occupation. One element of the

set can be represented schematically as

∣

∣

∣

∣

↑ ↓
0 ↑↓

〉

, for

example. Here the arrows depict the pseudo-spin
(i.e. orbital) state of a Mn-site in the cluster. The
energy difference between |gn〉 and |en〉 was mainly
due to Coulomb energy (U). The energy difference
between |en〉 and |en+1〉 was due to phonon-orbital
coupling between the sites similar as in |gn〉. Third
set of higher energy (∼ 2U) photo-excited states,
|f〉 (not shown in Fig.1(a)) can be also considered in
the interaction process. This set corresponded to the
two doubly occupied states which can be represented

schematically as

∣

∣

∣

∣

↑↓ 0
0 ↑↓

〉

.

B. Formalism of pump-probe signal

Here, the calculation procedure was briefly exp-
lained. Details of the method can be found in
Refs.[9, 13]. (~k1, ω1) mode as the pump light mode

and (~k2, ω2) mode as the probe mode was conside-
red. The frequency domain PP signal with quantum
optical modes (S(ω1, ω2)) was defined as S(ω1, ω2) =
T (ω1, ω2)with − T (ω2)without. T (ω1, ω2)with indica-
ted the transmittance intensity of probe light signal
measured with pump light mode illumination and
T (ω2)without indicated the transmittance intensity
of probe light signal measured without pump light
mode illumination. The PP signal was calculated
as P (3) (third order polarization) in the probe mode

direction. The probe mode direction was ~k1−~k1+~k2

because of the phase matching condition. Note that
the phase matching condition was considered in the
free space.

The nonlinear polarization was induced by the se-
quence of interactions with the optical fields. When

the last interaction occurs with the ~k2 mode, it gene-

rated P (3)(~k2, t). Thus, the signal was defined as
following:

S(ω1, ω2) = − Im
[

1

T

∫ T

−T

dt
〈

ε†2(t)P
(3)(~k2, t)

〉

]

(2)

Here ε†2(t) was the negative frequency component of
the probe mode, and 2T was the measurement time
[10]. In the rotating wave approximation (RWA), the
matter-field coupling was given by

Hint(t) = µ†(t)ε(t) + µ(t)ε†(t). (3)

Here the dipole operator was partitioned as µ†(t) +
µ(t), where

µ(t) =
∑

k>l

µlke
−i(Ek−El)t|l〉〈k| (4)
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was the positive frequency part and it represented
the transition from the higher energy state to lo-
wer energy state; {|k〉} represented the energy eigen-
states of the four-Mn-cluster system. µ† represen-
ted the transition from the lower energy state to the
higher energy state.

The field of mode εj(t) (j = 1, 2) was similarly par-
titioned as ε(t) + ε†(t), where the positive frequency
component was

εj(t) =

(

2πωj
Ω

)(1/2)

aje
−iωjt. (5)

Here, aj (a†j) was the annihilation (creation) boson
operator for the j-th mode and Ω was the quantiza-
tion volume.

Using the super-operator non-equilibrium Green’s
function (SNGF) formalism [9] and the eight close-
time-path-loop (CTPL) diagrams, Eq.(2) can be
expressed in terms of four-point correlation function
of the matter and the field as follows:

S(ω1, ω2) = − Im
{

〈µG†(ω1)µG
†(ω1 + ω2)µ

†G(ω1)µ
†〉〈a†1a†2a2a1〉 + 〈µG†(ω2)µG

†(ω2 + ω1)µ
†G(ω1)µ

†〉〈a†2a†1a2a1〉

+ 〈µG†(ω1)µG
†(ω1 + ω2)µ

†G†(ω2)µ
†〉〈a†1a†2a1a2〉+ 〈µG†(ω2)µG

†(ω1 + ω2)µ
†G†(ω2)µ

†〉〈a†2a†1a1a2〉
+ 〈µG†(ω2)µ

†G(0)µG(ω1)µ
†〉〈a†2a2a

†
1a1〉+ langleµG†(ω1)µ

†G(ω1 − ω2)µG(ω1)µ
†〉〈a†1a2a

†
2a1〉

+ 〈µG†(ω1)µ
†G†(0)µG†(ω2)µ

†〉〈a†1a1a
†
2a2〉+ 〈µG†(ω2)µ

†G†(ω2 − ω1)µG
†(ω2)µ

†〉〈a†2a1a
†
1a2〉

}

. (6)

HereG(ω) = (ω+Eg1−H+iγ)−1. The eight terms in
Eq.(6) corresponded to the eight diagrams of Fig. 4
in Ref.[9]. The interactions were time ordered within
each branch of the diagram, but the two branches
were not time ordered with respect to each other.
By convention, the chronologically last interaction
was absorption and it occurred at the left branch of
the loop.

C. Pump-probe spectroscopy with entangled

photons

It is proposed that the PP process carried out with
two entangled optical modes. Original method was
proposed by Roslyak to selectively investigate quan-
tum pathways in the PP response of non-interacting
molecules [9, 11]. In the proposed PP spectroscopy,
the pump and the probe optical modes were pro-
duced by the parametric down conversion process
(PDC) in a nonlinear optical crystal such as BaBO2.
External excitation light with frequency ωex and

the wave-vector ~kex illuminates the nonlinear crys-
tal, then two entangled optical modes (wave-vector
~k1, ~k2 and frequency ω1, ω2 respectively) were crea-
ted. Due to the phase matching condition, the fre-
quency (wave-vector) of the external excitation light
and the two entangled optical modes should satisfy

ωex = ω1 + ω2 (~kex = ~k1 + ~k2). Note that the phase
matching condition was considered inside of the non-
linear crystal. In the free space the value and the
direction of the wave-vectors can be different because
of the refraction.

Let’t assume that our model system, i.e. the four-
Mn-cluster interact with two entangled optical mo-

des such as (~k1, ω1) mode as the pump light mode

and (~k2, ω2) mode as the probe mode. Then the PP
signal was generated by the change in the absorp-

tion of (~k2, ω2) mode due to the interaction of our

model system with (~k1, ω1) mode. The arrival time

of (~k2, ω2) mode and that of (~k1, ω1) mode on the
sample were not well separated because of the same
path length. We added a small modification, a half-
wave plate (or periscope) to Roslyak’s original idea
for the polarization control of the pump light mode.
Schematic diagram of the proposed setup was shown
in Fig. 1(b).

Nonlinear optical processes can be generated by
many optical modes. Those processes can be desc-
ribed by the CTPL diagrams [13]. We interested in
only the PP process, which can be represented by
the sum of eight CTPL diagrams according to the
RWA [9, 13]. The CTPL diagrams are called as the
transition pathways. More detail explanation of PP
signal is given in pervious section. According to Ros-
lyak, the pathways can be divided into two groups if
three-energy-level system in the non-interacting ato-
mic limit is involved in the PP process. In the first
group, the pathways showed that the system evolves
from the ground state (g) to an excited state (e) by
absorbing an optical mode, then to another excited
(f) by absorbing one more optical mode, and to a
lower energy excited state (e) by emitting an opti-
cal mode, then finally to the ground state (g) by
emitting an optical mode, which can be represented
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���������
1: (a) Schematic energy level diagram. (b) Sche-

matic experimental setup for the pump-probe method
with entangled photons. PDC was a nonlinear crystal
used to obtain entangled-photon pairs from the classical
external excitation beam by parametric down conversion.
BS was 50:50 beam splitter. HWP (half wave plate) was

used to control the polarization of ~k1 mode. The detector

measured the photon flux in ~k2 mode. d1 and d2 were an-
nihilation operators for the original non-entangled (cano-
nical) modes and a1, a2 represent the entangled modes.
(c) Loop diagrams representing the entangled photon-
matter quantum pathways contributing to pump-probe
signal with weak external excitation field.

shortly by g → e → f → e → g. All of these path-
ways were multiplied by the optical field correlation
functions of the form 〈a†a†aa〉, where a(a†) was the
annihilation (creation) of the optical modes [9]. This
group is called as two-photon absorption (TPA). In
the second group, the system undergoes back and
forth single photon absorption and emission, and the
pathway can be described by g → e → g → e → g.
This process or group is called as stimulated Raman-
Scattering (SRS). All of these pathways were multip-
lied by the optical field correlation functions of the
form 〈a†aa†a〉 [9].

In case of conventional PP experiments, opti-
cal correlation functions of the form 〈a†a†aa〉 and
〈a†aa†a〉 yields all identical response. Because the
light fields are treated as the classical optical mo-
des. Therefore optical correlation functions of the
form 〈a†a†aa〉 and 〈a†aa†a〉 pathways are all sum-
med together, hence TPA and SRS become indistin-
guishable.

On the other hand, the PP method with entangled
optical modes can discriminate those pathways se-
lectively as Roslyak et al. pointed [9]. It is because
the optical correlation functions can have different
signal intensity for different pathways. Let us look
into the proposed setup shown in Fig. 1(b). Pair

of photons was generated by the PDC process and
they illuminate the sample. The photon fields for

the pump light can be described by a1(a
†
1) and the

photon fields for the probe light can be described by

a2(a
†
2). a1 and a2 fields can be transformed from the

vacuum fields (d1 and d2) with the conversion coeffi-
cients U = coshG and V = −i sinhG as follows;

a1 =
1√
2
[(Ud1 + V d†2) + i(Ud2 + V d†1)],

a2 =
1√
2
[i(Ud1 + V d†2)− (Ud2 + V d†1)]. (7)

Here G represented the single-pass gain of the
conversion process and it can be written as G =
g|εex|L, where g was a gain coefficient proportional
to the second-order susceptibility χ(2) of the non-
linear crystal, εex was the amplitude of the exter-
nal excitation field, and L was the interaction path
length. i was

√
−1. More details of the operator re-

presentation of the method can be found in Ref.[14].
The PP experiment was conducted with these

transformed fields a1 and a2. For the first group of
pathways (TPA), the optical field correlation func-
tion can be simplified into the following forms accor-
ding to Roslyak et al. [9]:

〈a†1a†2a2a1〉 = 〈a†1a†2a1a2〉 = 〈a†2a†1a2a1〉
= 〈a†2a†1a1a2〉 = V 4 (8)

The second group (SRS) has different forms. Among
eight pathways counted by Roslyak et al. [9], only
the fifth (v), sixth (vi), seventh (vii), and the eight
(viii) are belong to the second group. The fifth (v)
and seventh (vii) pathways have the following forms,

〈a†1a1a
†
2a2〉 = 〈a†2a2a

†
1a1〉 = V 4. (9)

The sixth (vi) and eight (viii) pathways have the
following forms,

〈a†1a2a
†
2a1〉 = 〈a†2a1a

†
1a2〉 = V 2 + V 4. (10)

The pathways were shown in Fig.1(c) for which the
CTPL diagrams of Marx et al. were adopted [? ].
Note that therefore at low excitation intensity, the
intensity square term will be much weaker than the
intensity term, i.e. V 2 À V 4 (V 2 corresponds to
the external excitation light intensity). In this limit
the contribution of pathways of Eqs.(8) and (9) can
be neglected. The PP signal therefore will be given
solely by (vi) and (viii) pathways shown in Fig.1(c),
and it can be given by following equation;

S(Ent)(ω1, ω2) ∼ |εex|2 Im[χ(vi)(ω1, ω2)+χ
(viii)(ω1, ω2)].

(11)
For the derivation of the equation, see Eq.(6) in
pervious section. Eq.(6) can be simplified into
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Eq.(11), S(ent)(ω1, ω2) by considering only (vi)
and (viii) pathways. To get this PP signal in the
experiment, one need to measure the probe signal
only by blocking the pump light, then subtract this
signal from the probe signal with the pump light
illumination.

D. Numerical simulation for the pump-probe

signal with energy eigen-states

The PP signal of Eq. (11) was the sum of two
pathways contributions. The third order susceptibi-
lities of the pathways were given by

χ(vi)(ω1, ω2) =
∑

e

∑

g′

∑

e′

µβg1e′µ
α
e′g′µαg′eµ

β
eg1Ieg1(ω2)Ig′g1(ω2 − ω1)Ie′g1(ω2), (12)

χ(vi)(ω1, ω2) =
∑

e

∑

g′

∑

e′

µαg1e′µ
β
e′g′µ

β
g′eµ

α
eg1Ieg1(ω1)I

∗
g′g1(ω1 − ω2)I

∗
e′g1(ω1). (13)

Here µα,βeg was the dipole matrix element between
two energy eigen-states |e〉 and |g〉 of the full Hamil-
tonian (H), i.e 〈e|~r|g〉. ~r was the dipole displacement
operator. The superscripts α and β indicated the
polarization direction of a1 (pump) and a2 (probe)
modes, respectively. Ieg(ω) was the auxiliary func-
tion;

Ieg(ω) = 1/(ω − (Ee − Eg) + iγ). (14)

Ee was the energy or eigen-value of |e〉. γ was the de-
phasing rate which was equal to the phenomenologi-
cal spectral broadening parameter [9]. To obtain the

dipole matrix element, I used the current operator ~j.
~r|g〉 was obtained by solving ~j|g〉 = i(H − Eg)~r|g〉.
Therefore the current operator ~j and the dipole ope-
rator ~µ should satisfy the following relations:

jα,β = −i[µα,β , H], µα,βeg = ijα,βeg /(Ee − Eg). (15)

[ ] represented the commutation relation [14]. j =
it
∑

(n,m)α
(c†n,σcm,σ−h.c.). For α = x, σ = 3x2−r2.

For α = y, σ = 3y2−r2. n,m represented the nearest
neighboring Mn-ion site index of the four-Mn-cluster.
This allows us to calculate Eqs.(12) and (13) based
on the energy eigen-states of the full Hamiltonian
(H) given by Eq.(1).

III. RESULTS & DISCUSSION

The PP signal Eq.(11) were numerically obtained .
Fig. 2 shows the calculated S(Ent)(ω1, ω2). Here the
pump and probe polarizations were both parallel to
a crystal axis. To see the contribution of each path-
ways, (vi) pathway contribution (Im[χ(vi)(ω1, ω2)])
was shown in Fig. 2(a) and (viii) pathway contribu-
tion (Im[χ(viii)(ω1, ω2)]) was shown in Fig. 2(b).

���������
2: The calculated transmittance intensity change,

T (ω1, ω2). Here the pump and probe polarizations were

parallel. (a) Im[χ(vi)(ω1, ω2)] as function of ω1 and ω2,

(b) Im[χ(viii)(ω1, ω2)] as function of ω1 and ω2 (c) sum
of (a) and (b), and for comparison, σ(ω) were shown.
(d) Summary of peaks observed in (a) and (b). Involved
intermediate states were noted.

Fig. 2(a) shows the calculated (vi) pathway cont-
ributions. Here two clear peaks appeared along the
diagonal line at ω1 = ω2 = 4.45t and at ω1 = ω2 =
4.65t. These peaks were schematically represented
as circles in Fig. 2(d). The ω1 = 4.45t peak was
due to the g1 → e1 → g1 → e1 → g1 transition
process, and the ω1 = 4.65t peak was due to the
g1 → e2 → g1 → e2 → g1 process. There could
be numerous available photo-excited states at higher
energies. In our calculation, only the lowest opti-
cally active two excited states were regarded, and
they were named as |e1〉 and |e2〉.

In addition to these peaks, three more peaks ap-
peared along the vertical line at ω2 = 4.45t and
one more peak appeared along the vertical line at
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ω2 = 4.45t . Former three peaks were due to the
g1 → e1 → gn → e1 → g1 transition processes. The
peak at ω1 = 4.3t corresponded to n = 2 transition,
which was marked by an open triangle in Fig. 2(d).
In this process, Q2-type phonons can be generated
according to our previous study. The strength of the
peak indicates the transition probability between the
ground state |g1〉 and the quasi-ground state |g2〉 . If
schematically described, |g2〉 state was composed of
the single-occupied Mn-ions and the collective vibra-
tion of MnO6 octahedra. The width of the peak may
be determined by the life time of the vibration, but
in our calculation a phenomenological value (0.05t)
was used for all peaks in Fig. 2 and Fig. 3. The
peak at ω1 = 4.0t corresponded to n = 3 transition,
which was marked by an open square in Fig. 2(d).
Also in this process, Q2-type phonons can be genera-
ted, however the phonons should be strongly coupled
to the electron orbital occupations of every Mn ion.
If schematically described, |g3〉 state was composed
of single-occupied Mn-ions and the collectively vib-
rating MnO6 octahedra. The octahedral vibration
frequency should be affected by the orbital occupa-
tion via JT interaction of the Mn-site. The peak at
ω1 = 3.8t corresponded to n = 4 transition, which
was marked by an open pentagon in Fig. 2(d). In
this process, Q2-type phonons can be generated. Ho-
wever the phonons should be strongly coupled to the
orbital occupations of every Mn ions via JT interac-
tion, and they should be also coupled to the collec-
tive excitation of the ordered orbitals mediated by
the SE interaction. If schematically described, |g3〉
state was composed of single-occupied Mn-ions and
the collectively vibrating MnO6 octahedra which is
coupled to the so-called orbital wave.

The latter peak along the vertical line at ω2 =
4.65t was due to g1 → e2 → gn → e2 → g1 transition
processes. Here the peak at ω1 = 4.25t corresponded
to n = 3 transition, which was marked by an open
star in Fig. 2(d). The peaks was produced by the si-
milar process as that of the open square peak, but the
intermediate state |e2〉 may be more strongly coup-
led to the lattice degree of freedom than |e1〉 state.
|e1〉 and |e2〉 were nearly degenerate photo excited
states, the energy difference between the states was
due to their different empty-site and double occupied
site configurations and the interaction of phonon and
orbital degrees of freedom.

Fig. 2(b) shows the calculated (viii) pathway con-
tributions. About five peaks appeared in addition
to the two diagonal peaks. These peaks were sche-
matically represented as solid symbols in Fig. 2(d).
Peaks along the horizontal line at ω1 = 4.45t were
due to g1 → e1 → gn → e1 → g1 transition process
(n = 2, 3, 4), and peaks along the horizontal line at
ω1 = 4.65t were due to the g1 → e2 → gn → e2 → g1
process (n = 3, 4).

Fig. 2(c) the sum of two pathways or
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3: The calculated transmittance intensity change,

T (ω1, ω2). Here the pump and probe polarizations were

perpendicular. (a) Im[χ(vi)(ω1, ω2]) as function of ω1

and ω2, (b) Im[χ(viii)(ω1, ω2)] as function of ω1 and ω2

(c) sum of (a) and (b). Dashed line represents the fre-
quency phase matching condition (d) Off-diagonal cut of

(c) along the dashed line, S(en)(ω1, ωex − ω1).

Im[χ(vi)(ω1, ω2) + χ(viii)(ω1, ω2)]. Beside of
the panel, the linear optical conductivity, σ(ω) was
presented for comparison (Here the spectral broa-
dening was given by a phenomenological parameter
γ = 0.05t). Peaks of σ(ω) were well matched to the
diagonal peaks of S(ent)(ω1, ω2).

Fig. 3 shows the highlight point of our study. It
provides basically the same signal, Im[χ(vi)(ω1, ω2)]
and Im[χ(viii)(ω1, ω2)], but here the probe optical
mode polarization was assumed to be orthogonal to
that of the pump mode polarization. The orthogo-
nal polarization configuration was achieved by the
half-wave plate (or periscope) as shown in Fig. 1(c).
The highlight point is that only a peak due to the
g1 → e1 → g4 → e1 → g1 transition process was
clearly observed here and other peaks were suppres-
sed. Note that g1 → e1 → g4 → e1 → g1 transition
process involves the phonon-coupled orbital wave ex-
citation response. A part of the spectrum along the
dashed line in Fig. 3(c) was presented in Fig. 3(d).
This was S(en)(ω1, ωex − ω1) for a fixed external ex-
citation light field frequency (ωex). The line crossed
the two phonon-coupled orbital wave signal peaks for
χ(vi) and χ(viii). The peak for χ(vi) was sharper than
that for χ(viii) and it showed the negative response.
The negative response suggested that the transmit-
tance of the system was enhanced (or absorption of
the system was suppressed) by the pump light.

In real experiment, Fig. 2 and 3 can be obtained
by measuring the spectral transmittance of the probe
light mode signal. First the transmittance of the
probe light should be measured by blocking the
pump light illumination (T (ω2)without). To get the
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wavelength dependence, gratings and pinholes can
be used. Then the transmittance of the probe light
should be measured with the pump light illumina-
tion (T (ω1, ω2)with). By subtracting the first signal
from the second one, S(ω1, ω2) can be obtained. This
procedure can be simply and repeatedly done if an
optical chopper and a lock-in amplifier were com-
bined. The chopper can block and pass the pump
light repeatedly in a fixed frequency, the lock-in am-
plifier can pick up the given frequency signal only.
S(ω1, ω2) can be estimated from the signal; for exam-
ple, photo-voltage increase (or decrease) with respect
to the background corresponds to the signal. Also
the gratings and pinholes cab be used to select a spe-
cific wavelength components, but they should be cor-
rectly arranged to meet the phase matching condi-

tion (ωex = ω1 + ω2 and ~kex = ~k1 + ~k2)[12].
In present study, spontaneous parametric down

conversion process was considered for the pump and
probe light fields preparation. In the process, the
generated light fields are quite weak, so it may be
difficult to get clear signals. Intense light fields can
be produced by parametric amplification process.
Although the detailed nature of the quantum cor-
relations can be quite different for parametric down
conversion and for parametric amplification, quan-
tum state signatures of light used in this study can
remain also for intense light fields generated by the
parametric amplification process as Nagasako et al.

observed [14]. It means that we can expect the same
results as predicted in Fig. 2 and 3 for the mea-
surement used the parametric amplification process
for pump and probe light sources. Also if broa-
der band light source can be used for the external
excitation light, more spectral information can be
achieved. Ultra-short laser pulse can be used as the
light source for such purpose, and further theoretical
studies using pulse light source are demanded.

Finally, it should be noted that Fig. 3 implies
the promising advantages of the proposed method.
Note that in Fig. 3 only peaks corresponding to
g1 → e1 → g4 → e1 → g1 process (phonon-coupled
orbital wave excitation) were shown and other peaks
were suppressed. If the phonon-coupled orbital wave
exists in reality, application of the addition external
perturbation will reveal the different aspects of the
orbital wave. In many optical experiments including
the conventional PP method, the application of
external perturbations such as magnetic field and
hydrostatic pressure may change not only the
optical response of the phonon-coupled orbital wave
but also the other responses including the Mott
gap excitation and the simple phonons. If the
proposed method can be employed, it may have the
capability to separate the phonon-coupled orbital
wave signal from other responses clearly even under
the magnetic field and hydrostatic pressure.

IV. CONCLUSION

A PP spectroscopy method with entangled pho-
tons was proposed to investigate the low energy
collective excitations of LaMnO3 theoretically.
LaMnO3 may have a few low energy collective ex-
citations of which microscopic origins are different.
Among them, the phonon-coupled orbital wave is
interesting, but it was difficult to separate this mode
from other excitation modes. With the proposed
method, by controlling the degree of entanglement
of incoming photon pairs, it is shown that phonon-
coupled orbital wave mode can be selected clearly.
This powerful method can be used to study the
orbital wave of LaMnO3 , but it can be also used to
investigate the collective excitations in many other
strongly correlated electron systems.
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