PHYSICAL REVIEW B

CONDENSED MATTER AND MATERIALS PHYSICS

THIRD SERIES, VOLUME 62, NUMBER 8 15 AUGUST 2000-II

RAPID COMMUNICATIONS

Rapid Communications are intended for the accelerated publication of important new results and are therefore given priority treat-
ment both in the editorial office and in production. A Rapid CommunicatioRhysical Review Bmay be no longer than four printed
pages and must be accompanied by an abstract. Page proofs are sent to authors.

Nonlinear optical response and spin-charge separation in one-dimensional Mott insulators

Y. Mizuno, K. Tsutsui, T. Tohyam&,and S. Maekawa
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
(Received 31 March 2000

We theoretically study the nonlinear optical response and photoexcited states of the Mott insulators. The
nonlinear optical susceptibility® is calculated by using the exact diagonalization technique on small clus-
ters. From the systematic study of the dependencg8fon dimensionality, we find that the spin-charge
separation plays a crucial role in enhanciyld’ in the one-dimensionalLD) Mott insulators. Based on this
result, we propose holon-doublonmodel, which describes the nonlinear response in the 1D Mott insulators.
These findings show that the spin-charge separation will become a key concept of optoelectronic devices.

The charge gap in Mott insulators is a consequence oization method on finite-size clusters, and compared with
strong electron correlation. This is completely different fromthat for higher dimensional systems with ladder and 2D ge-
the band insulators, where the charge gap is basically origiemetry. We find thaty® increases with decreasing the di-
nated from band effects. The nature of charge excitationmensionality. It is shown that in the 1D system dipole-
across the gap is thus essentially different between the twallowed (odd) and -forbidden (even) states are almost
types of insulators. The optical response is used to investidegenerate in energy, having very large dipole coupling be-
gate the charge excitation across the gap. In the response, thveeen the two states, while in the 2D system the dipole cou-
linear susceptibility with respect to the applied electric field,pling is rather small in spite of the closeness of the odd and
X, provides information on the dipole-allowed states witheven states. We demonstrate that this peculiar feature in the
odd parity. In addition toy*), the nonlinear susceptibilities 1D system is due to the spin-charge separation inherent in
detect the odd states together with the dipole-forbidden statébe 1D Mott insulators. We propose an effective model that
with even parity can describe the optical nonlinearityhalon-doublonmodel,

Very recently, anomalously enhanced third-order nonlin-where holon and doublon represent the charge degree of
ear optical susceptibilityy®® has been reported for one- freedom for photoinduced unoccupied and doubly occupied
dimensional (1D) Mott insulators of Cu oxides and Ni sites, respectively. The model reproduces very well the char-
halides? as compared with those for the band insulators. Inacteristic behaviors of the experimenjdP).?* We find that
addition, the 1D Cu oxide, $EuO;, exhibits ultrafast non- the spin-charge separation becomes a key concept of future
linear optical response<1 p9 at room temperaturéThese  optoelectronic devices.
facts strongly suggest a great potential of the 1D Mott insu- The electric fieldE of the incident light induces the di-
lators as optoelectronic materials with high performafte. electric polarizatiorP;,q in a material, which is described by
Furthermore, it is shown tha¢® in 2D Mott insulators is @ power series of nonlinear optical susceptibifti’: Pi,q
smaller than that in the 1D Mott insulatds. =eo(XVE+ xPE2+ x®E3+...). The linear susceptibil-

Motivated by these striking experiments, we theoreticallyity x*) is given by
examine photoexcited states and nonlinear optical response
in the Mott insulators, and clarify underlying physics of op- :

2 i opk k v
tical nonlinearity of the 1D Mott insulators. We use the half- (1)(_w_w):i e > I'oa a0 I'oal" a0
filled Hubbard model to describe the Mott insulators. The "/ ' el v F\Q—ilNj—w Q+iTtw/’
x® is calculated by using the numerically exact diagonal- 1)
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whereL is the number of sites is the dielectric constant, andI, is the damping factor. Due to symmetry restrictions,
andk are the polarization directiongy,, is the dipole mo-  x‘? vanishes in centrosymmetric materials to which Cu ox-
ment between the ground std@® and excited statg) with  ides and Ni halides belong. The lowest observable nonlinear-
odd parity,(), is the energy difference betwe#d) and|a), ity is, therefore,x®, which is expressed &s

j ook I
B) (— o 01109, 05) = ¢ Foal abl bl co
XJkIm g1 W1,Wp, W3 EoL 3|ﬁ3 abc (Qa_ira_w(T)(Qb_irb_wZ_ws)(Qc_iFC_a)g)’

2

where w,=w;+w,+ w3, b and ¢ denote even and odd The calculated results are shown in Figéa)land 1b).
states, respectively, afdrepresents the sum of permutation The solid, broken, and dotted lines denote the results for the
on (j, o), (k, ), (I, w3), and M, w,). In the present 1D, ladder and 2D systems, respectively. The upper panel
study, by setting all of the polarization directions the sameepresents the linear absorption spectra, which detect odd
a|0ng ChainS, we examineX(S)(_w;—w,w,w) and states. The Optica| gap is estimated+@.4 (: Gt) eV as-
x®)(—;0,0w), the imaginary parts of which give two- sumingt~0.4 eV, comparable with the experimental optical
photon absorptiof TPA) and electroabsorption spectra, re- gap? The linear absorption has a large magnitude for the 1D
spectively. Hereafter, we set 7, and e, to be unity. system with strong enhancement in the low-energy region
The insulating Cu oxides and Ni halides are known to belw~7t), and decreases with increasing dimensionality from
charge-transfefCT)-type Mott insulators, where bothd3 the 1D to 2D systems. These results are consistent with the
and 2p orbitals exist in the transition metal and ligand ions, experimental data of optical conductivity for 1D, ladder, and
respectively, and participate in the electronic states. The valD cuprates?
ues of the gap are predominantly determined by the energy The lower pane(b) shows the TPA spectra, which detect
position of thep orbitals. However, it is well established that €ven states with the same parity as the ground state. We find
the electronic states of the CT-type insulators can be dethat the spectral shapes of TPA bear a close resemblance to
scribed by the Hubbard model with single band by mappinghose ofy!") when the energy in TPA is doubled. This means
a bound state called the Zhang-Rice singlet state onto théat the energy positions of the even states lie in the same
lower Hubbard band. Actually, the single-band Hubbardenergy region as the odd states shown in Fig) [see the
model explains very well the spectral line shape of angledenominator of Eq(2)].* These characteristics are indepen-
resolved photoemission and e|ectr0n_energy loss Spe@.ent of the dimensionality, and agree with the results ob-
troscopies in the insulating Cu oxid&s. tained by pump-probe measuremetitaVe also find that the
The single-band Hubbard Hamiltonian is defined as ~ Magnitude ofy® is the largest in the 1D system, and de-
creases with increasing the dimensionality. This indicates
that one dimensionality is favorable to the enhancement of

H=—t > (¢, ,+Hc)+UX nini +V> nin;, x®, which is consistent with the recent experimental data on
e ! D (3 SwCUO; and SECuO,Cly.*

WhereciT’[, is the creation operator of an electron with spin oog>_ 8 7 o 8 9 10 ()
at sitei, nj=n; ;+n; |, (i,j) runs over pairs on nearest 0'05 (é) Linear ab O'rpt'ion' ' 1D
neighbor sitest is the hopping integraly is the on-site = | TN o000
Coulomb interaction, an¥ is the Coulomb interaction be- 8 %94 - - - - Ladder] 12 sites
tween nearest-neighbor sites. =, M8 AT

The realistic values of the parameters for cupfateare E 002 Ladder
chosen:U/t=10, andV/t=1.5 for a 1D system and//t 0.01 g : B I ¢ S q S g SpR
=1 for ladder and 2D systems. Additionally, in the 2D sys- 0.00 — m ,,,,, E
tem, a second-nearest-neighbor hoppihgs considered to - 0.006-(b) TPA —_— —_—
simulate a parent compound of high- cuprate$® The g B sites
damping factors are assumed to be the same for all excite ;. %9047 oD
states of the systems wiih=0.4t.° b

: o . & 0.002

We numerically examine linear absorption spectra, that g
are defined by an imaginary part gf"), and TPA spectra for 0.000 227 . . .
a 12-site chain with open boundary condition. The Lanczos 25 30 35 40 45 50

technique is used for the calculation of the ground state. The o/t

spectra are calculated by using the correction vector FiG. 1. The linear absorptiote) and TPA(b) spectra for the
technique'® We also calculate them for two-leg ladder, and 1p, jadder, and 2D Hubbard models, denoted by solid, dashed, and
2D systems with 12 sites in order to clarify the dependenc@otted lines, respectively. The clusters used in the calculation are
of x(® on dimensionality. The clusters used in the calcula-shown in(c). U/t=10. V/t=1.5 for the 1D cluster an/t=1 for

tion are shown in Fig. (t).* the ladder and 2D clusters. For the 2D clustéft= —0.4.
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0.8 1D case 2D case states which Iead_to the dipole moment are constructed by
' () (d) §|m|Iar wave functions. Therefore it is meamngful to exam-
% o | OO ine the nature of the odd and even states in the 1D and 2D
§ 8 sites systems. We define a quantisy which measures the simi-
< 0.4 larity of the wave functions, as followsS=3;|a, el
& 0o o o, where a; (aeq;) is the coefficient of a basis which con-
’ : :
Y 02 A 2 119, Y structs the oddeven eigenstates of the Hamiltonian of Eq.
| II b N (3), andi is the index of the bases. The quantifypecomes
0.0 — unity when two eigenstates are the same except for the phase
3 3 ' (0); , (e) of each basis.
S 2t 5=0.96 :5-0.66 In the 1D systemS between theD; (O,) state and an
= 1l : adjacent even state is 0.98.81), which is close to unity. On
9, | I I the other hand, in the 2D systeifi,is 0.66 and 0.64 for the
— 0 s s Ll e 0, and theO, states, respectively. These results show that in
qé, 3 :5-0.81 (e)] () the 1D system the two wave functions with close energies
3 27 §S=0 64 are quite similar to each other in contrast to the 2D ones.
=1l ; o Next, we consider the origin of the different behavior of
9, || | ll: d the photoexcited states between the 1D and 2D systems. In
0 7 8 8 101214 4 6 8 10 15 14 the 1D system, a phoftomduced carrier separates into two
o/t o/t collective modes carrying the spin and charge degrees of

freedom(spin-charge separatiprin addition, the wave func-

FIG. 2. The energy distribution of the dipole moments for 8-sitetjon itself is factorized as the products of spin and charge

1D [(a), (b), and(c)] and 2D cluster$(d), (¢), and(f)]. The(@ and  \ave functions whett is very large*® Therefore, it is rea-
(c_i) show the dipole moments between the ground state_ and thggnable in the 1D systé'ﬁ]to take into account only the
dipole-allowed states. Th) and(e) [(c) and(f)] show the dipole  harge degree of freedom of electrons for the optical re-
moments between the dipole-forbidden states_ and typical tW%ponse. We propose below an effective model to describe the
(Tj'rﬁ’glg_?:;";te:s S;ates’ denoted k; (Oo) hShOWn.I'n.(a) afndh(d)' nonlinear optical response in the 1D system. In contrast to
) quantity to measure the similarity of the wavey, . 4 system, the motion of the carriers in the 2D system is
functions.U/t=10, V/t=1.5 for the 1D cluster, an®¥//t=1 and K be st v influenced b in backaround lon
t'/t=—0.4 for the 2D cluster. nown to € strongly influenced Dy spin background as long
as the excitation energy is lot,implying that the wave
In order to clarify the TPA spectra in detail, we next function cannot be simply factorized unlike the 1D system. It
examine photoexcited states and dipole moments betwed®, therefore, natural to suppose that the spin degree of free-
these states. The dipole moments are given b)dom |n.the 2D system plays a crucial role in the broad spec-
s(oddx;n;|ever), where|odd) and |ever) denote eigen- tral weight of x and x® (Fig. 1) as well as the broad
states with odd and even parities for the Hamiltonian of Eqdistribution of the photoexcited statéSig. 2). _
(3), respectivelyx; is thex coordinate of the position at the ~ Based on the spin-charge separation picture, we introduce
i site, andn; is the number operator of the electron. a ho!onc!ouplon.model for the 1D Mott insulators. The
Figure 2 shows the results of the energy distribution oftf@miltonian is given by
dipole moments for the 1Meft pane) and 2D(right panel
systems, which are calculated exactly by using clusters
shown in the insets. The upper pah@) and(d)] represents
the dipole moments between the ground state and odd states.
The middle pane[(b) and (e)] shows dipole moments be-
tween the first odd state labeled@sin (a) and(d) and even
states. In the 1D case, th®,; state strongly couples to an
even state with nearly the same energy asm‘iestate%?"m with the constraint of no double occupation at Sii,tGéhiThi
The magnitude of the dipole moment is about 3. On the othet- dfdi)sl. The holonh (doublond) represents the charge
hand, in the 2D case the dipole moment is smaller than thalegree of freedom of unoccupigdoubly occupiedl sites
in the 1D system and the magnitude is less than 0.5. Iproduced by the photoexcitation. We note that only two par-
addition, other dipole moments are also very small in the 20icles, i.e., one holon and one doublon, are contained in the
system. The lower pang(c) and(f)] shows dipole moments present system. Although the model includes the attractive
between another odd staf® and even states. We find again Coulomb interaction, we note that the model is different
that an even state with very close energy to @ state  from a model for standard exciton of 1D semiconductors,
yields large dipole moment in the 1D case, whereas the disince the holon and the doublon cannot occupy the same site
pole moment in the 2D case is small although there are evediue to the hard core constraint unlike the semiconductors. As
states whose energy is very close to the state. These will be shown below, the constraint plays an important role
results indicate a quantitative difference of the dipole mo-n the degeneracy of the even and odd photoexcited states.
ments between the 1D and 2D systems. The difference plays It is easily shown in the holon-doublon model that the
an important role in the difference of the magnitude of TPAeven and odd states are degenerate and thus the overlap in-
between the 1D and 2D systems. tegral S between them is unity: Let us introduce a
In general, the dipole moment becomes large when tweet of the bases with odd and even parities written as

H =t2i (hihy —did 1+ H.c.)—V(iZj> hihid/d,

+ % > (hih+dld)), (4
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4 6 8 "9 12 14 (i) The spectral weights of linear absorption and TPA spectra
0.04— : : . : : are concentrated on the same energy region when the energy
(a) Linear absorption in TPA is dpupled.(ii) The electroabsorption spect(a)_
show an oscillating structure at the spectral edge of the linear
absorption - 6t). The agreement suggests that this model is
a proper one in describing the nonlinear optical response in
the 1D Mott insulators.
Finally we discuss the difference of nonlinear optical re-
sponse between 1D band insulators and Mott insulators. The
photoexcitation process in the band insulators creates an
z 0.000 & electron-hole pair bound by their attractive Coulomb interac-
o/t tion (Mott-Wannier exciton The pair gives a series of
0.04} (cj ' ' ' ' ' bound states with o_dd and even paritie_:g below the gap. In
fact, in the 1D band insulators such as silicon polyrffeasd
Pt halide<’! it has been observed that the odd and even states
& "0.04; Electroabsorption are concentrated on different energy regions, and their dif-
£ -0.08} ference is rather large~1 eV). However, such an energy
B 4 6 8 10 12 14 difference between odd and even states is generally unfavor-
o/t able for obtaining the large dipole moments because dipole
FIG. 3. The linear absorptiofe), TPA (b), and electroabsorp- moments are inversely proportional_to their energy differ-
tion (c) spectra obtained by holon-doublon model for an 80-site®Ce- In this respect, the 1D Mott insulators are advanta-

chain with open boundary conditiokl/t=10, V/t=1.5, andI'/t geous to large dipole moments since they have the nearly
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—04. degenerate odd and even states as shown in Figs. 1 and 3,
which leads to the largg®®).
|basisp)=(|hd00...)—|00...dh))/y2 and |basise) In summary, we have clarified the nonlinear optical re-

=(|hd00 .. .)+|00 dh))/\/i whereh. d and 0 denote SPONS€ and photoexcited states of Mott insulators. We found

holon, doublon, and vacant sites, respectively. Since there g]a.t XUIS er}hanced_ with decreasing th.e dimensionality,
no exchange between holon and doublon due to the hard co}%h'Ch is consistent with the recent gxpenments. In the 1D
constraint, the first terms of the bases never couple to thgystem, the odd and even photoexcited states are nearly de-
second terms. This means that the matrix elements of thacHe"ate in energy, and construct_ed by _S|m|lar wave func-
Hamiltonian of Eq.(4) are independent of the sign of the tions. We found that these properties, which become impor-

second terms. Therefore, the Hamiltonian matrix with oddta;]ntrfzrstgealrzl;?oen n\?vnélr;?sa:ty}oar:sgél%”]eaff(fjec?t?/véhriosggl]-in
parity is equal to that with even parity. This gives rise to theSnarg P ' prop

degeneracy between odd and even eigenstates andSthule Mo_tt insulators. Thes_,e fi_ndings imply that the concept of
- . . - the spin-charge separation is not of purely academic interest
=1. This model naturally explains the characteristics in th . : . .
photoexcited states in the 1D Mott insulators discusse Ut.W'” _show up as underlying physics of optoelectronic
above. We note that the even and odd states are always G%@wces in the near future.
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