PHYSICAL REVIEW B 70, 033102(2004)

Dynamical density matrix renormalization group study of photoexcited states in one-dimensional
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One-dimensional Mott insulators exhibit giant nonlinear optical response. Based on the dynamical density
matrix renormalization group method, photoexcited states and optical response in the insulators are studied as
functions of the on-site and the nearest neighbor Coulomb interactioasdV, respectively. We find that the
lowest optically allowed and forbidden excited states across the Mott gap, which have odd and even parities,
respectively, are degenerate fdft=<2 with t being the hopping integral of an electron between nearest
neighbor sites. Fo¥/t=2, the bound states with odd and even parities occur and are not degenerate. The
nature of the degeneracy and its effect on the optical response are examined.
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In one-dimensional Mott insulators with strong on-site sorption spectra have been calculated in the exact diagonal-
Coulomb interactiorlJ, the ultrafast and gigantic nonlinear ization method for a 12-site chafnTo understand the
optical response have been opser%/éc'fhe_ third-order non-  degenerate feature in more detail, systematic studies of the
linear susceptibilities in the typical one-dimensional Mott in- spectra are required for large size systems by changing the
sulators of charge transfer type, such as cuprates angarameters widely. To achieve this purpose, we employ the
halogen-bridged Ni-halides, are a thousand times larger thaglynamical density matrix renormalization groipMRG)
those of band insulators or Peierls insulafors the previous  method?-1and calculate the dynamical correlation functions
theoretical investigation’? it has been pointed out that the for odd- and even-parity states. The finite size scaling of the
anomalous enhancement of the nonlinear susceptibilities ibwest-energy positions, which are derived from the correc-
the one-dimensional Mott insulators originates in the largejons functions, is performed. We clarify a parameter region
transition dipole moment between an optically allowed statgyhere the degenerate photoexcitated states appear.

with odd parity and an optically forbiddeftwo-photon al- The single-band extended Hubbard model in one-
lowed) state with even parity due to the degeneracy of thes@imension is given by
states.

In the largeW limit, only the charge degree of freedom - _ . o "
survives in the photoexcited states due to the spin-charge t% (CiCirrg + HC) UEi‘, n"Tn"ﬁV; WMl
separatior?, and the system is well described by an effective

two particle model, called the holon-doublon model, which @)
is composed of a holon representing one photoinduced +o . . .
empty site and a doublon representing one doubly occupie‘ghe.rec.i,ff |s_the creation operator for_ an glectron with spin
site with the attractive Coulomb interactionv—between ot SIt€1, M=ni;+m, LI the hopping integral along the
them. WhenV exceeds a critical valug=2t, these particles chain aX'S.’U IS thg on-site Coulomb mtergcuon, a}dds the
form an excitonic bound stafeSince these two particles Coulomb interaction between nearest neighbor sites. We con-

; ; j the half-filled case. We examine the wide parameter

cannot exchange each other, the photoexcited states with O&&de_:r _ .
and even parities are degenerate regardless of the magniturcf’eq'onU/t_S’ 10.' 2.0’ and 40 to see the hature of the excited
of V. By using this model, the experimentally obtained Opti_states, aIthou_gh it is known that the realistic valuaJdf for
cal spectra for the cuprates have been analyzed. Howevetpe cuprates i#)/t~10. : .
the optical gap in the compounds is finite2 eV) and thus _We focus on the Iovy_energy region of the opical spectra
the holon-doublon model, which is obtained in the limit of with even and odd parlfues a_t zero temperature. The quantity
large U, may be re-examined. Under a finite-condition, Xalw) for an operatod is defined by
there is an intermediate process that these particles recom- 1
bine, while this process is prohibited in the lardelimit. xa(w) =—=Im(0|A
Since, in the finitdd condition, these particle can exchange L
their positions through the intermediate process, the eigenen- ) ) . o
ergies of the odd- and even-parity states may be differentvhereL is the system sizgp) is the ground stateF is its
Therefore, it is indispensable to clarify the optical responsénergy, andy is an infinitesimal positive number. Operafor
in Mott insulators with finiteU. is either the paramagnetic current operatof

The minimal model to describe photoexcitation in the=—it2i,g(gﬁgci+l,o—H-C-) or the stress-tensor operatar
Mott insulators is the single-band extended Hubbard modet —t; (¢ ,Ci+1,,+H.c).?? Sincej and 7 have odd and even
with U andV at half filling. By using the model with param- parities under the space inversion, respectivgly) detects
eters for SyCuQ;, the linear absorption and two photon ab- the odd-parity states whilg,(w) does the even-parity states.

—————A'loy, 2
w+tEy-H+iy 1) @
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To calculate these quantities, we use the dynamical 15n=10  UA=20 _ Ujt=40
DMRG method®3 which is known to be powerful to study @ 1© —==10) ot
dynamical properties in one-dimensional correlated electron 1 3 1 i fS
systems. The basic DMRG algorithfnfor generating the osf [ T ¥ 1/ &

ground state restricts the exponentially increasing Hilbert =
space to the relevant low energy DMRG basis using the
ground state density matrix. To make informations about the
photoexcited states reflect on the next DMRG step, the den-
sity matrix for a system block is expanded to a following
form:":1°

pir = > Pa[z lzb;,ij lﬁa,i'j/Z ‘/’;,ij ‘/’a,ij]7 (3
a j i

T=VA

Intensity

=UA

whereX , p,=1 with « denoting each target state, the indices

i andj run over all bases of a system block and an environ- k ?T
ment block, respectively. We adogit,-o=|0), #,-,=A'|0), TF% ™
and ¢,-,=(w+Ey—H+iy)'AT|0). The most relevant states TSN L)} s I Nsal ]

to go onto the next DMRG step are constructed by the eigen- 56 7 8 9 1516 17 18 19 35 36 37 38 39 40

states of this enlarged matrix, and the spectral functions are ot

directly given by the imaginary part of the inner product p 5 1 Xi(@) (solid lines andy,(«) (broken lines as functions

betweeny, and ¢, after the sweep procedure is converged.ot  andv. The system size and the broadening facterare taken
We takep,=0.5, andp,; =p,=0.25. It is noted that the precise (g pe| =64 andyL/t=12.8.

variational principle for the ground state wave function is

necessarily violated whenever we treat the dynamical effectgitonic bound state is formed fa/t=2 in the larged limit.

by choosingp,# 1. However, we can confirm that spectral Even in finite cases, we expect that the bound state occurs

shapes evaluated by DMRG are quantitatively consisteris seen in the sharp peak structurexftiw) for V/t=2 in

with results from the Lanczos diagonalization for small clus-rig, 1.

ters. Since we empirically know that the numerical results Tq evaluate the band edges gfw) and x,(w) more pre-

are generally insensitive to how to determine the parametefisely, we carry out the scaling analysis in the case that

set{p,}, we believe that convergency of the obtained ground/t=10. The band edge is defined by the lowest-energy peak

state is considerably good. position evaluated using a sufficiently small broadening fac-
In the numerical simulation, an edge effect by the openor . The scaling results are shown in Fig. 2. For 64-site

boundary condition appears as a side peak located beIowgstemS, we taken=300. ForV/t<2, it is found that the

main excitonic peak. This indicates that a doubly OCFEineq)eak positions OB(J((U) and Xf(w) are almost degenerate at

site tends to stay near the boundary. When we additionaly g4, The peak positions approach to the exact Bethe ansatz

introduce an impurity potential #8=H+V(n,+n,), the side  solution of the band edge &/t=0, which is shown by the

peak is removed. We have confirmed that the spectra olbroken line in Fig. 22 Since the extrapolated positions in

tained in the method is similar to those in the exact diagox;(w) and x,(w) are insensitive to the magnitude @ft for

nalization method for small clusters with the periodic bound-V/t<2, we conclude the positions to be at the continuum

ary conditiont¢:1 band edges. On the other hand, the excitonic bound states are
We first report the dynamical correlation functiong(w)  formed below the continum band edge with a certain gap for

and y,(w), for several values ofJ/t andV/t in Fig. 1. The  V/t>2. In the case tha¥//t=3, both parity states have the

truncation numbem is m=180 in most cases of the simula-

tion and sometimesn=240 if necessary. The average dis- T5EVA=0 i-V/t='1 75 R 37
carded weight is about the order of $0In the largestJ/t - F L o
case(U/t=40), the spectra with odd and even parities are g 7 ¥ T ¥ T x o F
similar each other fo¥/t=< 3. With further increasindJ/t at g ¥ xe T x

a fixed value ofv/t, we can expeck;(w)=x,(w) for any , 35.5'_" £ L Fg - Foox
since the model becomes equivalent to the holon-doublon x> s
model. In Figs. 6i)-14I), a tiny bump structure is seen oL 1 1 Tee *° ]
aroundw=U-V, which is associated with a uniform exciton 000570170 0,05 oill;yL 0,05 0.0 005 0.1

in the case of a dimerized spin backgrodid.

When the_ parametdd/t decreases at a fixed value\dit, FIG. 2. Finite size scaling for the lowest-energy peak positions
the odd-parity spectrg;(w), does not change much. On the xj() and x(w) for U/t=10. The filled circles denote the posi-
other hand, the spectral weight near the band edge in thg) s of Xi(®), and the cross symbols denote thoseygti). The
even-parity spectragy.(w), decreases, compared with that of nagnitude of error bars is smaller than that of the symbols. The
Xj(w). This is especially strong folV/t=2 [see Fig. band edge av/t=0 obtained by the Bethe ansatz method is denoted
1(d)].181°% As already mentioned in the introduction, the ex- by the horizontal broken line.
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where the three site hopping terms within the same Hubbard
bands are neglected=4t?/(U-V), & , is the annihilation
¥ . | « | operator of the singly occupied stagg,=c; ,(1-1; ), 7 o
. x o x is the annihilation operator of the doubly occupied state
¥ ¥ " . .
" 7.0=Ci ,Ni -, and §; is the spin operator. If we assume that
Te x o all sites are occupied by one electron in the ground state, the
I ) photoexcited states created by the current or the stTresTs—tensor
AT AP ATET A B BT Lo ool ool o i 0y | PSS A Lo ool i T i T_
100,05 0.170 005" 0.0 005 0.0 005 0.1 are V\{rntten as T(‘ﬁli ¢2)'0)  with  ¢'=(¢y,4))
L =(Zio MeroioZio M oSiv10). We evaluate a propagator

matrix D(w+i7y) =tX0|p(w+Ey—H+iy)1¢'0). Considering
a sign factor by fermion exchange, we can regard (Bl

excitonic feature below the continuum band edge. However_glz_/l:l_)21+ DZZ)/LB as Xif((‘;]) andd _dm(D“J.rD”J;D”.
the spectral weights around the bound states behave diffel- 22)/L asx(w). By use of the standard equation of motion

ently as seen in Fig.(tl). Figure 3 shows the scaling result at Method for the inverse Fourier transform Df the optical
U/t=5. In this relatively smallJ case, the critical value of SPectra are finally given by
V/t, where the degeneracy is lifted, still seems to exist near 5
V/t=2 but slightly smaller than that of the large-imit. Yalw) = = Im—— At —
Consequently, we conclude that in the finileeases, the w+iy=op=Xa(w+iy)
excitonic bound state formation faf/t=2 lifts the degen- o .
eracy of the lowest-energy peaksyj{w) andy,(w) seen for ~WhereA'is eitherj or 7, wj=wo=J/2, w,=wo+J/2, wp=U
V/t=2. -V+2J, and 3, (0|S;-S;;4/0)/L=-3/4. The dynamical cor-
The reason why the excitonic bound states are not degefiections are rewritten by;=(Y11-Y15)/2L, and X;=(Yy;
erate in the case of finitd is interpreted as follows: In the +Y12)/2L,  where  Y=(0|6p(w+Eq—H+iy)15¢'0),
holon-doublon model, there is the local constraint thatwith | denoting the irreducible part of. In a case that
double occupancy of a holon and a doublon is prohibited orup and down spins on sites are alternately arranged by the
the same site. On the other hand, in the case of finjtdhere  interaction, J, St is defined by 8¢
is an intermediate process that these particles recombine te{2%; s« fiT_l,s(U)ss' M1y - Sir Ziss giﬂl’s(cr)ssl Mi-1s * Si
gether. These particles can exchange their positions through(Z; 5¢L A 5(15;). For particular sites,—1, i, i+1, a tran-
the intermediate process. In such a case, nonzero matrix edition process by5¢L is given by 5¢L|--~, T, 0,7,
ements of the order of?/U appear between photoexcited =|---,0,7,1 T, ), which means that a holon-doublon pair
states before and after the exchange, leading to the lift of thextends spatially. Ther¥, corresponds to continuum band.
degeneracy. FoW/t=2, a probability of the exchange is Obviously,X; andX; are degenerate at band edges according
large, since these particles approach each other to form the their definitions. When the edges are located belgwnd
bound states. Therefore, the lift of the degeneracy becomes,, the band edges of; and x. are also degenerate, since
remarkable fov/t=2. On the other hand, a probability of hybridization between the edge X and a polew, is neg-
finding these particles nearby is expected to be small foligible. We note that negligibly small hybridization corre-
VIt=2, since the excitonic bound states are not formed. Thigponds to negligibly small probability of finding a holon and
indicates that the effect of the exchange is negligible. Thisa doublon nearby fow/t=<2 discussed in the previous para-
idea is supported by the DMRG results féft<2, where graph. When the excitonic bound states are separated from
the even- and odd-parity states are degenerate. We note thae edges, we can apply the single-pole approximation to the
the behavior of the exciton fov/t=2 is similar to that of a  calculation of X,, and obtain Xj(w)=X,(w)=4t2/[w—(w0
Mott-Wannier type excitoR? where an electron and a hole +V)], where we assume; (0|S;-Si,,|0)/L=1/4. In this
can exchange their positions freely. _ case, the energy difference between odd- and even-parity
Returning to the extended Hubbard model, we clarify thegtates is given byAw=[w,+X (w,)]~[w;+X;(w)]=V?
mechanism discussed in the previous paragraph. To simplify (3/2)2_ 4t2]/[\2-(3/2)2]. We note that the energy differ-
the discussion, a strong-coupling perturbation theory fromy . arises from the last term of the transformed Hamil-
the larged limit is applied to introduce an effective Hamil- ;,ian (4) that describes exchange between a holon and a
tonian. A unitary transformation to remove the electron mo-y,ublon. The values ohw are evaluated to bAw=0.315
tion from a singly(doubly) occupied state to a doublgin- ;14 0171 for(U/t,V/1)=(10,3 and(5,2.25, respectively.
gly) occupied state leads to These values are comparable with the DMRG resullts for 64-
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FIG. 3. Same as Fig. 2 blut/t=5.

(5

_ 1 site systems shown in Figs. 2 and 3, which giv@=0.285
H=(U+ J)E Mg, +{ V- ZJ 2 NiNi+1 and 0.145, respectively. Since the exciton with even parity is
' ! situated near the continuum band dueA®>0, it mixes
-t (§IU§H1’”+ 77?,0%1,0* H.c)+J> S-S strongly the comtinuum band. Then, the excitonic spectral
io i weight for the even-parity state is reduced.

1 Among the related compounds, we focus 0aCaIO; to
+23> (CILC;F,TCHLTCHl,l +H.c), (4) make a comparison between .the present results and experi-
25 ments. Mapping the Zhang-Rice band onto the lower Hub-
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bard band, the parameters in Ed) for Sr,CuO; have been reported to be comparable with tiped transfer energypd,23
estimated to baJ/t=10 andV/t=1.5~2.0*?! The param- it is not clear that the single-band model describes the elec-
eters correspond to those used in Fig)1We find thaty;(@)  tronic states in the compounds. It might be necessary to
representing the distribution of the odd-parity states reprostudy the underlying electronic states more detail.

duces the measured linear absorptipn specﬂrém.the'case In summary, we have presented the optical spectra with
thatU/t=10 andV/t=2, the absorption band edgesjfiw)  o4d and even parities by changing widely a set of parameters
andx,(w) are found to be nearly degenerate. The distribution, the one-dimensional single-band model by using the dy-
of the even-parity states for FuO; has been measured by namical DMRG method. We have obtained three resgis:

the two-photon absorptiofPA) spectroscopy, and a finite T excitonic bound states are formed ¥oit=< 2 in finite-U
energy differencé~0.3 eV) between the peaks in the linear cases(2) When the excitons are unbound fort=2, the
absorption and TPA spectra has been reporfite behavior  photoexcited states with odd and even parities are degener-
of the band edges in the odd- and even-parity spectra is dityie (3) When the excitonic bound states are formed, the
ferent from that of the peaks in the spectra. The Ca|CU|ati°réigenenergies of the odd and even states split because the

of the TPA spectrum in the present model will make it Clearempty site and the doubly occupied site can exchange each
whether the peak position in the TPA spectrum is higher ingiher in the finitel cases.

energy than the band edge positionyi{w). Such a calcu-
lation is in progress. The authors thank K. Tsutsui for several suggestions for
Among the halogen-bridged Ni-halides, the Br-basedhe exact diagonalization method. This work was supported
compounds show anomalous behaviors: the linear absorptidsy NAREGI Nanoscience Project and Grant-in-Aid for Sci-
peak is very sharp but the excitonic effect is found to beentific Research from the Ministry of Education, Culture,
small from photoconductivity measurements although the efSports, Science and Technology of Japan, and CREST. The
fect cannot be neglectéd.In the present model, the optical numerical calculations were performed in the supercomput-
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