PHYSICAL REVIEW B 69, 045104 (2004
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Sample averaging combined with the density-matrix renormalization-group method is applied to an extended
Peierls-Hubbard model that describes quasi-one-dimensional Br-bridged Pd/Ni mixed-metal complexes. The
mixing ratio is changed rather freely, under the condition that the other system parameters reproduce an
experimental charge-density-wa(@DW) gap when the Pd concentration is 100%. Special emphasis is placed
on discrepancies from Hartree-Fock results: overall suppression of the CDW phase and its drastic conversion
to a Mott insulator beyond a certain Ni concentration. This is interpreted as a realization of a Pd Mott-insulator
state that is usually hidden under the stable CDW state. We also pay our attention to carrier-induced state
conversion. We here assume that extra electrons and holes are created by light irradiation. Obtained results
predict a large amount of Mott insulator to CDW reverse conversion, particularly in the phase-transition region.
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Quasi-one-dimensional Br-bridged mixed-metd ;( M insulator” boundary and that it will be possible to demon-
=Pd or N) complexes have been attracting much interesstrate experimentally the multistability in the above meaning.
these years, mainly from a viewpoint of direct and spatial The inclusion of Ni sites into the Pd systems plays a role
confrontation of two basic interactions, namely, interelectrorPf stabilizing such a metastable Mott-insulator state. This is
interaction and electron-latticel-l) interaction. In particu- Very natural, because a Ni site owns a latjg and tends to
lar, the strongest concern is in the formation of Pdtates. ~ SUPPress charge disproportionation and, subsequently, lattice
This state, never seen in the ordinary halogé)-bridged dlsplacemen'ts around it. In the fl_r§t theqretlcal pzi’pgvyas
homometal Pd complexesX&Cl, Br, or 1), was con- ac_tually confirmed that 5_0% of Ni |nc_lu5|0n was sufficient to
frmed by IR and Raman spectroscoplesnagnetic- drive a whole system into a Mott insulator, althoqgh the
susceptibility measuremeft, and x-ray diffractiond in ~ Ueatment was limited in the Hartree-Fo(HF) approxima-

. - . tions. In the subsequent pap&it was suggested that the
[Ni(;yPdBr(chxn),]Br, and also clarified theoreticafly. above claim survived, even considering the electron correla-
The main topic of this paper is that its formation can be,; X derng

. . tion effect beyond the HF approximation. However, a rather
regarded as an appearance of a hidden Mott-insulator phaﬁ,ﬂge phonon frequency and a high temperature were used, in
of Pd. order to converge quickly a quantum Monte Carlo simula-

In the homometal Pd systems, all the known compoundsio As a result, the obtained result remained at a very quali-
exhibit charge-density waw€DW), in which a sequence of taive level, and complete and detailed investigation, includ-
valencies,- - - P Pd"*PF Pd"" - .- in the chain direc- ing accurate evaluation of the electron correlation and
tion, is realized with halogen sublattice dimerizatfofihis dependency, was left for further studies.
makes a clear contrast to the fact that all the Ni compounds |n  this paper, we apply the density-matrix
exhibit Mott-insulator states, namely, a monovalency ofrenormalization-grougfDMRG) method" to this electronic
3+, and no dimerizatiofi.In both the compounds, the out- system. One of the purposes of this work is therefore very
ermost electronic orbitals a2 (4d,2 for Pd and 8l,2 for  straightforward: accurate identification of the true ground
Ni), z axis being parallel to the chain direction, and havestates. In particular, we seek it for each Pd/Ni distribution,
finite transfer energies between the nearest neighbors via thehich is assumed to be spatially random, based on the fact
halogen sites. The established consensus is that the diffehat no order among Ni and Pd sites is found in x-ray
ence between the two compounds originates mainly from theiffractions!? In such a case, we expect that the distinction
relative strength of the on-metal Coulombic repulsion, to thebetween the HF calculation and that by the DMRG method
el-l interaction that is working between the electrons on thecan be drastic in some samples, and it actually is.
metal sites and the neighboriXg s. Namely, the Ni systems As another purpose, we also investigate how states
are Mott insulators, due to rather large on-site repulsion enehange when an extra electron or a hole is injected. This is
ergy Uy; on the Ni sites, while the Pd systems are in themotivated by the fact that the efficiency of carrier formations
CDW states, due to smaller on-site repulsion endigy.”®  in the Ni systems, particularly the Br-bridged Ni system, is
However, theoretical calculations predict that even the Pdather high'® In fact, even the photoexcitation to the lowest
systems own a Mott-insulator phase as a metastable stat@bsorption peak gives a substantial amount of photoconduc-
This is not so surprising if we recall the fact that the CDWtion, and the photoconductivity almost monotonically in-
states in the Pd compounds have much smaller optical gagseases when the excitation photon energy is increased. We
than those in Pt compounfisWe hence expect that the are basically interested in the phase-transition regiom, of
former compounds are much closer to the CDW “Mott- because more delicate and, therefore, more sensitive-to-
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FIG. 1. Schematic picture of the first DMRG iteration. Open 0.4 ]
squares at the top mean the metal sites, and the closed squares a 0.2 |
rectangles represent the blocks.

g o
perturbation balancing seems to be existing there. 02
Following the preceding works!® we make use of an
extended Peierls-Hubbard model with a half-filled band: 0.4
0.6
H=—2 to(Cl,1,CiotH.C)+ > A+ Uini nig -0.8
lo I ! 0 5 10 15 20 25 30 35 40
S 1.4
+VZ r‘|n|+1—52I (Q|+1—Q|)n|+§2| Q. @ 13
where the creation and annihilation operators are related tc 12
the outermostl,2 orbitals of Pd or Ni, and, is the dimen- A 14 l l
sionless displacement of théh Br ion from each midpoint C 1 |ttt bbb e
[see Fig. 2a)]. The number operators,;,, andn, 5, are those V] ' '
for the metal sites with spin up and down, respectively, and 0.9
n; mean<;,,+n, 5. Depending on the metal kind, the on-site 0.8
Coulombic energyJ, and the site energy, take two values
asU,=Upq or Uy andA;=Apqy or Ay;. In particular, the 0.7
choice forU is motivated by the result by Okamoti al,, 06
who conclude that the value for Ni is much larger than that 0 5 10 15 20 25 30 35 40
for Pd!* Meanwhile, the other parameters, namely, the elec- 07

tron transfer energyty, the Coulombic energy between
nearest-neighbor metal site¥s and the e-l interaction energy
Sare set to be constant. The biggest reason for this is that n
reliable data for them are known yet, although this assump-
tion is also based on the following physical consideration.
Namely, these parameters are most sensitive taviki or
M-X bond lengths, which are almost common for the Ni and
Pd case§.We therefore expect no large differences in the
parameter values between the two metal cases, and emplc
the above-mentioned approximation. We use the paramete
values that were already employed in the first and seconc

theoretical paperdJy;=5 eV, Upyg=1 eV, andty=1 eV. 0.3

As for the values ofS andV, they should be chosen to re- 0 5 10 15 20 25 30 3 40
produce CDW properties, because those parameters directl_ Ith Site

determine the stability of CDW. We here try two sets: _ _
=0.5eV and S=02eV, and V=0475eV and S FIG. 2. (8) A segment of the mixed-metal MBr chaith) Quan-

_tities aty=0, 0.278, and 1, shown by+,” squares, and X,”
despectively. Fory=0.278, a typical sample is commonly used as
an example, and the arrangement of Pd sites and Ni sites is speci-
Ried in the bottom panel, by the closed squaids siteg and the
open squarefPd site$.

=0.19 eV. According to our exact-diagonalization calcula
tion that is done in a 12-site ring, they give about 0.8 eV an
0.6 eV, respectively, as the peak energy of the lowest absor,
tion band(see the insets in Fig.)3Since the experimental
value in[ Pd(chxn)][ PdBr(chxn),]Br, is around 0.7 eV
the above choices are regarded as reasonable. Lastly, wearker of the valency of the surrounded metal ion, remains
mention briefly the selection fod,. The frequency of the nearly the same value for Ni, even when Pd ions are
ligand N-H stretching mode, which is traditionally a good included! This means almost negligible charge transfer be-
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the random metal distribution. Consequently, we must al-
ways keep in mind the spatial positions of the blocks, and
construct the blocks in the first iteration as depicted in Fig. 1.
The lattice displacements are treated as classical, assuming
an adiabatic situation, and optimized using an equilibrium
condition, that is,Q;=(n;_1)—(n;). One Br site and two
virtual metal sites are added at the ends: a systenvliBe

M ... Br M Bruv, whereM is Pd or Ni, and v" is a virtual

metal site. These states, of which the valencies are fixed at
3+, play roles only in the lattice optimizations.

Convergence of the whole calculation is checked in the
following way. First, the degree of state truncatiso called
“m”) in the DMRG method is usually 100. We have also
tried m=150 and confirmed that the result remains almost
unchanged. The number of “iterations” in the same method
is three. After three iterations, the ground-state energy differs
from the previous one only by-1x10 % eV in mixed-
metal cases, and much less in homometal cases. Second, we
have also checked the convergence of the lattice optimiza-
tion. As a general tendency, we find that the convergence is
poorest for pure Pd cases. In the mixed-metal cases, on the
other hand, high accuracy in energy, for examptel
X 10 % eV, is more easily attained after 40 iterations. Lastly,
it is emphasized that each optimization is done twice, started
from two different initial conditions; one has zero displace-
ments, while the other is of a staggered type with a large
amplitude. The solution that gives the lower total energy is
employed as a sample in averaging.

In Fig. 2(b), we show the lattice displacements and the
expectation values of the local density, and the local spin
momentsS’=S;+ S+ S, for y=0, 0.278, and 1. Here,
the mixing ratio is defined as the concentration of Ni so that
y=1-x. Fory=0.278, that is, ten Ni sites, a typical sample
is selected for demonstration. As is most easily sgen
gives staggered lattice displacements and charge densities,
corresponding to the realization of a CDW. Meanwhile, we
find zero displacements and uniform charge densities/for
=0.278 and 1, which are nothing but Mott-insulator states.
In particular, the latter state should be called a modified Mott
insulator, because the spin moments change from site to site,
representing local metal arrangemen(see the bottom
pane). The largest change is of course due to whether it is a
Ni site or a Pd site. Moreover we find, roughly speaking,
three levels for each of the Ni and Pd spin moments, as are

FIG. 3. Sample-averaged degrees of Br lattice displacements, apecified by the dashed horizontal lines. They correspond to

a function ofy. (a) S=0.2 eV andvV=0.5 eV. (b) S=0.19 eV and

V=0.475 eV.(c) S=0.18 eV andV=0.45 eV. The other param-

three possibilities as Ni4-Ni, Ni-M-Pd (PdM-Ni), and
PdM-Pd, withM as the metal site that we focus on.

eter values are common. Inset: the calculated absorption spectrum Next. we proceed to the sample-averaged results. In Figs.

in a pure Pd chain.

tween them. We therefore impose a condition Ag;

+(L2)UNi+V=Apy+ (1/2)Upy+V, to make the centers of

gravity for the Ni and Pd bands coincide.

3(a) and 3b), which correspond to the real system, we show
averaged degrees of Br lattice displacements, definatfjas
=[1/(N+1)=(Q%)1Y%Qo, where(- - -) means the averag-

ing over 96 samples, anQ, is the amplitude of the stag-
gered displacements in each pure Pd case. The error bars,

The ground states of the above Hamiltonian are obtaine@hich are very small particularly in the HF calculations, are
by the DMRG calculation. The size of the electronic systemobtained by dividing the whole samples into four groups and

(the total number of metal sitgsN, is 36, and the finite-

calculating the standard deviation among the partial aver-

system algorithm is used.One special point is that the sys- ages. Comparing the present DMRG results with those by
tem is not uniform, having both the lattice displacements andhe HF approximation, we notice the overall suppression in
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0 0.1 0.2 0.3 0.4 0.5 0.6 FIG. 4. (a) The degrees of lat-
tice displacements in the presence
of an extra electron(b) and (c)
show site-dependent quantities in
the same sample as that in Fig.
2(b) (y=0.278).(d) and(e) show
another sample withy=0.278.
Quantities in the half-filled case
and those after one-electron injec-
tion are shown by the dashed and
solid lines, respectively. The open
circles on the abscissas @f) and
(d) specify the Ni positions.
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8q. Such a tendency is most conspicuous in the transitioservations, both the cases, i@. and(b), are consistent with
region aroundy~ 0.3, and more enhanced (h) because of the observations. Actually, the magnetic susceptibility and
the weaker couplings. Among all, the displacements seem tthe IR measurement suggest that Pdtates are already re-
vanish completely ay=0.278 of (b), while those obtained alized after the inclusion of only 30% of Ni sité$,which
by the HF approximation tend to survive up to higher Nifeatures are well reproduced in the present results.
concentrations. We think that this stabilization of a Mott- As the last comment on Fig. 3, we discuss the finite-size
insulator state originates from virtual magnon excitations aseffect. As plotted in Fig. @), the lattice displacements in the
sociated with it, in the sense of a second-order perturbation&DW phase are suppressed on both the ends, being easily
theory!® It is also emphasized that the discrepancy betweeexpected from the present boundary condition. The middle
the two curves can be regarded as qualitative, whose tepart, on the other hand, is almost flat and seems to give a
dency is more clearly demonstrated in a weaker-couplingpulk value (this is nothing butQ, in the definition ofdq).
case, i.e., Fig. @). Here, the CDW gap energy still remains According to the value$q aty=0 in Fig. 3, the displace-
finite as shown in the inset, while the Pd system itself is veryments are reduced to about 90% of the bulk value, on the
close to the CDW “Mott-insulator” boundary. The above- average. From this fact, we think that the other values in Fig.
mentioned discrepancy arises from the inaccurate bounda® will be also suppressed by 10% or so. We, however, em-
position determined by the HF approximation and the correcphasize that both the curves in each panel are obtained using
boundary position by the DMRG method. The averagedhe same boundary condition, and expect that the discrep-
charge densities, normalized and subtracted from unity, givancy between them will exist, being irrelevant to the finite-
almost the same curves as those in Fig. 3, although they asize effect.
not explicitly shown here. This originates both from the adia- In the rest, we argue carrier-induced effects. Since we
batic approximation and from the fact that the surviving dis-assume that those carriers are formed as a result of photoex-
placements and densities are synchronously staggered almae#ations, we start from the converged ground states in the
everywhere. half-filled systems and then add one carrier suddenly. In prin-
To compare the above results with the experimental obeiple, the result is different depending on whether it is a hole
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or an electron, because the new initial conditions destroy thetretching mode, a very rough calculation using (&)
electron-hole symmetry. However, our thorough investigac(1/4)S<Q|2> gives about 0.25 fon/(Q?). Comparing this
tion assures that the differences are practically very smalvalue with the amplitude of the newly formed CDW domain
due to the almost staggered structures, and we only preseint Fig. 3b), it is likely that the order within the domain is
the electron cases. actually destroyed. We think, however, that it will be pos-
Figure 4a) summarizes degrees of displacements at varisible to detect such domain formations through the detailed
ousy’s, with the solid(dashedlline as that aftetbefore the  analysis of the photoinduced absorption spectra or electron
electron injection_ The parameter values are the same ﬁ)ln resonance. Moreover, we also think that the aforemen-
those for Fig. &). As the first remark, the net direction of tioned value for/{Q?) is rather exaggerated. Namely, in real
the induced change is different between lpwand highy’s: systems the interchain interactions are not negligible and
5q decreases for the former and vice versa for the latter. Ipave a role of suppressing the quantum fluctuations. Al-
seems thatq=50% in the original state is the border line, though those interactions are not included in the present cal-

and it is natural because the two opposite directions canc&ulations, the adiabatic and single-chain treatment will be
each other in such a situation. Next, focusing on the lyigh justified assuming that the effects from the other chains work

side, the maximum induced change, realizedyat0.3 as a kind of mean fields and augment the classical nature of

. . . . : the lattice.
reaches as_large as0.27 in 5q_. Since th!s value is spatially . To conclude, we have calculated the properties of Br-
averaged, it allows several interpretations. For example, 'E)ri

. dged Pd/Ni mixed-metal complexes at various mixing ra-
we assume that newly formed CDW domains have the alfios, applying the DMRG method for the first time. A hidden

most same amplitude as that of th'e original CD®y, th'e tate, that is, a Pd Mott-insulator state, manifests itself due to
dor_nam S1z€ sh(_)uld be_ abOL.Jt ten sites per totally 36 sites. ixing effects. We find that the roles of electron correlation,
typical sample is dep|cted_ ith) and (c), _vvhere a Ni-free ._namely, the discrepancy from the HF result, is always sup-
zone located at the middle is transferred into a CDW d_oma'npression of a CDW state and can be rather large at the tran-
Since Qo in this case IS about 0.69, this ?DW domain h.assition region. We have also investigated the carrier-induced
almost the_ same or slightly smaller amplitude. MeanWh”e’effects. The direction of the change is from CDW to Mott
we also find anotr_]er type of .samples. They shov_v nA!Udfnsulator at low Ni concentrations, while vice versa at high
smaller CDW amplitudes and, instead, larger domain SIZ€\i concentrations. The largest change is found aroynd
as shown ind) and(e). If we take account of such cases, the ~0.3. This means that one electr@ne electron-hole pair
averaged CDW domain sizes can be interpreted as larg%ron.vérts more than tefitwenty) Pd sites from a Mott-
than the aforementioned value. Third, what is common thsuIator domain to a CDW domain.

almost all the samples is that the induced changes occur at
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