Dynamic spin correlations near neutral-ionic phase transitions
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Abstract

Near the neutral-ionic phase transition in the one-dimensional extended Hubbard model with alternating potentials
at half filling, the effects of alternating transfer integrals and a staggered magnetic field on the local spin excitation
spectrum are studied by using the finite-temperature density-matrix renormalization-group method. In the neutral
phase, the alternation increases the ionicity and lowers the spin excitation energies toward the ionic phase, while the
staggered magnetic field does not modify the spectrum up to a critical field above which the system becomes ionic.
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The mixed-stack organic charge-transfer complex,
TTF-CA (TTF=tetrathiafulvalene, CA=chloranil),
has been known to show a discontinuous structural
transition, on lowering temperature or on increasing
pressure, from the regular neutral phase to the dimer-
ized ionic phase [1]. Under high pressure, dimerization
is melted in the ionic phase near the boundary [2].
Its pressure-temperature phase diagram is explained
by crystallization of charge-transfer excitations with a
solid-liquid-gas phase diagram. In fact, the equilibrium
line can be described by the Clapeyron equation [2].

Theoretically, the dimerization is often assumed to
be caused by alternating transfer integrals (spin-Peierls
mechanism) [3], but a modification of the long-range
Coulomb interaction strength may be more crucial [4].
Here we treat the infinitely long, quantum system at
a finite temperature T by the finite-T" density-matrix
renormalization-group (DMRG) method. It is already
pointed out that charge-transfer fluctuations are im-
portant in determining the relative stability of the neu-
tral and ionic phases [5] and that the free energy is non-
linearly gained by alternating transfer integrals near
the phase boundary [6]. Local spin excitation spectra
calculated here would help clarify the nature of the
neutral-ionic phase transition.
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The model we use here is written as
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where c!_ creates an electron with spin o at site j,

Jjo
njo = clycjo,and n; = 3°_nj,. The nearest-neighbor
transfer integral is denoted by %, the site-energy dif-
ference between the donor and acceptor molecules by
A, the on-site repulsion strength by U, the nearest-
neighbor repulsion strength by V', the degree of dimer-
ization in the transfer integrals by d, and the staggered
magnetic field by h. The donor sites have odd j, while
the acceptor sites have even j. In the finite-T DMRG
procedure, m=30 states are kept. The quantum trans-
fer matrix is decomposed with the Trotter number,
M=36. The present data are thus more precise than
in [6]. We use the temperature 7=0.1 and the repul-
sion strengths, U=7.5 and V' =3.5, with the energy unit
t=1.0 that corresponds to about 0.2eV for TTF-CA.
The electronic phase at é=h=0 is ionic for A < 0.61
and neutral for A > 0.62 with present m and M.
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Fig. 1. Dynamic structure factor for the local spin density, (a)
with varying A for §=h=0, (b) with varying ¢ for A=0.65 and
h=0, and (c) with varying h for A=0.65 and 6=0.

The dynamic spin structure factor is defined in
[6] and obtained by analytic continuation of the
imaginary-time-dependent spin correlation function.
For =h=0 [Fig. 1(a)], in the ionic phase with smaller
A, it is a paramagnetic Mott insulator, so that the spin
excitations are gapless and dominate the spectrum at
low energies. Meanwhile, in the neutral phase with
larger A, it is a nonmagnetic band insulator with a
large spin gap, so that the low-energy spectral weight
is strongly suppressed. Here the transition is discon-
tinuous, but a larger ¢t or 7' can make it continuous [5].

With increasing dimerization §, the ionicity gener-
ally increases in the neutral phase because § enhances
the delocalization of electrons from the donor to ac-
ceptor sites. In the ionic phase, however, the ionicity
slightly decreases because the bonding tendency com-
petes with the single occupation favored by the strong
on-site repulsion. In the present case [Fig. 1(b)], the
system is in the neutral phase for §=0, while the ion-
icity quickly increases around 6=0.025-0.05 accompa-
nied with the decreasing spin gap. The spectral weight
is accordingly shifted to low energies. At § >0.75, the
system is roughly in the ionic phase. Although the spin
gap remains finite, it is much smaller in the ionic phase
than in the neutral phase.

Though both the h term and the ¢ term produce a
spin gap in the ionic phase, their effects are quite differ-
ent, as seen in Figs. 1(b) and 1(c¢). The neutral phase is
almost independent of the field h up to a critical field
he, | b |< he, due to the finite spin gap. It is because
the h effect appears only through thermally activated
excitations. For | h |> he, the system becomes ionic.
Then, the system is affected by the field h in the same
way as in the ionic phase.

Here, the quantum spin fluctuations are shown to be-
have quite differently in the neutral and ionic phases.
This is because the spin-Peierls mechanism is effec-
tive in determining the relative stability. On the other
hand, if the long-range Coulomb interaction is domi-
nant in determining the relative stability, the spin ex-
citation spectrum may not so dramatically be changed
at the transition. For instance, if thermal fluctuations
are dominant in addition, the free-energy gain through
different magnitudes of the spin gap would be so small
that the spectrum would look very similar. Therefore,
the nature of the neutral-ionic phase transition could
be clarified when spin excitation spectra are experi-
mentally measured near the transition.

T am grateful to T. Luty for enlightening discussions.
This work was supported by the NEDO International
Joint Research Grant Program, and a Grant-in-Aid
for Scientific Research (C) from Japan Society for the
Promotion of Science.

References

[1] J. B. Torrance, J. E. Vazquez, J. J. Mayerle, V. Y. Lee,
Phys. Rev. Lett. 46 (1981) 253.

[2] M. H. Lemee-Cailleau, M. Le Cointe, H. Cailleau, T. Luty,
F. Moussa, J. Roos, D. Brinkmann, B. Toudic, C. Ayache,
N. Karl, Phys. Rev. Lett. 79 (1997) 1690.

[3] N. Nagaosa, J. Phys. Soc. Jpn. 55 (1986) 2754.

[4] T. Iizuka-Sakano, Y. Toyozawa, J. Phys. Soc. Jpn. 65 (1996)
671.

[5] K. Yonemitsu, Phys. Rev. B 65 (2002) 085105.
[6] K. Yonemitsu, Phys. Rev. B 65 (2002) 205105.



