Quasi-2D Quantum Helimagnet LiCu,0O,

A complete phase diagram of Zn substituted quantum
quasi-two-dimensional helimagnet LiCu,0, has been
presented. Helical ordering transition temperature (T,)
of the original LiCu,0, follows finite size scaling for less
than ~ 5.5 % Zn substitution, which implies the existence
of finite helimagnetic domains with domain boundaries
formed with nearly isolated spins. Higher Zn substitution
> 5.5 % quenches the long-range helical ordering and
introduces an intriguing Zn level dependent magnetic
phase transition with slight thermal hysteresis and a
universal quadratic field dependence for T, (Zn > 0.055, H).
The magnetic coupling constants of nearest-neighbor
J; and next-nearest-neighbor J, (a = J,/J,) are extracted
from high temperature series expansion (HTSE) fitting and
N = 16 finite chain exact diagonalization simulation.
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LiCu,0, is a complex spin-driven multiferroics which
shows spontaneous electric polarization below the spin
spiral ordering temperature near 22 K.' The anisotropic
magnetic phase transition temperatures occur near ~
22 and 24 K for magnetic field applied // ab and // c, re-
spectively. LiCu,0, has a Cu-O chain structure formed
with edge sharing CuO, plaquettes in the ab plane while
these chains are connected through CuO, dumbbells
along the c direction as shown in Fig. 1. We use the lin-
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ear chain model with non-negligible
interchain coupling in the follow-
ing description and define nearest
neighbor coupling (J;), next-nearest
neighbor coupling (J,), a = J,/J; and
interchain coupling J, shown in
Fig. 1(b). J, and J, are proved as fer-
romagnetic and antiferromagnetic
interaction, respectively.” When J,
is non-negligible as predicted from
both calculation and experiment, J,
(or J,) would connect linear chains
equally from both sides along the
a direction and convert the system
from one-dimension to quasi-two-
dimension. In fact, such two dimen-
sional view has been confirmed
from its renormalized classical
behavior of short-range in-plane
magnetic correlation length based
on resonant soft X-ray scattering
measurement results.’

Isotropic spin-1/2 Heisenberg
antiferromagnetic chain has been
the most widely studied model.
There have been considerable theo-
retical works on the spin-1/2 chain
system with both nearest-neighbor
and next-nearest-neighbor of an-
tiferromagnetic interactions as de-
scribed by the Hamiltonian of

H= Ji zSiXSi+7+Jzz SIXSHZ (1)

However, studies on chains
with ferromagnetic J; and antiferro-

MG(a =1/2)

magnetic J, interactions have been
rare, and it was only until recently
that great interest was refocused
on the quantum spin system with
emerging electric polarization
concomitant of helical spin order-
ing, such as LiCu,0,, LiCuvO,, and
Li,ZrCuO,. Helimagnetic spin order-
ing for a spin chain occurs when
frustrating J, and J, satisfy a unique
condition of |J,/J;| > 1/4 classically
with pitch angle 8 = cos”'(-J,/4J,).
On the other hand, finite chain
calculation on one-dimensional
quantum spin-1/2 Heisenberg
system suggests the occurrence
of a gapped twofold spin singlet
(dimer) ground state at J,,*" /J,," =
1/2 (called Majumdar-Ghosh, MG,
point) and a first-order phase transi-
tion at J,/J, = —1/4 (called FF point)
before entering the ferromagnetic
regime. There are very few quan-
tum spin-chain systems that sit
within the second quadrant of the
phase diagram shown in Fig. 2.
LiCu,0, of incommensurate helical
spin ordering with confirmed ferro-
magnetic J; could be the best candi-
date so far to explore this region.

A complete series of single
crystal LiCu,,Zn,0, with z~ 0- 0.10
have been grown using travel-
ing solvent floating zone method.
Li content of the Zn-free crystal
around 0.87 has been determined

» T = 0 phase diagram of

one-dimensional quan-
tum spin-1/2 Heisenberg
system with nearest-
neighbor J; and next-
nearest-neighbor J,
isotropic exchange con-
stants. The Hamiltonian is
defined in Eq. (1). Figure
2 is reproduced following
Bursill et al.

using combined thermal gravimet-
ric analysis and iodometric titration
methods, and the Cu and Zn ratios
have been determined using com-
bined inductive coupled plasma
and electron probe microanalysis.
Nonmagnetic Zn** should substi-
tute the Cu** site only from consid-
erations of both valence and ionic
radius. The ionic radius of Zn** ion
(0.74 A CN = 4) is similar to that of
Cu*ion (0.71 A CN = 4), which is sig-
nificantly larger than that of a Cu”
ion (0.60 A CN = 2) within the CuO,
dumbbell. A significant reduction of
¢ axis in concomitant with slight in-
crease of a and b axes when crossing
the Zn ~ 5 % boundary, with mini-
mal change on the cell volume (not
shown). These results suggest the
success of Zn substitution to the Cu**
instead of the smaller Cu” site within
the bridging O-Cu-O dumbbell.*

Figure 3 summarizes the com-
plete evolution of Zn substitution
effect shown in x,,(T) and dy,, /dT
data for all samples studied. Low
Zn substitution reveals typical sig-
nature of anisotropic helimagnetic
ordering transition and reduces T,
slightly from ~ 22 K to the lowest
~ 20 K before two coexisting phases
emerge. The most natural model
that can explain such z dependence
of L(z) would be a picture of two-
dimensional helical ordered do-
mains which are cut off by defect or
secondary phases formed domain
boundaries, the higher the Zn level
the smaller the domain size.

Across the Zn ~ 5.5 % phase
boundary, x(T) transforms from
a spiral spin ordering character
toward a step-like crossover or a
cusp shape near the phase tran-
sition as shown in Fig. 3(b). The
different characters for the helical
and the novel phase transition are
displayed not only by the sym-
metry change of dx/dT peak shape



but also by its smooth crossover
(< 5.5 %) versus cusp shape
(= 5.5 %) difference in x(T). We
traced magnetic field depen-
dence of transition temperature
of crystals with Zn level higher
than ~ 5.5 % and found the scal-
ing of 1-T(H)/T(0) shows a con-
vincing H* dependence which
is expected as magnetic field
dependent dimer transition.

Such field dependence is
a result of band filling change
that is sensitive to the compet-
ing commensurability-incom-
mensurability requirement
between spin and phonon. for
spin-Peierls transition. Such
H’ field dependence has been
observed in CuGeO; of well-
known spin-Peierls transition

before. The quadratic field
dependence also ruled out the
possibility of ordinary structural
transition due to phonon insta-
bility under strong field. There is no
evidence of structural transforma-
tion or signature of lattice doubling
found based on our synchrotron
X-ray structure analysis for the
whole Zn substituted series.

In order to trace the frustrat-
ing couplings J, and J, (a = J, /J,)
to realize nonmagnetic ion Zn
substitution effect for this heli-
magnetic system, we applied high
temperature series expansion and
exact Hamiltonian diagonaliza-
tion methods to fit the magnetic
susceptibility data for the entire
Zn-substitution range. We find J,
decreases smoothly, crossing the
~ 5 9% Zn phase boundary by ~ 4 %
only while J, reduction is far more
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pronounced. The significant J, re-
duction through Zn substitution
moves this frustrated system closer
to the quantum critical point near
a=-1/4as shown in Fig. 2.

We propose two simplified
models to descri-be the observed
gapped experimental results for Zn-
substitution level higher than 5.5%.
In the first possible scenario, singlet
dimers could form due to non-neg-
ligible antiferromagnetic interchain
coupling J, (or J,) for interchain
coupled spins near Zn pairs. Since
the ferromagnetic J, is disrupted lo-
cally by Zn impurity and the antifer-
romagnetic J, becomes dominant
locally, the second possible sce-
nario can be described by dimers
formed with antiferromagnetic
coupled Cu** ions (J,) across the Zn
impurities within the same chain.
Such gapped excitation described
by a confined spin 1/2 soliton has
various gap sizes as spin chain is
cut short from the gapless infinite
system to various finite lengths.
The observed finite-size scaling
behavior discussed above seems to
suggest a scenario that these iso-
lated spins could “transport” to the
domain boundaries encircled the
long-range helical ordering spins,
while Zn impurity should not be
mobile at such low temperatures.
For Zn level below ~ 5.5 %, dilute
isolated spins introduced by Zn
should distribute randomly near
doped Zn centers. We note that the
high Zn-substituted samples with
J, /J; ratios could fall in the range of
dimerization according to the phase
diagram constructed by easy-plane
anisotropy v.s. J; /J, as proposed by
Furukawa et al.’

In conclusion, we have used
nonmagnetic Zn substitution to
explore the quantum quasi-two-di-
mensional helimagnet LiCu,0,. Zn
substitution moves the frustrated
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spin system closer to the quantum critical ferromagnetic
boundary near a = -1/4 on the J, vs. J, phase diagram.
Two kinds of magnetic orderings have been found cross-
ing the T-z phase boundary for Zn near ~ 5.5 % per CuO,
chain. Low Zn substitution reduces the spiral ordering
transition temperatures significantly, following a finite
size scaling law, which implies the existence of two-
dimensional helimagnetic domains confined by isolated
spins, and these isolated spins could be transported as
a soliton through the frustrating spin background to
the domain boundaries. Such spin phase separation is
uniquely observed for the first time in a two-dimensional
helimagnetic background. High Zn substitution intro-
duces a gapped phase that shows spin-Peierls character
and that the phase fraction is proportional to the Zn sub-
stitution level.
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