
Magnetic properties of frustrated two-dimensional S = 1/2 antiferromagnets on a square lattice

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2004 J. Phys.: Condens. Matter 16 S849

(http://iopscience.iop.org/0953-8984/16/11/040)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 27/05/2010 at 12:54

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/16/11
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 16 (2004) S849–S856 PII: S0953-8984(04)74098-9

Magnetic properties of frustrated two-dimensional
S = 1/2 antiferromagnets on a square lattice

Pietro Carretta1,4, Nico Papinutto1, Roberto Melzi1, Patrice Millet2,
Sabine Gonthier2, Philippe Mendels3 and Pawel Wzietek3
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Abstract
An overview of the basic magnetic properties of vanadates which represent
prototypes of frustrated two-dimensional S = 1/2 antiferromagnets on
a square lattice is presented. It will be shown how information on the
ground state sublattice magnetization, on the static uniform susceptibility
and on the frustration driven lattice distortions can be achieved by means of
NMR spectroscopy and magnetization measurements. The low-energy spin
excitations, investigated by means of NMR and µSR relaxation measurements,
will be analysed and the anomalous very-low-frequency dynamics, originating
from the degeneracy of the ground state, discussed. Finally the effects of
hydrostatic pressure on the degree of frustration of the vanadates will be
addressed.

1. Introduction

The study of the phase diagram of low-dimensional transition metal oxides has received
renewed interest after the discovery of high Tc superconductivity in cuprates [1]. In fact, these
compounds have been the subject of intense research activity because they represent almost
ideal prototypes of two-dimensional (2D) S = 1/2 (Q) Heisenberg (H) antiferromagnets (AF)
on a square lattice, where the low dimensionality and low spin values gives rise to an
enhancement of quantum fluctuations [2]. In vanadates such as Li2VOSiO4, Li2VOGeO4

and VOMoO4, where the S = 1/2 can be assumed localized at the V4+ (3d1) site, quantum
fluctuations can be further enhanced by competing exchange interaction among the next nearest
neighbours spins [3, 4]. As can be seen in figure 1 the structure of these vanadates is formed
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Figure 1. Left: phase diagram of a frustrated 2D QHAF as a function of the ratio J2/J1 between
the competing next-nearest neighbour and nearest neighbour exchange couplings. The question
mark points out that for 0.35 � J2/J1 � 0.65 the nature of the ground state is still not established.
Right: structure of Li2VOSiO4 projected along the [001]. VO5 pyramids are in dark grey, SiO4
tetrahedra in light grey, while Li+ ions are represented by circles. The thick black lines indicate
the superexchange paths for J1 and J2 yielding the 2D magnetic lattice sketched on the right-hand
side.

by piling up layers of (Si,Ge or Mo)VO5, where (Si, Ge or Mo)O4 tetrahedra, placed in the
middle of a V4+ square lattice [5, 6], yield similar superexchange paths for the nearest (J1) and
next nearest (J2) V4+ neighbours. Therefore these systems can be considered as prototypes of
the S = 1/2J1–J2 model on a square lattice. These compounds are particularly attractive since
they allow for the first time testing of theoretical predictions put forward several years ago and
which have been the subject of an intense debate in recent years [7]. In particular, while it is
clearly established which is the nature of the ground state for J2/J1 � 1 and for J2/J1 � 1 (see
figure 1) [8], it is not clear if for J2/J1 around 0.5 a resonating-valence-bond state is attained
or if a dimerized phase is present and not even which are the boundaries of these phases in the
J1–J2 phase diagram. It has still not been established which is the order of the quantum phase
transitions separating the magnetic from the non-magnetic phases. Furthermore, the relevance
of the spin–lattice interaction in determining the magnetic ground state needs to be further
investigated. In the following a brief overview of the modifications induced by frustration on
the static and dynamic properties of 2D QHAF as Li2VOSiO4, Li2VOGeO4 and VOMoO4 will
be presented, based on a series of NMR, µSR, magnetization and specific heat measurements.

2. How frustrated are the vanadates?

One of the first pieces of evidence that frustration is indeed relevant in these vanadates came
from the analysis of the static uniform susceptibility (χ) [3]. The temperature dependence of χ

in Li2VOSiO4, Li2VOGeO4 and VOMoO4 is characterized by a high temperature (T ) Curie–
Weiss behaviour with a Curie–Weiss temperature� = J1 + J2, a maximum at a temperature T m

χ

arising from the onset of 2D AF correlations and then a kink at Tc, associated with a transition
to a long-range ordered phase (figure 2). For a non-frustrated 2D QHAF the susceptibility
is expected to show a maximum at T m

χ � 0.93�, while in these vanadates a reduction of
T m

χ is evident (see table 1) and indicates a decrease of the in-plane correlations due to the
competing AF exchange couplings. Also specific heat measurements [4] show a departure
from the behaviour expected for the pure 2D QHAF on a square lattice (see figure 2), with a
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Figure 2. (a) Temperature dependence of the static uniform susceptibility of VOMoO4 , Li2VOSiO4
and Li2VOGeO4 powders measured with a SQUID magnetometer in an external magnetic field of
1 kG. (b) Temperature dependence of the magnetic contribution to the heat capacity of Li2VOSiO4
and Li2VOGeO4, obtained after subtraction of the high temperature phonon contribution.

Table 1. Characteristic values of J1 + J2, T m
χ , Tc and J2/J1 for VOMoO4, Li2VOSiO4 and

Li2VOGeO4 derived from susceptibility, specific heat and NMR measurements.

J2/J1 from
Compound J1 + J2 T m

χ (K) Tc (K) J2/J1 band structure

VOMoO4 155 ± 10 100 42 — 0.15
Li2VOSiO4 9 ± 1 5.35 2.85 1–5 12
Li2VOGeO4 6.0 ± 0.3 3.5 1.95 0.9–4 5

broad maximum occurring at lower temperature and decreasing in intensity. These results have
been analysed in the light of different theoretical models [3, 9, 10] in order to derive the ratio
J2/J1. Although none of these models has allowed an accurate estimate of J2/J1, due to the
limitations inherent in each one of the approaches, all of them indicate that J2/J1 � 1 and, on
the whole, that 1 � J2/J1 � 4, with a slightly lower ratio for Li2VOGeO4 than for Li2VOSiO4

(see table 1). These results have been also compared to the ones obtained from estimates of
the transfer integrals based on band structure calculations and a reasonable agreement was
found [9, 11].

3. The collinear phase

At Tc a second order phase transition to a long-range-ordered magnetic phase is observed
(see figure 3). The analysis of 7Li and 29Si NMR spectra below Tc showed that the order
is collinear [3], as recently confirmed by neutron scattering measurements [12]. This type of
order is the one expected for J2/J1 � 1 and is thus consistent with the estimates of J2/J1 based
on the analysis of magnetization and specific heat measurements. The temperature dependence
of the sublattice magnetization is characterized by a critical exponent β � 0.236 (see figure 4),
very close to the one expected for a 2D XY model on a finite lattice [13], suggesting that the
3D ordering is triggered by the divergence of the in-plane correlations caused by a small XY
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Figure 3. Li2VOSiO4 magnetic field versus temperature
phase diagram. The transition temperature Tc to the
collinear order was estimated either from susceptibility
measurements (open circles) or from NMR relaxation
measurements (closed circles).

Figure 4. Temperature dependence of the sublattice
magnetization below Tc, derived from the temperature
dependence of the local field at the muon, in VOMoO4,
Li2VOSiO4 and Li2VOGeO4. The dotted curve shows
the critical behaviour of the magnetization for a critical
exponent β = 0.235, the one expected for a 2D XY
system on a finite lattice.

anisotropy. Nevertheless, it has to be pointed out that even for a very small spin anisotropy
α = 10−3 the critical exponent is still expected to be the one of the 2D XY model [14]. At low
temperature the V4+ magnetic moment saturates at a value of 0.6 µB [12]. This value, very close
to the one expected for a non-frustrated system, is consistent with a sharp discontinuous increase
and a saturation of the sublattice magnetization for J2/J1 above �0.65, recently predicted by
Capriotti [15]. The low-temperature dependence of the magnetization can be compared with
the behaviour expected for a 2D QHAF with an inter-plane coupling J⊥ [2]. One observes
that the T dependence of the magnetization is consistent with 10−4 � J⊥/J1 + J2 � 10−2.
A reduced value of the interlayer coupling is also consistent with band structure calculations
which indicate a negligible hopping integral among adjacent layers [9, 11]. The application
of strong magnetic fields is observed to reduce sizeably Tc only for H � 10 T, as shown in
figure (figure 3).

4. Frustration driven lattice distortion

Due to the two-fold degeneracy of the collinear ground-state for J2/J1 � 0.7 it is not possible
to say a priori which will be the magnetic wavevector below Tc [16]. On classical grounds
it has been demonstrated that for a J1–J2 model on a square lattice, an Ising transition is
expected to occur at a finite temperature and the system should collapse into one of the two
ground states [17]. This transition is expected to vanish on approaching the critical value
J2/J1 = 0.5 and its observation for J2/J1 > 1 can be difficult due to the decreasing entropy
change expected on increasing J2/J1. On the other hand, such a scenario can change if the
spin–lattice coupling is also considered. In fact, by analogy with the Jahn–Teller effect, a
lattice distortion can relieve the degeneracy of the ground-state and lower its energy [18, 19].

In Li2VOSiO4 and VOMoO4 a distortion was revealed by analysing the T dependence of
the 7Li and 95Mo NMR shift. The paramagnetic shift of an NMR resonance line can be written
as

�K = Aχs

gµB NA
+ δ (1)
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Figure 5. Plot of 7Li NMR shift in Li2VOSiO4 (left) and of 95Mo NMR shift in VOMoO4 (right)
versus the static uniform susceptibility. The temperature, which is an implicit parameter, is reported
for a few selected points. A clear change of slope, i.e. of hyperfine coupling, is evident for T � T m

χ .
The lines are guides to the eye.

where A is the hyperfine coupling, χs the molar spin susceptibility and δ the chemical shift.
Hence, the slope of the �K versus χs plot (see figure 5) directly yields the hyperfine coupling
constant which is extremely sensitive to the overlap of the atomic orbitals and hence to the lattice
distortions. One observes that in both Li2VOSiO4 and VOMoO4 a change in the hyperfine
coupling takes place at a temperature close to T χ

m . It is interesting to note that the temperature
at which the distortion takes place in these two compounds, where the exchange couplings
change by more than an order of magnitude, roughly scales with J1 + J2, as expected for a
frustration driven distortion in compounds having similar elastic constants [11]. It must be
mentioned that while in all VOMoO4 samples investigated a distortion was always present,
several Li2VOSiO4 samples did not show any distortion. The absence of reproducibility might
be associated with different amounts of impurities, which tend to hinder the distortion, in the
Li2VOSiO4 samples. Furthermore, one has to note that since the distortion increases with the
ratio (J1 + J2)/κ , where κ is an effective elastic constant, it is much more likely to be observed
in VOMoO4 than in Li2VOSiO4 and Li2VOGeO4 [18].

5. Very-low-energy excitations in the J1–J2 model

NMR spin–lattice relaxation measurements allow us to probe the low-energy spin excitations
in these frustrated systems. The spin–lattice relaxation rate 1/T1 can be written in terms of
the components of the dynamical structure factor S(�q, ω) at Larmor frequency as [20]

1

T1
= γ 2

2N

∑
�q

|A�q |2S(�q, ωL) (2)

where γ is the gyromagnetic ratio and |A�q|2 is the form factor, which describes the hyperfine
coupling of the spin excitations at wavevector �q with the nuclei. In Li2VOSiO4, the most
investigated among the 2D vanadates, while 7Li form factor is not sizeably q-dependent, the
29Si form factor peaks at (qx = π, qy = π) and vanishes at the critical wavevector Q = (0, π)

or (π, 0). Accordingly, in several Li2VOSiO4 samples one can observe that while 7Li 1/T1
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Figure 6. Temperature dependence of the characteristic correlation time for the very-low-frequency
spin dynamics evidenced by longitudinal µSR measurements. The solid curves show the theoretical
behaviour expected for an activated motion across an energy barrier corresponding to the one
separating collinear I and II domains [21].

always shows a neat peak at Tc, 29Si progressively decreases on cooling with no critical anomaly.
On the other hand, it was observed that in some Li2VOSiO4 samples a peak is also present in
29Si NMR 1/T1. These samples were the ones where a lattice distortion was evident in 29Si
and 7Li NMR spectra [3]. Hence, the observation of a peak in 29Si 1/T1 in these samples relies
on the modifications in the |A�q|2 factor induced by the lower lattice symmetry.

The temperature dependence of 7Li 1/T1 above the critical region can be related to the
one of the in-plane correlation length. In fact, in several two-dimensional antiferromagnets
it was shown that, on the basis of scaling arguments, one can write 1/T1 in terms of the in-
plane correlation length ξ [20] and, taking into account the 7Li form factor, one should have
1/T1 ∼ ξ ∝ exp(2πρs/T ), with ρs the spin stiffness. Therefore, the weakly T -dependent
7Li 1/T1 observed from Tc up to J1 + J2 � 9 K [4] reveals that either ρs is sizeably reduced or
that the scaling approach used for J2/J1 � 0.1 is no longer valid.

µSR measurements in Li2VOSiO4, Li2VOGeO4 and VOMoO4 have shown that besides
a dynamic having characteristic frequencies of the order of the Heisenberg frequency, as the
one probed by means of NMR 1/T1, an unusual dynamic at frequencies orders of magnitudes
lower is present (see figure 6) [21]. These very-low frequency dynamics have been associated
with the motions of domain walls separating collinear I and II domains [21] (see figure 1). The
fluctuations between these two phases are expected to be characterized by a correlation time
τc = τ0 exp(E(T )/T ), where E(T ) is the energy barrier separating the two phases [16]. At
a lower temperature the Ising transition [17] or a lattice distortion will determine the ground
state.

6. Spanning the J1–J2 phase diagram with pressure

It is quite tempting to explore the phase diagram of a frustrated 2D QHAF continuously from
the high to the low J2/J1 regime and not to study just a few compounds having well defined
values of J2/J1. A wide range of the J1–J2 phase diagram can be suitably investigated,
almost continuously in principle, by applying high hydrostatic pressures (P), which modify
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Figure 7. Temperature dependence of 7 Li NMR resonance frequency in Li2 VOSiO4, for a magnetic
field along the c axis, under different hydrostatic pressures. The solid curves above 15 K are the
best fit of the data according to Curie–Weiss law. In the inset the pressure dependence of the ratio
between T m

χ and J1 + J2, i.e. the Curie–Weiss temperature, is reported.

the bonding lengths and angles and, therefore, J2/J1. It is not straightforward to say a priori
if, starting from a certain value of J2/J1 at ambient pressure, J2/J1 will decrease or increase
with pressure. One can measure the effect of pressure on the static uniform susceptibility and
from the modifications in T m

χ and J1 + J2 establish how the degree of frustration is changing.
The temperature dependence of χs can be conveniently derived from NMR paramagnetic

shift measurements. The NMR resonance frequency, in the presence of an external field H0,
can be written as

ν(T, P) =
(

1 +
Aχs(T, P)

gµB NA
+ δ

)
γ H0, (3)

namely one has ν(T, P) = a1(P)+a2(P)χ(T, P), with a1 and a2 two temperature independent
constants which may be slightly P-dependent due to possible modifications in the hyperfine
coupling induced by pressure. In figure 7 the temperature dependence of ν(T, P) at different
pressures is shown for Li2VOSiO4. One notices first that the high temperature value of the
resonance frequency is almost pressure independent, confirming the expected weak pressure
dependence of the chemical shift. Upon increasing pressure one observes first a more rapid
increase of ν(T, P) on cooling and then, for P → 30 kbar, a less steep increase. The
temperature dependence of ν(T, P) was analysed, for T � J1 + J2, i.e. above 15 K, by
assuming a Curie–Weiss form for the spin susceptibility. The resulting pressure dependence
of the ratio T m

χ /(J1 + J2) is shown in the inset of figure 7. One notices that the ratio first
decreases and then increases, as expected if J2/J1 was decreasing from the value J2/J1 > 1
at ambient pressure towards a value J2/J1 � 0.5 or lower by increasing the pressure up to
30 kbar. On the other hand, it was observed that at low temperature a magnetic ground state
was always present and that Tc was left practically unchanged by the application of hydrostatic
pressure. This observation appears to be in contrast with the phase diagram depicted in figure 1
and further investigation is required to unravel the origin of this discrepancy.
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7. Summarizing remarks

In this brief overview it was shown how the properties of a 2D QHAF are modified by
frustration in vanadates characterized by J2/J1 > 1. Although several static properties, such
as the sublattice magnetization, are modified to a lower extent for J2/J1 > 0.7, the spin
dynamics show novel features, not observed in pure 2D QHAF. 7Li 1/T1 in Li2VOSiO4 and
Li2VOGeO4 is surprisingly almost temperature independent and longitudinal µSR relaxation
measurements reveal a very-low-frequency dynamics originating from the degeneracy of the
ground state. This degeneracy can be lifted by lattice distortions which manifest themselves
in the NMR spectra. Finally, it was shown that although J2/J1 can be modified by applying
high hydrostatic pressures the ground state is only weakly affected. Future inelastic neutron
scattering experiments are required to clarify some of the issues put forward by NMR and µSR
in this new field.
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