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FIG. 1. (Color online) Three-sublattice antiferroquadrupolar
(AFQ) spin-nematic state, found in the spin-1 bilinear-biquadratic
model on a triangular lattice, and studied in the context of
NiGa2As2.39–41 The probability distribution of spin fluctuations
(shown as a blue surface) define orthogonal directions on neighboring
sites. The directors describing this AFQ state are represented by red
cylinders.

be associated with a three-sublattice, bond-centred, AFQ
phase34,35 (cf. Fig. 2). Related calculations suggest that a two-
sublattice, bond-centered, AFQ spin-nematic state (cf. Fig. 3)
might also be realized in the spin-1/2 frustrated Heisenberg
model relevant to a family of square lattice vanadates.29

Finally, magnetization measurements on the spin-chain system
LiCuVO4 show a phase transition close to saturation, which has
been interpreted as the onset of a bond-centred, AFQ state.56,57

In parallel with this new work on magnetic insulators, there
has been an explosion of interest in electronic-nematic states
in itinerant transition-metal compounds, and a resurgence of
interest in the study of multipolar hidden-order phases in
rare-earth materials.58 Since these systems are typically metal-
lic and/or subject to strong spin-orbit coupling, somewhat
different considerations apply, and we will not attempt to
review either subject here. We concentrate instead on local
moments with a high degree of spin-rotational symmetry.

FIG. 2. (Color online) The three-sublattice, bond-centred, anti-
ferroquadrupolar (AFQ) spin-nematic state proposed to exist in thin
films of 3He.34,35 This system can be modelled using a multiple spin
exchange model of 3He atoms with nuclear spin-1/2 (represented by
green spheres), on a two-dimensional triangular lattice. For a range
of parameters bordering on ferromagnetism, the ground state of this
model is a three-sublattice AFQ order in which spin fluctuations
(shown as a blue surface) are orthogonal on neighboring bonds. The
directors describing this AFQ state are represented by red cylinders.

FIG. 3. (Color online) Two-sublattice, bond-centred, antiferro-
quadrupolar (AFQ) spin-nematic state found bordering the ferro-
magnetic state in both the spin-1/2 J1 − J2 Heisenberg model and
the spin-1/2 multiple spin exchange model on the square lattice.29–33

Magnetic ions are denoted by green spheres, and the probability
distribution of spin fluctuations on each bond is shown as a blue
surface. The directors describing this AFQ state are represented by
red cylinders.

While this brings some simplifications, the microscopic
models needed to describe thin films of 3He (see Ref. 35) and
LiCuVO4 (see Refs. 21 and 57) are already very complex,
with dominant nearest-neighbor ferromagnetic interactions
frustrated by a large number of competing antiferromagnetic
exchange pathways. The complexity of these models points
to the need for a phenomenological description of AFQ order,
which makes explicit the physical nature of its excitations, and
parameterizes them in terms of the smallest possible number
of experimentally measurable parameters.

In this article, we develop a symmetry-based description
of the long-wavelength excitations of three-sublattice AFQ
order on the triangular lattice. Our approach, based on an
SU(3) generalization of the quantum nonlinear σ model,
could be applied equally to the spin-1 magnet NiGaS2 (see
Refs. 39–41), or to thin films of 3He (see Refs. 34 and 35).
With minor modifications, the action we derive also offers
a description of the two-sublattice AFQ order proposed to
occur in LiCuVO4 (see Refs. 21 and 57), and square lattice
frustrated ferromagnets.29 In fact, it can be modified to
describe any system where spin-quadrupoles display short- or
long-range, noncollinear order. The only requirement is that
the Hamiltonian either has a continuous symmetry [e.g., SU(2)
or U(1)], or is close to having a continuous symmetry.

In order to demonstrate the validity of this approach,
we show explicitly how our σ -model like action can be
derived from a microscopic model exhibiting three-sublattice
AFQ order, the spin-1 bilinear-biquadratic (BBQ) model on
a triangular lattice.39–41 At long wavelength, the resulting
continuum theory exactly reproduces published results for
“flavor wave” analysis of the lattice model.39,41 However,
the continuum theory is both independent of the “flavor
wave” theory and far more general, and could equally well
be parametrized from experiment, or from analysis of a
more-complicated microscopic model where the “flavor wave”
approach is not applicable.

Good reviews exist of “flavor wave” techniques for spin-
nematic order,9 but σ -model approaches have yet to be
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Fig. 1: (Colour on-line) Calculated phase diagram for
the general J1-J2 model, locating Pb2VO(PO4)2 and
SrZnVO(PO4)2. The values of α in parentheses are the phase
boundaries determined by exact diagonalization [5,7]. At these
values, zero-point fluctuations destroy the relevant order para-
meter. The yellow area corresponds to the valence bond
solid (VBS) regime, the purple zone to the bond-nematic
(d-BN) region [6,7,25]. The straight lines are obtained from
the Curie-Weiss temperatures, and the circles are obtained
from the maxima in susceptibility, as described in the text.
The filled circles are the solutions selected using polarized
neutrons.

literature. The determination of α from thermodynamic
quantities alone is undermined by the fact that J1+J2
and |J1+J2|, but not J1-J2 are well determined.
Here we present combined bulk magnetization and

polarized neutron scattering studies of Pb2VO(PO4)2
and SrZnVO(PO4)2. The determination of the magnetic
structures in the ground state, and the comparison of the
diffuse neutron scattering intensity in the paramagnetic
phase with high-temperature series expansions (HTSE)
provides an unambiguous determination of the exchange
constants J1 and J2. We are also able to explore the
consequences for the spin correlations of the approach to
a quantum disordered region of the phase diagram.
Large powder samples were synthesized at the Max-

Planck Institute for Chemical Physics of Solids in Dresden
by the solid-state reaction method, in order to avoid multi-
phase composition for these compounds. The quasielastic
neutron experiments were performed on the D7 diffuse
scattering spectrometer at the Institut Laue-Langevin
(ILL) in Grenoble, with a fixed incident wavelength of λ=
3.1 Å corresponding to an energy window of 8.5meV. XYZ
polarization analysis was employed to separate magnetic
signal from the coherent structural and incoherent
scattering [26]. Polarized inelastic neutron scattering
measurements were performed using the IN20 triple-
axis spectrometer of the ILL, in order to confirm the
energy scale of the system. Scans of energy transfer were

(a) (b)

Fig. 2: (Colour on-line) The structure of Pb2VO(PO4)2
contains corrugated layers formed by VO5 square pyramids
(blue), oriented in alternating directions in a chessboard fash-
ion. The pyramids are connected by tetrahedral PO4 groups
(yellow). The layers are separated by the Pb atoms (green)
and isolated PO4 tetrahedra. Projections shown are for a) ab
and b) bc planes.

performed at various reciprocal lattice points, Q, and
temperatures, T , and in all cases the excitations were
found to be within ±4meV. Thus the measurements on
D7 integrate over the full spectral energy range to yield
the structure factor, S(Q). The bulk magnetisations of
Pb2VO(PO4)2 and SrZnVO(PO4)2 were measured using
a SQUID magnetometer at the University of Liverpool.
Pb2VO(PO4)2 crystallizes in the monoclinic system

with spacegroup P21/a and lattice parameters
a= 8.747(4) Å, b= 9.016(5) Å, c= 9.863(9) Å and β =
100.96(4)◦ [20,27]. Two projections of the Pb2VO(PO4)2
structure are shown in fig. 2. The structure contains corru-
gated layers formed by VO5 square pyramids oriented
in alternating directions in a chessboard fashion. The
pyramids are connected by tetrahedral PO4 groups. The
layers are buckled along the b-axis. The square bases of
the similarly oriented pyramids are located approximately
at the same level. The magnetic [VOPO4] layers are
well separated (∼10 Å) by non-magnetic Pb atoms and
isolated PO4 tetrahedra, indicating a quasi-2D character
for the system. SrZnVO(PO4)2 shares many character-
istics with its relative Pb2VO(PO4)2. Their structural
relationship is the replacement of the two Pb2+ cations by
Sr2+ and Zn2+. Again, it forms a two-dimensional square
lattice of V4+ ions with competing interactions leading
to frustration. The profound structural similarities with
Pb2VO(PO4)2 attracted our interest since small changes
introduced by the cationic substitution can tune the
magnetic exchanges J1 and J2 and thus the frustration
ratio. SrZnVO(PO4)2 crystallises in the orthorhombic
system with spacegroup Pbca and lattice parameters
a= 9.0660 Å, b= 9.0117 Å and c= 17.5130 Å [27,28]. The
main difference between the two compounds’ space groups
arises from the way the VOPO4 layers are stacked along
the c-axis.
The polycrystalline samples were measured under

an applied field of 1000Oe, giving the results of fig. 3.
For T > 50K, χ(T ) is characterised by a paramagnetic
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FIG. 1. (Color online) (a), (b) Magnetic ground state configura-
tions, (c), (d) spin waves, and relevant exchange coupling schemes for
the two magnetic phases of LuVO3. The magnetic (orbital) structures
are derived from neutron polarimetry (resonant x-ray scattering) data
while the spin waves were measured using neutron spectroscopy.
Calculations shown in (c) are for the Jahn-Teller model (solid
lines with linewidth indicating the calculated spectral weight) and
orbital-Peierls model (dashed line), as discussed in the text. Colors
indicate the different polarization states.

at the same temperature. Therefore, spin-polarized neutron
and resonant x-ray beams are essential in order to distinguish
between magnetic, orbital, and structural signals. This is of
utter importance since a prerequisite to answer the main
important question is to first determine the precise magnetic
structure. Based on that, one can make a quantitative analysis
on the magnetic-excitation intensities of the relevant phase.

LuVO3 is the end member of the RVO3 family and has
the smallest ionic radius, giving rise to increased octahedral
distortions. We therefore expect it to be most sensitive to a
possible orbital-Peierls dimerization. The V3+ ion (S = 1)
is in an octahedral environment of O atoms (within the
perovskite structure) with the two 3d electrons occupying
t2g orbitals. One electron occupies the xy orbital, and the
other occupies one of the two doubly degenerate xz or yz
orbitals (or their linear superposition). In LuVO3 the interplay
between spin and orbital physics is responsible for the rich
phase diagram indicated by bulk measurements [11,12], as for
the well-studied YVO3 [7,13–19]. Upon cooling, LuVO3 first
enters an orbitally ordered phase at TOO = 177 K (phase I),
followed by magnetic ordering at TSO1 = 105 K (phase II).
Below that, yet another orbital-magnetic phase transition takes
place, at TSO2 = 82 K (phase III) [11]. This information,
together with the phase numbering used throughout this text,
is given in the top of Fig. 2.

0

2

4

0

2

4

0

2

4

0 50 100 150 200
0

2

4

Temperature (K)

In
te

gr
at

ed
 in

te
ns

ity
 (a

rb
. u

ni
ts)

(a)

(b)

(c)

(d)

X-rays
G-type
(011) in σ-π 
V3+ K edge

X-rays
C-type
(100) in σ-π 
V3+ K edge

neutrons
G-type
(011)

neutrons
C-type
(100)

III II I

Temperature TSO2 TSO1 TOO

G
G

GC
C

Orbital
Magnetism

_

_ _

_ ++

+ +

_

__

_ ++

++

FIG. 2. (Color online) Spin and orbital order parameters of
LuVO3 as a function of temperature, revealed by (a), (b) x-ray and (c),
(d) neutron scattering. The complementarity of the techniques gives
a clear picture of the ordered structures: (a) G-type orbital order for
phases I, II and (b) C-type orbital order for phase III. At the same time,
we observe (c) G-type spin order for phase III while (d) C-type spin
order for phase II, in accordance with the Goodenough-Kanamori
rules [21]. Note the small G-type magnetic component in phase II,
which gives an overall canted structure. An overview is schematically
drawn on top of the figure. “+” and “−” refer to spins “up” and
“down” or an orbital configuration, for instance, “dyz” and “dzx ,”
respectively.

Experimental setup details can be found in the Supple-
mental Material [20]. The resonant x-ray scattering (RXS)
experiment, being sensitive to anisotropic properties of the
tensorial cross section, yields the charge forbidden Bragg
reflections arising from the OO and shown in Figs. 2(a)
and 2(b). Specifically, G-type orbital ordering is revealed
in phases I+II, while C-type ordering is found for phase
III (schematic diagrams of the order in Fig. 2). Ab initio
calculations show that electric dipole transitions dominate
the cross section in this case. The neutron data shown in
Figs. 2(c) and 2(d) complement the x-ray data; they show
primarily C-type spin ordering for phase II (but with a small
admixture of G type) and G-type spin ordering only for phase
III. This combined neutron-RXS result is in agreement with
the Goodenough-Kanamori rules (see Ref. [21]).
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Pressure-Induced Sequential Orbital Reorientation in a Magnetic
Framework Material**
Gregory J. Halder,* Karena W. Chapman, John A. Schlueter, and Jamie L. Manson

The molecular understanding, control and prediction of
functional materials behavior is not only of immense funda-
mental significance, but also represents a crucial step toward
important wide-ranging applications.[1] Towards this, mag-
netic coordination materials are appealing because of their
structural versatility and the accessibility of their low-energy
spin exchange interactions. In particular, materials based on
Jahn–Teller (JT) active metal centers,[2] where their magnetic
orbitals are oriented relative to an elongated JTaxis, allow the
magnetic properties to be rationally modified through
perturbation of the coordination environment. Pressure
provides a potent means for achieving such perturbations,[3]

however, accomplishing this in a predictable manner has
remained elusive and largely unexplored.

The Jahn–Teller (JT) effect is fundamental to coordina-
tion chemistry with far-reaching implications on structure and
function behaviors spanning high-Tc superconductivity and
colossal magnetoresistance.[2] In a traditional ML6 system,
where the JT-active center is coordinated to identical ligands,
the elongation of neighboring centers is uncorrelated unless
there are cooperative interactions (e.g., crystal packing
influences). However, when the metal is coordinated to a
mixture of ligands, the differing crystal field strengths of the
ligands will preferentially stabilize one of the possible JT
orientations.[4] In CuII JT systems, the magnetic orbital (dx2!y2 )
is oriented along the Cu!L bonds in the equatorial CuL4

plane, perpendicular to the elongated JT axis (z). As such,
their magnetic characteristics are implicitly dictated by the JT

orientation and may be manipulated by perturbing the ligand
coordination environment.

Here we exploit the powerful influence of pressure on
atomic structure to control the magnetic properties of a CuII-
based coordination network, CuF2(H2O)2(pyz) (pyz = pyra-
zine).[5] In this material, pyz-bridged linear CuII chains
(Figure 1a) are linked perpendicularly by very strong
OH···F hydrogen bonds to form a quasi-three-dimensional
network (Figure 1 b). As prepared, the JT axis is oriented
along the chain direction, with elongated N!Cu!N bonds,
such that the magnetic orbital is directed along the Cu!L
bonds of the CuO2F2 plane. This underlies its magnetic
properties where the two-dimensional antiferromagnetic
lattice is propagated through the Cu!OH···F-Cu connections
of the two-dimensional hydrogen-bond network.

The impact of pressure on the atomic structure of
CuF2(H2O)2(pyz) was probed within a diamond anvil cell
using synchrotron-based powder diffraction methods. The
diffraction data exhibit a series of abrupt structural transitions
at 0.9 GPa and 3.1 GPa (Figure 2) that are reversible upon

Figure 1. a) An isolated CuF2(H2O)2(pyz) chain along the a direction,
and b) the 2D hydrogen bonding network in the bc plane in the crystal
structure of CuF2(H2O)2(pyz)2. c) The pressure-induced switching of
the elongated JT-axis (green) of the CuF2O2N2 octahedra (gray planes
contain the magnetic orbital).
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InstrumentaOon	  
Focus	  the	  beam	  of	  the	  triple	  axis	  spectrometer	  PANDA	  down	  to	  a	  spot-‐size	  
suitable	  for	  small	  samples/pressure	  cells	  
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Advanced)Monte)Carlo)simulations)of)neutron)optics)for)
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in!quantum!systems,!low7dimensional!magnets!and!heavy!fermions.!PANDA!here!
at!TUM/FRM2! is!one!of! the!world7leading! triple7axis! spectrometers! serving!an!
international! community.! Today’s! focus! shifts! gradually! to! smaller) sample)
sizes.!For!this!purpose,!we!envisage!a!dedicated!neutron?focusing)device!to!be!
simulated! and! finally! installed! on! PANDA.! The! overall! properties! of! such! a!
neutron!guide!shall!be! systematically! studied!and!optimized! through!advanced!
numerical)Monte)Carlo)methods!(McStas!package).!The!final!device!will!ensure!
a! top7class! spectrometer! for! the! years! to! come,! in! studying) more) exotic)
properties)of)matter!in!combination!with!more!stringent!sample!environment!
conditions!(extreme)pressures,)magnetic)fields)and)temperatures).!
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i.e., the rotation axis of the sample goniometer to within
’0.1 mm. This procedure proves to be highly reproducible
and very fast.

Typical improvements as well as parasitic effects when
using focussing neutron guides may be illustrated with data
recorded at the diffractometer MIRA at FRM II. Neutrons
with a wavelength k¼ 4.5 Å 6 2% were recorded with an
area detector. The neutron guide elements used for this test
were part of a 2 m long elliptic guide with a critical angle of
reflection, m¼ 3 times the critical angle of Ni. Each guide
element was 500 mm long with a focal length of 80 mm and
a focal spot size of "1 mm2. The rectangular cross sections
at the front and back end of the guides were 9# 18 mm2 and
4# 8 mm2 (width# height), respectively.4

Fig. 1(d) shows the intensity distribution when the detec-
tor is placed 1 m behind one well-aligned neutron guide,

which focusses the incident beam on the sample position. The
detector image shows that the phase space assumed by the
neutron beam, which is homogeneous at the entry of the
guide, becomes inhomogeneous at the location of the sample,
consisting of a rectangular pattern of nine maxima. The cen-
tral maximum of this distribution is dominated by the direct
beam, whereas the remaining eight maxima may be attributed
to the sides and the corners of the guide.3 It is important to
note that a second guide with its optical axis parallel to the
first guide and with its focal point at the sample position,
transforms the inhomogeneous phase space of the neutron
beam at the sample location such that it is homogeneous again
at the exit of the guides and thus at the detector as shown in
Fig. 1(e).

When the optical axis of the focusing guide and the inci-
dent beam are not parallel, representing the most important
example of a misalignment, the inhomogeneous phase space
at the location of the sample is no longer symmetric as
shown in Fig. 1(f) (here, the same detector setup was used as
in Fig. 1(d)). In turn, this may lead to an erroneous determi-
nation of the intensity of the diffraction peaks and the scat-
tering angles. A discussion of this artefact for linearly
tapered neutron guides has been reported in Ref. 5.

The uniaxial pressure dependence of the domain popula-
tions in the transverse SDW in Cr illustrates the improvements in
beam intensity. At the N!eel temperature, TN¼ 311 K, Cr under-
goes a weak first order transition from paramagnetism to SDW
order,6 which is characterised by incommensurate wave vectors
Q6¼ (0, 0, 1 6n) with n$ 0.046. It has long been predicted,
that the transition at TN changes from first to second order under
tiny uniaxial pressures, where TN remains essentially
unchanged.7 The uniaxial pressure dependence thereby serves to
probe the nature of the first order behavior, which is suggestive
of issues related to fluctuation-induced first order in chiral heli-
magnets.8,9 However, a first neutron scattering experiment was
inconclusive.10

We used a He-activated bellow system11–13 to apply uni-
axial pressure, r, along the [001] axis of a small cubic sample
(2# 2# 2 mm3). Our study was performed at MIRA (FRM II)
using a counting tube instead of the area detector. Data of the
magnetic Bragg peaks were collected in the vicinity of the for-
bidden (010) nuclear Bragg spot, as schematically shown in
Fig. 2(a). Higher order scattering was suppressed with a Be fil-
ter. For what follows, it is important to appreciate that the
changes of intensity are not due to a change of TN, which is
essentially unaffected. We also note that all data are shown as
measured without background subtraction.

A typical transverse scan at ambient temperature with-
out neutron guides is shown in Fig. 2(b), where the magnetic
satellites at M1 and M2 are seen. The same scan as recorded
with one well-aligned neutron guide in front of the sample is
shown in Fig. 2(c). Because of the inhomogeneous phase
space distribution of the neutrons at the sample (cf. Fig.
1(d)) and the small diameter of the counting tube the abso-
lute value of the intensity appears essentially unchanged
with faint additional shoulders and very weak intensity
attributed to M3 plus M4.

The nature of the faint shoulders in Fig. 2(c) becomes
evident when the same q-scan is recorded with two well-
aligned neutron guides as shown in Fig. 2(d). Here, a large

FIG. 1. Versatile module for experiments with focussing neutron guides. (a)
Photograph of the alignment table (T) and the base plates (B), which support
the housings (H) with the focussing neutron guides (G) using kinematic
mounts. The sample is centered at the axis (A). (b) Top view of the align-
ment table (T) and the two rotatable base plates (B). (c) Base plate (B),
housing (H), and focussing neutron guide (G) as seen from the sample. The
position of the neutron guides may be adjusted by set screws (Si) (for clarity,
only four of these screws are marked). (d) Intensity pattern of the direct neu-
tron beam as measured 1 m behind the sample using one adjusted focussing
neutron guide for the incident beam. The rectangular distribution of nine
maxima illustrates the phase space distribution of the neutrons at the loca-
tion of the sample. (e) Intensity pattern of the direct neutron beam with two
adjusted focussing guides. At the exit of the second guide, the phase space
distribution is homogeneous. (f) Asymmetric intensity distribution of the
direct neutron beam for one misaligned guide (cf. panel (d)), reflecting an in-
homogeneous phase space as compared with panel (d).
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PANDA!spectrometer! Focusing!supermirrors!
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Monochromator	  spot	  size:	  
3.4	  x	  3.4	  cm2	  

EllipOcal	  guide	  spot	  size:	  
0.7	  x	  1.1	  cm2	  



Thank	  you!	  


