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We report the variable temperature vibrational properties of single crystals of the S=1/2 Heisenberg anti-
ferromagnet VOHPO4· 1

2H2O. A pair of peaks in the far infrared spectral response may be due to magnetic
excitations. We invoke a dynamic Dzyaloshinskii-Moriya mechanism to explain the activation and polarization
dependence of the singlet-to-triplet gap in the far infrared, and we identify the low-energy phonons that likely
facilitate this coupling. The spin-gap values are compared to those obtained via magnetic susceptibility, elec-
tron spin resonance, and neutron scattering. Vibrational mode splitting in VOHPO4· 1

2H2O indicates a weak
local symmetry breaking near 180 K, and the low-temperature redshift of VuO and HuO related modes
demonstrates enhanced low-temperature hydrogen bonding. The low lattice symmetry is important for the
proposed magnetoelastic interactions.

DOI: 10.1103/PhysRevB.72.214421 PACS number�s�: 75.10.Pq, 82.30.Rs, 78.30.Hv, 78.30.�j

I. INTRODUCTION

The compound vanadyl �IV� hydrogen phosphate hemihy-
drate, VOHPO4· 1

2H2O, has attracted considerable attention
during the past two decades.1–21 In the chemical community,
it is well known as a precursor of vanadyl pyrophosphate,
�VO�2P2O7, a commercial catalyst for oxidizing n-butane to
maleic anhydride.1,3–7 From the physical perspective,
VOHPO4· 1

2H2O is a prototype for investigating certain
novel magnetic interactions. Each vanadium ion has a d1

electron configuration and a local spin of 1 /2; the magnetic
center resides inside a distorted, tilted vanadium oxide octa-
hedron, as described below.1 A variety of magnetic models,
ranging from isolated dimer to coupled chain, have been pro-
posed to account for magnetic interactions between spin cen-
ters in this material.2,10,11,16,18,20,21 �VO�2P2O7 was originally
of interest magnetically as a candidate spin ladder, but was
more recently shown to be an alternating chain
compound.10,22–27

Figure 1 shows the 300 K ab-plane structure of
VOHPO4· 1

2H2O.1,5 Each layer consists of face-sharing vana-
dium oxide octahedra, corner linked by hydrogen phosphate
tetrahedra in the ab plane. Within each VO6 octahedron, one
vanadium-oxygen interaction is stronger and can be consid-
ered a vanadyl group. Alternating vanadium dimers form
chains along the a axis, with both VuOuV and
VuOuPuOuV superexchange interactions. The center-
to-center distances between the vanadium sites are 3.09 and
4.33 Å, respectively.1,2,5,10,18 The vanadyl hydrogen phos-
phate layers are stacked along the c axis and held together by
two types of interlayer hydrogen bonding interactions: �1�
hydrogens on shared water molecules interact with the apical
oxygen atoms that are bonded to phosphate tetrahedra in an

adjacent layer, and �2� covalently bound hydrogen centers
interact with vanadyl oxygen atoms in a neighboring layer.
At room temperature, the oxygen atoms that form the vana-
dium oxide octahedra, phosphate tetrahedra, and associated
hydrogen atoms are statistically disordered between two
equivalent positions. At low temperature, these oxygen and
hydrogen atoms are ordered within both layers and between
adjacent layers, thus doubling the unit cell along the c axis
and reducing the symmetry from Pmmn to P21/c.1,5

The magnetic interaction scheme in VOHPO4· 1
2H2O has

been controversial.2,8,10,11,16,18,21 Originally, the dominant

FIG. 1. �Color online� 300 K structure of VOHPO4· 1
2H2O

within the ab plane. This rendering shows pairs of face-sharing
vanadate octahedra interconnected by hydrogen-phosphate tetrahe-
dra. V ions are shown in blue �black�, P in red �dark gray�, O in
orange �medium gray�, and H in gray �light gray�.
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magnetic interactions were thought to be between the face-
sharing vanadium oxide octahedra.2 Quantum chemical cal-
culations support this picture and the importance of
VuOuV superexchange interactions.10,11 However, neu-
tron scattering experiments on the deuterium analogue,
VODPO4· 1

2D2O, showed that the dominant spin interaction
is between “longer” a-directed dimers involving the
VuOuPuOuV superexchange pathway.18 The study
found a dimer interaction of J=7.81�4� meV and a VuV
separation of 4.43�7� Å, consistent with the
VuOuPuOuV pathway. From a chemical point of
view, this result was a surprise, which indicates how subtle
details in orbital overlap influence the magnetic properties of
materials.16,20,21 In particular, the optimum OuPuO
bridge overlap in �VO�2P2O7 is reduced to a less favorable
state in VOHPO4· 1

2H2O due to out-of-plane VO6 displace-
ments that influence the orientation of the chemical
bridges.21 Recent 31P NMR studies and density functional
theory calculations suggest the presence of small additional
interdimer and interchain interactions.8,9,11,16

In order to investigate the magnetic interactions and
subtle low-temperature lattice distortions in this low-
dimensional magnetic material, we measured the magnetic
properties and the polarized optical response of single crys-
talline VOHPO4· 1

2H2O. We find a directionally dependent
pair of peaks that we tentatively interpret as singlet-triplet
gaps �possibly activated by a dynamic Dzyaloshinskii-
Moriya interaction�, support for weak interaction between
the dominant vanadium dimers, and evidence for a subtle
phase transition near �180 K driven by enhanced low-
temperature hydrogen bonding. The spin-gap values are
compared with results from susceptibility, electron spin reso-
nance �ESR�, and neutron scattering studies.

II. EXPERIMENTAL METHODS

Single crystals of VOHPO4· 1
2H2O were grown by hydro-

thermal reaction of VO2 �99.9%, Aldrich�, V2O3 �Alfa�, and
3M H3PO4 solution in a sealed gold tube at 500 °C and
3 kbars pressure for 12 h. The resulting samples were
thin and platelike, with typical dimensions of up to
�3�3�0.1 mm3. Combined x-ray and infrared techniques
were used to orient the crystals. They were easily cleaved
along c.

The magnetic susceptibility � was measured in a super-
conducting quantum interference device �SQUID� based
magnetometer �Quantum Design model MPMS-7�. An ori-
ented single crystal was mounted for measurement with the
magnetic field H applied along the a or b crystallographic
direction.28 The differential susceptibility was obtained from
the ratio M /H by measurement in a fixed magnetic field
H=5 kOe. The magnetic moment of the crystal was mea-
sured with both increasing and decreasing temperatures over
the range 2–300 K. No evidence of thermal �or magnetic�
hysteresis was observed.

The ESR experiments were performed using a Bruker
Elexsys E680X spectrometer at the X-band frequency
�9.4 GHz� and at temperatures between 5 and 200 K.

Variable temperature infrared transmittance measurements
were performed using a series of Fourier transform infrared
spectrometers including a Bruker 113 V and an Equinox 55
�equipped with a microscope attachment�, covering the fre-
quency range from 30–7500 cm−1 with 0.5 cm−1 resolution.
Selected measurements were also carried out with 0.1 cm−1

resolution. A helium-cooled bolometer detector was em-
ployed in the far infrared for added sensitivity. For cleaved
single crystals, appropriate polarizers were used to separate
the response along the a and b directions. Even with the
thinnest crystals, a number of vibrational bands in the polar-
ized spectra were saturated. As a result, we also employed
isotropic, pressed pellets, using KCl as the matrix material.
The advantage of this technique is that we can adjust the
sample loading to highlight features of interest; however, in
such measurements, polarization information is lost. The
low-temperature spectroscopic measurements were carried
out with a continuous-flow helium cryostat and temperature
controller.

III. RESULTS AND DISCUSSION

A. Characterization of VOHPO4· 1
2H2O crystals

Our VOHPO4· 1
2H2O single crystals were characterized

by magnetic susceptibility and ESR. Both measurements in-
dicate that the impurity concentration in these samples is
very small. Figure 2�a� displays the molar susceptibility � as
a function of temperature. Here the units of � are cm3 mol−1;
each formula unit of VOHPO4· 1

2H2O contains one vana-
dium ion. Some qualitative features are noteworthy. Most
striking is that the results for � are extremely similar for the
two orthogonal crystal orientations, differing by �1%. Sec-
ond, the susceptibility drops to quite low values near 10 K,
before exhibiting an upturn at lower temperature. The signal
at the lowest temperatures varies as �1/T, and is attributed
to a “Curie tail” of isolated paramagnetic impurity ions. This
was also observed in the previous study of polycrystalline
VOHPO4· 1

2H2O,2 but it was much larger, indicating that the
signal is not intrinsic to the material. Using results of a Curie
analysis of the data at low temperatures �T�10 K�, we can
subtract this impurity component and isolate the susceptibil-
ity of the pure material. Isolated dimer,2,30 alternating
chain,31 and coupled alternating chain29,32,33 models can be
fit to the susceptibility data �Fig. 2�a��, and with appropriate
parameters, each accurately reproduces the experimental re-
sults. We extract J=7.83 meV �63.15 cm−1� for the dimer
model, J=7.80 meV �62.9 cm−1� and �=J� /J=0.04 for the
alternating chain model, and J=7.83 meV �63.15 cm−1�,
�=0.03, and �=J� /J=0.005 for the mean field-coupled al-
ternating chain model, respectively. In the latter, � represents
a mean field interchain interaction. As summarized in Table
I, the data can accommodate a small antiferromagnetic cou-
pling between the dominant VuV magnetic dimers. How-
ever, as a macroscopic technique, susceptibility cannot easily
distinguish between microscopically different models under
weak coupling conditions. Energy dispersion data from in-
elastic neutron scattering experiments provide a comparable
upper bound of �5% for the coupling between magnetic
dimers.34
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Figure 2�b� shows the ESR response of VOHPO4· 1
2H2O.

A significant low-temperature linebroadening and shift of the
resonance field, followed by a splitting of the absorption line
into two weak resonances below 15 K, can be associated
with a temperature-induced development of the spin-triplet
exciton superstructure �see, for instance Ref. 35 and
references therein�. This will be investigated in future
work. The integrated ESR intensity of VOHPO4· 1

2H2O as a

function of temperature exhibits behavior that is typical of a
spin gap system and is consistent with expectations for a
dimerized quantum S=1/2 antiferromagnet with a singlet
ground state. A detailed analysis of the ESR intensity
dependence should include such parameters as the density
of states and probability of ESR transition, which in
VOHPO4· 1

2H2O can be affected by peculiarities of the local
magnetic structure �including the interdimer coupling and/or
the Dzyaloshinskii-Moriya interaction�. Since no compre-
hensive theory is available, a simple isolated dimer model
was used to fit the ESR data. A Boltzmann distribution
is assumed for the temperature dependence of the
ESR signal and in determining the spin singlet-triplet
energy gap. The normalized integrated ESR absorption
was fit as IESR�T� / Imax� �exp��−�gap+g	BB� /kBT�
−exp��−�gap−g	BB� /kBT�� /Z, where g is the electron g fac-
tor for our field configuration �H �c�, 	B is the Bohr magne-
ton, kB is the Boltzmann constant, Z is the dimer partition
function, and �gap is the spin gap. The best fit to the data
yields �gap=7.15 meV �57.7 cm−1�, as shown in Table I.

B. Low-energy excitations in the optical spectrum of
VOHPO4· 1

2H2O

According to formal “change in dipole moment” selection
rules,36 magnetic excitations are absent from optical spectra
due to the different parity of the singlet ground and triplet
excited states. Symmetry breaking and various types of cou-
pling can, however, allow these transitions through singlet-
triplet mixing. One consequence of this mixing is the
activation of low-energy magnetic excitations. Optical spec-
troscopy has been successfully employed in studies of the
magnetic energy gaps in ��-NaV2O5, SrCu2�BO3�2, and
CoCl2 ·2H2O,37–41 multiple magnetic excitations in
CoCl2 ·2H2O and CsCoCl3,40–42 and spin-vibron coupling
and excitations of the magnetic manifold in Mn12
acetate.43–45 Thus, in fortuitous cases, magnetic excitations
and interactions can be investigated with optical techniques.
Many theoretical approaches have been employed to explain
the electric-dipole activation of the singlet-triplet gap.40,46–53

Figure 3 displays the polarized far infrared transmittance
spectrum of VOHPO4· 1

2H2O at 4.2 K. In order to assign
each of the observed excitations, we consider the tempera-
ture dependence of each feature �Fig. 4� as well as previous
neutron scattering results.18 Magnetic excitations tend to be
very sharp at base temperature and weaken rapidly with in-
creasing temperature. In contrast, phonons are present at all
temperatures �although they can broaden significantly�, and
oscillator strength sum rules must be obeyed.54 Neutron
scattering clearly identifies the spin gap at
�7.81 meV �63 cm−1�.18 An infrared absorption line appears
in our data at a similar energy, with a notable polarization

dependence: 8.11 meV �65.5 cm−1� for E� along a and

8.27 meV �66.7 cm−1� for E� along b. Based on the similar
energies, the narrow linewidths ��0.1 cm−1�, and the ob-
served temperature dependence, we tentatively interpret the
8.11 and 8.27 meV lines as magnetic excitations. An alter-
nate assignment is that this pair of peaks may be due

FIG. 2. �Color online� �a� Temperature dependence of the mag-
netic susceptibility � for VOHPO4· 1

2H2O single crystals. Closed
circles denote experimental data �H �a�, the solid �red� line shows
the isolated dimer model fit, the dashed �green� line is the alterna-
tion chain model fit, and the dotted �blue� line shows the mean
field-coupled alternating chain model fit. For these fits, we em-
ployed g=2.07 �H �ab plane�. Here, g was considered as a free
fitting parameter, and although the result is slightly different from
ESR and expectations for V4+ centers, we consider the fits to be
good and the overall conclusions reasonable. The difference can
likely be attributed to uncertainty in sample mass. �b� Normalized
ESR intensity vs temperature at 9.4 GHz. The fit �red solid line� is
described in the text. The insets display the linewidth �open sym-
bols� and g factor �closed symbols� as a function of temperature.
Our value of g �H �c� compares well with the previously reported
300 K value of 1.966, although there is no information on the di-
rection of applied field in Ref. 29. The g factor for H in the ab plane
varies between 1.973 and 1.982 at 300 K, with similar temperature
dependence.
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phonons. If magnetic in origin, these excitations may be ac-
tivated in the optical response and shifted from the unper-
turbed spin-gap position by a dynamic Dzyaloshinskii-
Moriya interaction, as described below. Based on the
temperature dependence of the far infrared spectra shown in
Fig. 4, we attribute the 15–20 meV peaks to lattice phonons.
These lines are strongly polarized �Fig. 3�. The origin of
the 10.27/10.15 meV �82.83/81.87 cm−1� peaks and the
13.7/14.1 meV �110.5/113.7 cm−1� pair �Fig. 3� is still un-
der investigation. We suspect that they may be related to zero
field splittings55 or multiple magnetic excitations,41 although
the latter is usually very weak. The low-temperature line-
widths are very narrow, on the order of 0.3–0.5 cm−1, al-
though they broaden significantly with increasing tempera-
ture.

Table I summarizes the singlet-triplet gap energies of
VOHPO4· 1

2H2O, extracted from various measurements in-
cluding magnetic susceptibility, 31P NMR, ESR spectros-

TABLE I. Exchange interactions of VOHPO4· 1
2H2O extracted from various experimental techniques.

Technique Sample Form Model
J

�meV� �b �b
�gap

�meV� References

Susceptibility Powder Iso. Dimer 7.6 7.6 2 and 29

Susceptibility Single Crystal H �a Iso. Dimer 7.83 7.83 This Work

�or H �b� Alt. Chain 7.8 0.04 7.61 This Work

Coup. Alt. Chain 7.83 0.03 0.005 This Work
31P NMR Iso. Dimer 7.58 7.58 8, 16, and 29

Alt. Chain 7.67 −0.427 5.52 16

Coupl. Dim. Chain 7.84 −0.429 −0.121 16

ESR Single Crystal H �c Iso. Dimer 7.15 7.15 This Work

Neutron Scattering Deuterated Powder Iso. Dimer 7.81 7.81 18

aWe estimate that the error bar on J is ±3% and ±10% for our susceptibility and ESR measurements, respectively.
bHere, � and � are defined as J� /J and J� /J, respectively.

FIG. 3. �Color online� Far infrared transmittance spectra of
VOHPO4· 1

2H2O for light polarized along the a direction �black
solid line� and b direction �red dashed line�. The data were taken at
4.2 K.

FIG. 4. �Color online� Variable temperature transmittance spec-
tra of VOHPO4· 1

2H2O for light polarized �a� along the a direction
and �b� along the b direction. Measurement temperatures are indi-
cated. The spectra are offset by 0.45 for clarity.
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copy, and inelastic neutron scattering. In the isolated dimer
model, �gap is equal to the magnetic interaction energy J. In
the alternating chain model, the relationship between �gap
and J is more complicated because the dominant dimers
are coupled, resulting in mode dispersion, �, so that
�gap= f���J.56–58 In the coupled alternating chain model,
�gap= f�� ,��J, although for weak coupling, the relationship
will be similar to that for the isolated alternating chain. In-
terestingly, the position of �gap determined by optical tech-
niques �8.11 meV and 8.27 meV for a and b polarizations,
respectively� is slightly higher than that obtained by other
measurements. This result is likely a manifestation of spin-
orbit coupling. Raman signatures of strong spin-phonon cou-
pling have also been observed in �VO�2P2O7.59

Assuming that these low-energy excitations �8.11 meV

�65.5 cm−1� for E� along a and 8.27 meV �66.7 cm−1� for E�

along b� are indeed magnetic in nature, the dynamic
Dzyaloshinskii-Moriya interaction is one type of coupling
that provides a plausible framework for understanding the
observed spectroscopic results.60 This interaction is created
when an optically active phonon breaks inversion symmetry
through the dominant exchange pathway, therefore allowing
an electric dipole singlet-to-triplet transition to occur be-
tween spin levels.37–39,46,47,51–53 The principal excitation of
interest is 	S ,0
→ 	T ,0
, where S�T� denote singlet �triplet�
spin states, and 0 denotes the phonon state. Similar transi-

tions are observed at 8.11 meV �65.4 cm−1� for E� �a and

8.43 meV �68 cm−1� for E� �c in ��-NaV2O5
37 and at

2.98 meV �24 cm−1� in SrCu2�BO3�2.39 Both Cépas and
Rõõm et al. estimate that the electric dipole excitations are
much stronger than the magnetic dipole transitions.37,53,63

We therefore focus on dynamic �rather than static�
Dzyaloshinskii-Moriya coupling. Using the analytical results
obtained from first order perturbation theory �valid for low
temperatures, modest Dzyaloshinskii-Moriya coupling, and
phonon energies larger than the spin gap�,39,53 we can write
the transition probability for the electric dipole transition be-
tween magnetic states �Iel� as

Iel = 	�T,0	V	S,0
	2 =
Iph�DdDM�2�
�p�2

���gap�2 − �
�p�2�2 , �1�

where Iph is the intensity or oscillator strength of the
infrared-active phonon, DdDM is the dynamic Dzyaloshinskii-
Moriya coupling vector,64 
�p is the phonon energy, and
�gap is the energy of excitation. Transition probability can
thus be evaluated based on the spectroscopic data, allowing
us to understand the possible activation of the singlet-triplet
gap in the optical response of VOHPO4· 1

2H2O. Previous es-
timates suggest that Iel : Iph is on the order of 1:10 000.39,53

The rich phonon spectrum �Fig. 3� provides many low-
energy a- and b-polarized lattice modes as candidates for
possible coupling. As emphasized by Rõõm et al.,37 the tran-
sition polarization is determined by the polarization of the
optical phonon creating the dynamic Dzyaloshinskii-Moriya
interaction by lattice deformation. To activate the 8.11 and
8.27 meV features in VOHPO4· 1

2H2O, at least two indepen-
dent �a- and b-polarized� phonons are needed, and consider-

ing the complexity of the lattice dynamics, it is very likely
that multiple modes are involved in each polarization. By
examining the ratio of intensities �which is proportional to
the transition probabilities37�, we can identify the phonons
that may be contributing to the activation process. Further,
we can see from Eq. �1� that the energy of the coupling
phonon should not be too far from the energy of the excita-
tion. Based upon these criteria, the lattice modes between
�15 and 20 meV �120–160 cm−1� in Fig. 3 are good candi-
dates to activate the a- and b-polarized spin-gap excitations.
Dynamics simulations show that these modes modulate mag-
netic centers along the a and b directions, with low-energy
out-of-plane, torsional, and twisting motion. For comparison,
the important coupling phonons in ��-NaV2O5 are either at
199 or 518 cm−1 �a direction� and at 68 cm−1 �c direction�,
and those in SrCu2�BO3�2 seem to involve Cu-O-Cu bond
bending �perpendicular to the dimers�.37–39,53 In contrast, a
low-frequency lattice phonon �30 cm−1� is implicated in
CoCl2 ·2H2O.41

The magnitude of the static Dzyaloshinskii-Moriya inter-
action can be estimated47 as D�0���	g−ge	 /ge�J. Using
g=1.96 and ge=2, we obtain D�0��1.3 cm−1 for
VOHPO4· 1

2H2O. This relationship is often applied to de-
scribe the dynamic Dzyaloshinskii-Moriya interaction as
well. An independent estimate of DdDM can be extracted from
Eq. �1� using measured oscillator strengths for the spin gap

excitations and coupling phonons. For E� �a, Iel�65 cm−2,
and Iph�7060 and 10 550 cm−2 for the 146 and 167 cm−1

modes, respectively. For E� �b, Iel�50 cm−2, and Iph�9600,
7625, and 3600 cm−2 for the 129, 146, and 167 cm−1 modes.
Error bars on these values are fairly substantial, probably
±10%. From the above analysis, we estimate DdDM =7.9 and
5.2 cm−1 �0.98 and 0.64 meV� along the a and b directions,
respectively. A similar coupling strength was observed in
��-NaV2O5.37 In the absence of magnetic field results,65 we
are unable to determine the direction of the Dzyaloshinskii-
Moriya vector, although it is certainly perpendicular to the
activating phonon. Clearly, future high field investigations of
gap mode splitting will be useful to confirm this overall pic-
ture.

C. Low-temperature phase transition and enhanced
hydrogen bonding

The two most interesting aspects of the variable tempera-
ture vibrational response of VOHPO4· 1

2H2O are the low-
temperature mode splitting and redshifting. Figures 5�a�,
5�c�, 5�e�, and 5�g� display close-up views of selected modes
that illustrate the weak low-temperature structural transition.
Note that these vibrational features are at higher energy than
those discussed previously �Fig. 3�. It is well known that
subtle atomic displacements, often difficult to detect in direct
structural measurements, manifest themselves quite clearly
in the infrared through the appearance of new phonon lines
or splitting of existing features as a function of
temperature.66 The B1u, B2u, and B3u modes that derive from
a group theoretical analysis of the 300 K Pmmn structure of
VOHPO4· 1

2H2O are of Au and Bu type in the lower symme-
try P21/c subgroup.67
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The modes near 650, 940, 1100, and 1135 cm−1 are as-
signed as the out-of-plane PuOuH deformation, the sym-
metric PuOuH stretch, and the asymmetric PO3 stretch
�for the 1100–1205 cm−1 cluster�, respectively. The features
near 690 cm−1 are attributed to combined OuPuO and
OuVuO deformation. The peaks centered at 4070 cm−1

are assigned as PuO stretching combinations.4,6,14,19,68,69 In
the PO4 building block unit, the two short linkages �1.492 Å�
involve PuOuV interactions, the intermediate bond
length �1.545 Å� involves the PuOu �V�2 interaction, and
the long linkage �1.586 Å� is associated with different
PuOuH interactions. Several of these modes split through
the transition region. Changes in the 940 cm−1 PuOuH
stretch �Figs. 5�c� and 5�d��, suggest that the local symmetry
of this group is broken into at least three distinct arrange-
ments at low temperature. The 650 cm−1 out-of-plane
PuOuH deformation mode �Figs. 5�a� and 5�b�� splits as
well. At the same time, trends in the asymmetric PO3 stretch-
ing mode �Figs. 5�e� and 5�f�� are standard �no low-
temperature splitting or redshifting�, suggesting that interac-
tions are modified mainly between the apical oxygen in the

PO4 tetrahedra and the hydrogen atoms on the shared waters.
The gradual distortion of the PuOuH group with decreas-
ing temperature is important because subtle distortions and
displacements of the bridging PO4 anions certainly influence
magnetic exchange within and between dominant spin
dimers.21 To quantify these vibrational changes, peak centers
were plotted as a function of temperature �Figs. 5�b�, 5�d�,
5�f�, and 5�h��. Based upon these results, we identify a weak
second-order structural phase transition centered at
�180 K.70 As discussed below, this transition is driven by a
low-temperature change in hydrogen bonding.

Figure 6 shows the low temperature redshift of selected
vibrational modes, each of which is intimately connected to
the complex hydrogen bonding network in VOHPO4· 1

2H2O.
Here, the 978 and 1956 cm−1 features correspond to the va-
nadyl stretching mode of the distorted VO6 octahedra and its
overtone, with 10 and 20 cm−1 redshifts, respectively. The
broad H2O combination mode �1640 cm−1 deformation
+3370 cm−1 stretching� near 5000 cm−1 displays a 23 cm−1

redshift between 300 and 4 K. This mode softening occurs
through the 180 K transition range, suggesting that a change
in hydrogen bonding drives the low-temperature structural
phase transition.

Although unusual, mode softening has been observed
in other magnetic materials.71–75 Cu�Pz��NO3�2 and
Cu�Pz�2�ClO4�2 are two examples. The overall extent and
magnitude of mode softening in VOHPO4· 1

2H2O is similar
to that in quasi-one-dimensional Cu�Pz��NO3�2. In this case,
mode softening is attributed to an enhanced electrostatic at-
traction between pyrazine hydrogens and nitrate oxygens at
low temperatures.74 As the lattice contracts, the distance be-
tween oxygens and hydrogens decreases, causing a stronger
attractive interaction. Such a competing interaction against
the thermal contraction gives rise to an increase in certain
bond lengths at low temperature and thus results in the soft-
ening of selected vibrational modes.74 The mode softening in
Cu�Pz�2�ClO4�2 originates from a similar mechanism, but
due to the layered structure, fewer modes in this compound
soften.75 Based upon the presence of complex hydrogen
bonding networks in VOHPO4· 1

2H2O �Refs. 1 and 5� and the
variable temperature dynamics data in Fig. 6, we attribute the
observed low-temperature mode softening to a change in hy-
drogen bonding interactions in this system. Structural studies
show that several oxygen and hydrogen positions become
ordered at low temperature,1 a process that affects both va-
nadyl and hydrogen-oxygen bond lengths. Softening of the
VvO stretching modes and H2O-related vibrational modes
demonstrates that these interactions weaken through the tran-
sition. In terms of magnetostructural correlations, relaxation
of local VO6 structure will influence magnetic overlap.21

Note that hydrogen bonding also plays an important role in
the topotactic transformation of VOHPO4· 1

2H2O to
�VO�2P2O7 �Ref. 5�. Hydrogen bonding has been shown to
mediate exchange coupling in the quasi-two-dimensional
S=1/2 Heisenberg antiferromagnet Cu�H2O�2�C2H8N2�SO4

�and many other materials� as well.76–79

IV. CONCLUSION

In order to understand the structure-property relationships
in VOHPO4· 1

2H2O, we investigated the low-energy mag-

FIG. 5. �Color online� Close-up views of the temperature-
dependent transmittance spectra �left� and corresponding mode fre-
quencies �right� of VOHPO4· 1

2H2O in selected regions, highlight-
ing the weak second-order structural transition near 180 K. Error
bars are on the order of symbol size.
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netic susceptibility, ESR, and lattice dynamics of this S
=1/2 Heisenberg antiferromagnet. A pair of peaks in the far
infrared spectral response are of interest as possible magnetic
excitations. We propose that a dynamic Dzyaloshinskii-
Moriya mechanism may explain the activation and direc-
tional dependence of the singlet to triplet excitation in the far
infrared, and we identify two low-energy lattice modes that
may facilitate this coupling. Future high magnetic field in-
vestigations will be required to confirm the magnetic charac-
ter of these peaks and conclusively distinguish these features
from conventional phonons. The spin-gap values are com-
pared with those obtained from magnetic susceptibility, elec-
tron spin resonance, and neutron scattering. Although the
VuOuPuOuV interaction dominates the magnetic
properties of VOHPO4· 1

2H2O, our model fits of the suscep-
tibility show that weak interdimer coupling is allowed. Vari-
able temperature spectral results also highlight a subtle struc-
tural phase transition near 180 K. A low-temperature
enhancement of hydrogen bonding drives this weak local
distortion. The low lattice symmetry is important for activat-
ing the proposed magnetoelastic coupling.
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