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ABSTRACT: The presence of both strong interchain and intrachain
interactions of an antiferromagnetic as well as an ferromagnetic nature may
lead to the appearance of a gap in the magnetic excitation spectrum of
LiCu2(VO4)(OH)2 as evidenced by the hump in magnetic susceptibility χ
at T* ≈ 30 K. The temperature range of short-range magnetic order is
terminated by the onset of long-range magnetic order at TN = 10 K, which
is triggered by substantial interchain exchange interactions. This
observation is corroborated by the specific heat, Cp, singularity, electron
spin resonance, and nuclear magnetic resonance measurements. The latter
reveals a broad distribution of the resonance fields ascribed to the formation
of a helix magnetic structure. First-principles calculations allow estimations
of both intrachain and interchain exchange interaction parameters,
suggesting the implementation of a strongly coupled scenario with
competing inter- and intrachain interactions.

■ INTRODUCTION

The title compound, LiCu2(VO4)(OH)2, hosts alternating
half-integer spin chains of edge-sharing CuO6 octahedra
separated by nominally nonmagnetic VO4 tetrahedra, which
suggests the manifestation of low-dimensional magnetism. The
alternation α of exchange interaction parameter J along the
chain results in the formation of a spin gap Δ in the magnetic
excitation spectrum independent of the sign of the magnetic
coupling.1 The limiting cases of the alternating chain are
represented by the dimers (α = 0, Δ = J) and the uniform
chain (α = 1, Δ = 0). In the case when both J and αJ are
positive (i.e., antiferromagnetic), the spin excitations possess
values of 0 and 1 with the gap fixed at q = π. At α < 0,
antiferromagnetic (AFM) and ferromagnetic (FM) exchange
interactions alternate along the chain, but the gap is located at

q = π/2.2 The signatures of alternating spin chains are the
broad correlation maxima in both the magnetic susceptibility,
χ(T), and specific heat, Cp(T), curves. It should be noted,
however, that the presence of FM exchange is difficult to reveal
unambiguously in the thermodynamic properties at |α| < 1.3

Moreover, the broad correlation maxima in χ(T) and Cp(T)
curves are the inherent features of magnetic dimers and two-
dimensional magnetic systems.
The FM−AFM chain compounds are rare, being mostly

copper-based coordination polymers and complex oxides.3−6

The chain with α ≈ −1 and |J| ≈ 15 K investigated in
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organometallic magnet (CD3)2NH2CuCl3 is found to be
intermediate between weakly coupled antiferromagnetic spin
S = 1/2 dimers and the uniform spin S = 1 Haldane chain.4

The case of a large spin gap in BaCu2V2O8 has been the most
frequently studied. The broad maximum in the magnetic
susceptibility of this compound is observed near room
temperature, which allows an estimation of the leading
antiferromagnetic exchange interaction parameter as J = 460
K.6 The value of the spin gap was estimated to be Δ = 380 K in
the nuclear magnetic resonance measurements.7 The first-
principles calculations attributed BaCu2V2O8 to the class of a
strongly alternating AFM−AFM chain system,8,9 but inelastic
neutron scattering measurements disclosed the alternating
FM−AFM interactions with α = −0.3.10
Here, we present another FM−AFM exchange-coupled

compound, LiCu2(VO4)(OH)2, with parameters of magnetic
coupling within the chains filling the gap between the lower
energy scale in (CD3)2NH2CuCl3 and the higher energy scale
in BaCu2V2O8, which makes it convenient for diverse physical
study. On the basis of purely structural considerations, it is
difficult to identify the proper spin model for the ground state
of the title compound. The interchain interaction through Cu−
O−V−O−Cu pathways may efficiently compete with intra-
chain interactions through Cu−O−Cu pathways, drastically
changing the hierarchy of the magnetic couplings. In the case
of comparable intrachain and interchain interactions, the low-
dimensional magnetic behavior may survive in case when the
exchange interaction between the chains is frustrated.
Judging from the values of exchange interaction parameters

as obtained from the first-principles calculations, we conclude
that the best description of the spin model in LiCu2(VO4)-
(OH)2 is that of dimers coupled by multiple AFM and FM
interactions. Unlike its counterparts among both organic and
inorganic systems, LiCu2(VO4)(OH)2 experiences not only
short-range but also long-range magnetic order at low
temperatures due to substantial interchain interactions.

■ EXPERIMENT
Synthesis and Characterization. The title compound,

LiCu2(VO4)(OH)2, was obtained from high-purity LiOH·
H2O, CuCl2·2H2O, and V2O5 following the procedure
described in ref 11. First, 1.06 g of LiOH·H2O was dissolved
in 25 mL of deionized water, and 0.57 g of V2O5 was added to
the mixture. The mixture was stirred until a colorless solution
was achieved. Then, 1.07 g of CuCl2·2H2O was added to the
solution. The final mixture was sealed in a Teflon-lined steal
autoclave (45 mL), heated to 170 °C, kept at this temperature
for 48 h, and cooled to room temperature. The green product
of the reaction was washed several times with deionized water,
recovered by filtration, and dried in air at about 100 °C.
The phase purity of the powder sample of LiCu2(VO4)-

(OH)2 was confirmed by powder XRD diffraction using the
ADP diffractometer with Co Kα radiation, λ = 1.789010 Å.
The observed diffraction pattern shown in Figure S1 is in good
agreement with the standard of ICSD 151924. The
composition of the phase was analyzed using a JSM6480LV
scanning electron microscope equipped with an INCA Energy-
350 energy-dispersive detector and an INCAWave-500 four-
crystal wavelength-dispersive spectrometer. The semiquantita-
tive X-ray spectral analysis confirmed the 2:1 ratio of Cu and V
atoms.
Crystal Structure. LiCu2VO4(OH)2 crystallizes in ortho-

rhombic space group P212121 with unit cell parameters a =

9.6086 Å, b = 8.4482 Å, c = 5.8938 Å, and Z = 4.11 There are
two independent Cu atoms, Cu1 and Cu2, in the unit cell,
both lying in the center of the distorted octahedra constructed
from six O atoms. The distortion of CuO6 polyhedra is in
accordance with the Jahn−Teller effect, four equatorial Cu−O
bond lengths range from 1.88 to 2.04 Å, and two longer Cu−O
distances vary from 2.53 to 2.88 Å. In LiCu2(VO4)(OH)2, the
distorted CuO6 octahedra share a common edge and form a
chain of Cu(1)−Cu(2)−Cu(1)−Cu(2) along the crystallo-
graphic c direction and also share a common vertex in the ab
plane. Two such chains are directly connected by O atoms and
also connected by the distorted VO4 tetrahedra, forming a
three-dimensional network. Li ions occupy the voids and
channels. The different atoms are represented by different
colors, as shown in Figure 1.

Thermodynamic Properties. Both magnetization M and
specific heat Cp were measured with Quantum Design Physical
Property Measurements System PPMS-9T in the range of 2 to
300 K under a magnetic field of up to 9 T. The temperature
dependences of magnetic susceptibility χ = M/B taken in both
zero-field-cooled and field-cooled regimes were found to be
identical. The χ(T) dependence in LiCu2(VO4)(OH)2 taken at
B = 1 T is shown in Figure 2. It has a correlation maximum at
T* ≈ 30 K and a subsequent decrease in the signal with
decreasing temperature. The one-third decrease in magnet-
ization is typical for the uniaxial antiferromagnets in powder
form. The Neel temperature is defined by peak position TN =
10 K in the dχ/dT vs T curve, as shown in the inset to Figure

Figure 1. Crystal structure of LiCu2(VO4)(OH)2 in a polyhedral
representation. The CuO6 octahedra are connected by edge sharing
along the chain and corner sharing in the ab plane. The blue, green,
gold, red, pink, and black colors represent Cu1, Cu2, V, O, H, and Li
atoms, respectively.

Figure 2. Temperature dependence of magnetic susceptibility χ in
LiCu2(VO4)(OH)2 at B = 1 T. The extrapolation of the Curie−Weiss
law is shown by the dashed line. The inset represents the temperature
dependence of derivative dχ/dT.
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2. The short-range and long-range orders in LiCu2(VO4)-
(OH)2 are well separated, so no well-pronounced singularity
marks the phase transition in the χ(T) curve.
At elevated temperatures, the χ(T) curve follows the Curie−

Weiss law

C
T0χ χ= +

− Θ (1)

The fitting in the range of 200 to 300 K provides
temperature-independent term χ0 = 1.6 × 10−4 emu/mol,
Curie constant C = 0.825 emu K/mol, and Weiss temperature
Θ = −20 K. The positive value of χ0 is too large to be ascribed
to Cu2+ ions in the van Vleck contribution12 and most
probably is due to the sample holder contribution. Note that
the sum of diamagnetic Pascal constants is χdia = −10−4 emu/
mol.13 The value of C corresponds to the averaged g factor of
Cu2+ ions, g = 2.1, which is consistent with the results of X-
band electron spin resonance measurements as shown in
Figure S2 in the Supporting Information. The negative value of
Θ indicates the predominance of antiferromagnetic exchange
interactions at elevated temperatures. At decreasing temper-
atures, however, the χ(T) curve deviates from the extrapolation
of Curie−Weiss law, which signifies the formation of the short-
range magnetic order.
The field dependences of magnetization M both above (15

K) and below (2.5 K) Neel temperature TN = 10 K are shown
in Figure 3. Both curves appear to be nonlinear, but the

concavity ofM(B) curves is much more pronounced at T < TN.
The upward deviation in M(B) curves is a signature of the
smeared spin-flop transition inherent in the long-range-ordered
antiferromagnetic state.
The temperature dependence of the specific heat Cp is

shown in the inset to Figure 4. In the range of 2 to 300 K, it
indicates standard Debye-type behavior reaching less than 200
J mol/K at room temperature to be compared with
thermodynamic limit 3Rn = 300 J mol/K, where R is the
universal gas constant and n = 12 is the number of atoms per
formula unit. The identification of magnetic specific heat at
low temperatures is not straightforward. More pronounced is
the anomalous behavior in the Cp/T vs T presentation, as
shown in the main panel of Figure 4. Below T*, the application
of an external magnetic field slightly reduces the specific heat.
The broad hump at about 10 K is seen in the absence of an
external magnetic field, being sharpened and shifted somewhat
to lower temperatures at B = 9 T. This behavior could be

expected for the sequence of antiferromagnetic short-range and
long-range order at low temperatures.

Electron Spin Resonance. An electron spin resonance
(ESR) study of a powder LiCu2(VO4)(OH)2 sample was
performed using a CMS 8400 (ADANI) X-band ESR
spectrometer ( f ≈ 9.4 GHz, B ≤ 0.7 T) equipped with a
low-temperature mount, operating in the range of T = 7−300
K. The effective g factor has been calculated with respect to a
BDPA (a,g-bisdiphenyline-b-phenylallyl) reference sample with
get = 2.00359. Representative examples of the ESR absorption
line at different temperatures for LiCu2(VO4)(OH)2 are given
in Figure 5. Over the whole investigated temperature range, the

ESR signal has broadened complicated character, and the best
description of the line shape requires using a sum of four
different components. The resolved components are denoted
as L1, L2, L3, and L4, as shown by dashed colored curves in
Figure 5. At the same time, the analysis of their intensity ratio
unambiguously indicates that the main contribution to the
absorption is due to L1 and L2 modes while the impact of L3
and L4 modes is negligibly small, so the latter ones may be

Figure 3. Field dependences of magnetization M in LiCu2(VO4)-
(OH)2 both above (15 K) and below (2.5 K) the Neel temperature.
The dashed lines connect starting (B = 0 T) and terminating (B = 9
T) points of M(B) curves.

Figure 4. Temperature dependences of reduced specific heat Cp/T at
B = 0 and 9 T. (Inset) Temperature dependence of specific heat Cp in
LiCu2(VO4)(OH)2.

Figure 5. ESR spectra (circles) of LiCu2(VO4)(OH)2 at different
temperatures with the fits to the data as described in the text shown
by the lines. The dashed lines show the individual Lorentzian fit
components, and the solid line is the sum of all contributions.
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related to the presence of a small amount of impurity (e.g.,
isolated Cu2+ ions). In turn, the L1 and L2 modes can be
assigned to the signal from the copper magnetic subsystem in
LiCu2(VO4)(OH)2 and most probably corresponds to main
components g∥ and g⊥ for the ESR powder pattern,
characteristic of Cu2+ ions with an anisotropic g tensor. The
average value of the effective g factor at room temperature is g
= (g∥ + 2g⊥)/3 = 2.4 ± 0.1, which is consistent with typical
values for Cu2+ ions in other copper oxides. With decreasing
temperature, the value of the effective g factor remains almost
unchanged, while the ESR line width demonstrates a weak
broadening, as shown in the right panel of Figure S2.
Noticeable deviations of the ESR line width and g factor
from their high-temperature values occur only below ∼30 K
and are indicative of the development of internal fields upon
approaching the long-range-ordered phase. It is also interesting
that a rough estimation of the integral ESR intensity shows that
it passes through a smooth maximum at about 30 K, following
the behavior of the static magnetic susceptibility, as shown in
the left panel of Figure S2. At the lowest temperature (7 K)
achieved in ESR experiments, the intensity of the signal
decreases and the line broadens, which indirectly confirms the
establishment of the long-range order.
Nuclear Magnetic Resonance. NMR measurements on a

LiCu2(VO4)(OH)2 powder sample were performed using a
conventional phase-coherent pulsed NMR spectrometer on 7Li
and 51V nuclei in the temperature range of 1.7−120 K. NMR
spectra were measured by sweeping the magnetic field at
several fixed frequencies of 40, 60, and 100 MHz. The signal
was obtained by integrating the spin−echo magnitude in the
time domain and averaging over the scan accumulation
number, which depends on frequency and temperature. In
addition, the 7Li NMR spectrum of the LiCu2(VO4)(OH)2
sample at room temperature was measured using another
home-built coherent pulsed NMR spectrometer in the
magnetic field of 5.509 T with a magnetic field space
homogeneity of about 5 ppm within the room-temperature
bore of a superconducting magnet. The 7Li NMR spectrum
was obtained by the fast Fourier transform (FFT) of the
second half of the spin−echo signal with a π/2 pulse duration
of 3 μs.
The field-sweep NMR spectrum of LiCu2(VO4)(OH)2

measured at 2.2 K and at fixed frequency of 60 MHz is
shown in Figure 6. To cover a wide magnetic field range of
3.3−6.0 T, a relatively rough field step value of 0.01 T was
used. The obtained spectrum demonstrates several features
that will be discussed below, starting from the high-field part
from 4.7 to 6.0 T. It contains two sharp, narrow lines at 4.95
and 5.31 T originating from 65Cu and 63Cu nuclei from the
coil. Apart from these lines, there is an intensive and relatively
narrow single peak at 5.46 T that can be attributed to 51V
nuclei from the sample. It has a visible line shift from the
Larmor field value of 51V nuclei at 60 MHz BL(

51V) = 5.361 T
indicating nonzero hyperfine magnetic interactions on the V
site. The remaining high-field part of the NMR spectrum
presented in Figure 6 is a very broad intensity distribution
covering both the 63,65Cu and 51V resonance field ranges.
To study this particular spectral part in more detail, we used

a silver coil, optimizing the π/2 pulse length at the right edge
intensity maximum at 5.73 T and carefully remeasuring the
NMR spectrum in the field range of 4.5−6.2 T at both 120 and
2 K, which are far above and below the expected magnetic
transition temperature of TN = 10 K, respectively. The

obtained NMR spectra are shown in Figure 7. At 120 K, the
spectrum consists of a narrow single 51V NMR line peaking at

5.32 T with positive line shift K = +0.8% and without any
visible quadrupole effects. This clearly indicates that the value
of the quadrupole splitting of 51V nuclei in LiCu2(VO4)(OH)2
is below the line width that amounts to 0.06 T in the
basement. Multiplying 0.06 T by 51V gyromagnetic ratio 51γ/
2π = 11.193 MHz/T, one immediately obtains the upper limit
of the quadrupole splitting of about 0.7 MHz. We can assume
that the lack of a copper NMR signal in the paramagnetic state
of LiCu2(VO4)(OH)2 might be due to a very short 63,65Cu

Figure 6. Field-sweep NMR spectrum of LiCu2(VO4)(OH)2
measured at 2.2 K and 60 MHz. Vertical green solid lines indicate
the position of the Larmor field of 7Li and 51V nuclei at the given
frequency.

Figure 7. 51V NMR spectra of LiCu2(VO4)(OH)2 measured at 120 K
(upper panel) and 2 K (lower panel) at a fixed frequency of 60 MHz.
Vertical green and black solid lines indicate the position of the Larmor
field of 63,65Cu and 51V nuclei at 60 MHz, respectively.
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nuclear spin−spin relaxation time caused by fast spin
fluctuations.
At 2 K, the spectrum exhibits a dramatic transformation

(Figure 7, lower panel). Besides a narrow, intense peak at 5.46
T, the spectrum additionally contains a broad maximum
around the 51V Larmor field of BL(

51V) = 5.361 T as well as
two broad, intense edge peaks at 4.92 and 5.74 T. From the
line shape structure, one can completely rule out copper as a
possible origin of the observed spectral features because Cu
NMR lines should appear as a 63,65Cu isotope pair located in
accordance with the 63,65Cu Larmor field and natural
abundance values that are definitely lacking in the experimental
spectrum. Therefore, one can conclude that the whole NMR
spectrum presented in Figure 7 (lower panel) is attributed
solely to 51V nuclei in LiCu2(VO4)(OH)2. Moreover,
comparing 51V spectra measured at 120 and 2 K (Figure 7,
upper and lower panels, respectively), we can unambiguously
exclude quadrupole effects as the origin of the observed low-
temperature line splitting because no such splitting is
registered in the paramagnetic state at 120 K.
To study the observed low-temperature phenomenon in

more detail, we have also recorded 51V NMR spectra in
LiCu2(VO4)(OH)2 at two other frequencies of 40 and 100
MHz at 2 K, as presented in Figure 8. The spectrum at 40
MHz is very similar to that at 60 MHz with almost the same
line shape containing the central peak around the Larmor field
of BL(

51V) = 3.574 T at 40 MHz as well as a pair of slightly
asymmetric edge peaks located at −0.44 T and +0.38 T in
relation to the Larmor field for left and right peaks,
respectively. Such a double-horn NMR line shape is character-

istic of a helical local field distribution and was recently
observed for 31P nuclei in the powder sample of the FeP
helimagnet.12 Assuming an isotropic distribution of the
magnetic helixes in space (i.e., in each crystallite in the
powder sample, the orientation of the helixes is fixed with
respect to their crystallographic axes) and following the
approach developed in ref 14, we obtained the simulated
NMR line shown in Figure 8 (middle panel, solid green line).
Here we took into account an observed asymmetry of the
experimental spectrum due to the external magnetic field and
introduced a moderate canting of the harmonic spin
distribution in the helix. The field distribution function f(B)
from ref 14 was multiplied by the magnetic interaction factor
e BB Ecos /loc α− , where B is the applied field, Bloc is the local field
induced on vanadium nuclei by a cycloid, E is an energy
constant, and α is the angle between B and Bloc. Final
convolution with Gauss broadening with line width ΔB is
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Although the simulated line satisfactorily describes the edge
spectrum behavior, it does not follow the observed intensity
decrease inside the peak positions. To account for this effect,
we assumed that the helix plane in each crystallite rotates
toward the external magnetic field axis. In this case, f(B) and
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. In eq 2, inte-

grand B is replaced by integration variable t. The resulting
simulated lines are shown in Figure 8 (middle panel; dark
yellow and red solid lines) for uniform and canted helixes,
respectively. As seen in this figure, the latter provides the better
fit to the experimental 51V NMR spectrum.
Good agreement was obtained between the simulated and

experimental 51V NMR spectrum measured at 40 MHz (Figure
7, bottom panel) for the same energy constant E and local field
Bloc = 0.46 T. Because the value of Larmor field BL(

51V) =
3.574 T at 40 MHz is less than that at 60 MHz, the canting
effect and hence the observed asymmetry of the spectrum are
less pronounced.
The most striking effect was observed at 100 MHz, where

the 51V NMR spectrum returns to a single-peak pattern with
the complete vanishing of any line splitting (Figure 8, lower
panel). To explain this surprising effect, one can assume that at
such a high magnetic field of BL(

51V) = 8.933 T at 100 MHz
the helical magnetic order is suppressed by the kind of spin−
flop transition that occurs in between 6.0 and 8.3 T. This
transition might result in the rotation of the helix plane so that
the internal hyperfine magnetic fields on vanadium sites are
canceling out for geometrical reasons. This conclusion is in line
with the observed upward deviation in the M(B) curve at 2.5
K, which is a signature of the smeared spin−flop transition, as
shown in Figure 3.
Now let us turn back to Figure 6 and discuss the intensive

NMR line at 3.53−3.72 T, which obviously originates from 7Li
nuclei because it is located exactly at a Larmor field of 7Li
BL(

7Li) = 3.326 T at 60 MHz. At first glance, this line looks
like a quadrupole triplet typical of I = 3/2 nuclei in the
presence of quadrupole interactions treated in first-order
perturbation theory.

Figure 8. 51V NMR spectra of LiCu2(VO4)(OH)2 measured at 100
MHz (upper panel), 60 MHz (middle panel), and 40 K (lower panel)
at 2 K. Solid lines are the simulated spectra for a planar cycloid, a
canted planar cycloid, and a canted isotropic distribution as described
in the text.
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To check this supposition, we have also recorded 7Li NMR
spectra from LiCu2(VO4)(OH)2 at two other frequencies of 13
and 100 MHz at 2.2 K and at 40 MHz at 4.2 K with a smaller
field step of 0.005 T, as presented in Figure 9. Our attempt to
simulate the observed 7Li NMR spectra by a quadrupole triplet
gives the quadrupole frequency of 7Li nuclei of about 1.7 MHz,
which is unlikely because it is at least 1 order of magnitude
higher than typical values of 7Li quadrupole frequencies in
lithium cuprates. For example, νQ(Li) = 51.7 kHz in
LiCu2O2,

15 45 kHz in La2Cu0.5Li0.5O4,
16 and 48 kHz17 or 42

kHz18 in LiCuVO4, more than 30 times less than 1.7 MHz.
Moreover, no traces of visible quadrupole effects were found in
the room-temperature 7Li spectrum of LiCu2(VO4)(OH)2
presented in the upper inset to Figure 9. This spectrum has
a single Gaussian line shape with fwhm ≈ 0.031 MHz, which
might be considered to be an upper limit for the quadrupole
constant on the Li site. Therefore, we assumed that the
observed 7Li line splitting of about ±(0.03−0.04) T from the
Larmor field has the same origin as for the splitting of the 51V
NMR line, namely, the helical distribution of hyperfine local
magnetic fields induced on lithium nuclei from Cu2+ magnetic
moments. The corresponding simulated spectra plotted in
Figure 8 show reasonable agreement with experimental spectra.
In addition, we measured the 6Li NMR spectra in

LiCu2(VO4)(OH)2 at 100 MHz and 4.2 K, as shown in the
lower inset to Figure 9. Evidently, the general line shape and
width of 6Li and 7Li NMR spectra at low temperature are
almost identical. Because the quadrupole moment of the 6Li
isotope, Q(6Li) = 8.08 × 10−4 barn, is about 50 times less than
that of 7Li (Q(7Li) = 4.01 × 10−2 barn), it points to the

magnetic rather than quadrupole nature of the observed 6,7Li
NMR line splitting.
It is worth noting that according to the crystal structure each

vanadium site is surrounded by eight copper sites belonging to
four c-aligned chains. Generally, all of these copper magnetic
moments occur to be weakly AFM correlated as a result of the
prevailing AFM character of exchanges (calculations section).
In this case, these eight copper magnetic moments of the AFM
sublattices cancel each other and would result in very weak
local magnetic fields on vanadium nuclei with some
distribution around ⟨Hloc⟩ = 0 T. This scenario accounts for
the observed 51V NMR spectral pattern of a broad line
centered close to the Larmor field.
The application of elevated external magnetic fields may

cause the partial correlation and/or aligning of copper
magnetic moments, resulting in the appearance of noticeable
local fields on vanadium sites responsible for the characteristic
NMR spectral pattern of intense edge peaks and some
distribution between them. In this case, the evolution of the
NMR spectral shape changes in favor of this characteristic
double-horn pattern with increasing externally applied
magnetic fields due to the gradual growth of the fraction of
such correlated copper magnetic moments.
This is confirmed by the experimentally observed intensity

decrease of the central area of the 51V NMR spectra with
increasing Larmor frequency (Figure 8, lower and middle
panels) and the concomitant intensity increase of the
characteristic double-horn pattern. Moreover, the same effect
is clearly seen in the 7Li spectra, as shown in Figure 9. While at
13 MHz the central part of the spectrum is well pronounced
(Figure 9, upper panel), at 40 MHz it is slightly visible (Figure

Figure 9. 7Li NMR spectra of LiCu2(VO4)(OH)2 measured at 13 MHz (upper panel) and 100 MHz (lower panel) at 2.2 K and at 40 MHz
(middle panel) at 4.2 K. Solid red and green lines are the simulated spectra for the planar cycloid and canted planar cycloid, respectively. (See the
text for details.) A vertical magenta solid line indicates the position of the Larmor field of 7Li nuclei at the given frequencies. (Upper inset) 7Li
NMR spectra of LiCu2(VO4)(OH)2 recorded at room temperature by the half-echo FFT method in a constant magnetic field of B = 5.5092 T. The
vertical magenta solid line indicates the position of the Larmor frequency of 7Li nuclei at the given magnetic field. (Lower inset) 6Li NMR spectrum
measured at 37.86 MHz at 4.2 K, corresponding to the same Larmor field of 6.043 MHz as for 7Li at 100 MHz.
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9, middle panel) and at 100 MHz the central part of the
spectrum is almost completely suppressed on both 7Li and 6Li
NMR spectra (Figure 9, lower panel).

■ THEORY

Electronic Structure. To gain a microscopic under-
standing of LiCu2VO4(OH)2, we carried out first-principles
density functional theory (DFT)19 calculations within the
generalized gradient approximation (GGA)20 for the exchange-
correlation functional. For the DFT calculations, we have used
two different basis sets: (a) the muffin-tin orbital (MTO)-
based linear MTO (LMTO) method21 and (b) the plane-
wave-based basis as implemented in the Vienna ab initio
simulation package (VASP).22 For the LMTO self-consistent
electronic structure calculation, the basis set consisted of Li sp,
Cu spd, V spd, O sp, and H s. Eighteen different classes of
empty spheres were used to space fill the system. Self-
consistency was achieved by using 16 k points in the
irreducible Brillouin zone. The energetically accurate plane-
wave basis set calculations have been employed to calculate the
total energy of different spin configurations to derive the
magnetic exchanges from the total-energy method. For the self-
consistent field calculations in the plane-wave basis, an energy
cutoff of 450 eV and a 3 × 3 × 3 Monkhorst−Pack k-points
mesh were found to provide good convergence of the total
energy (E = 10−5 eV). The consistency between the
calculations in the MTO and plane wave basis sets has been
checked in terms of band structure, density of states, and
magnetic moments. The exchange correlation functional for
the self-consistent calculations was chosen to be that of the
generalized gradient approximation (GGA) implemented in
the Perdew−Burke−Ernzerhof prescription. In the total energy
calculations, the missing correlation energy at the Cu site
beyond GGA calculations with supplemented Hubbard U
(GGA + U)23 was determined, with a choice of U = 6 eV. We
considered a 2 × 1 × 1 supercell and a 3 × 3 × 3 Monkhorst−
Pack k-point mesh for the total-energy calculations of various
different spin configurations.
A non-spin-polarized self-consistent calculation has been

carried out for the title compound. The electronic density of
states within the generalized gradient approximation (GGA) of
exchange correlation is presented in the left panel of Figure 10.
The octahedral environment of oxygen atoms surrounding Cu
results in a Cu dx2−y2 state at the Fermi level being
pronouncedly mixed with O p and V d states. Because Cu is

in the 2+ oxidation state, all d states are completely filled
except for the dx2−y2 state, which is half filled. Therefore, the Cu
dx2−y2 state at the Fermi level is primarily responsible for the
electronic and magnetic behavior of the compound.
We note that GGA predicts the system to be metallic. It is

well known that GGA fails to describe the correct insulating
ground state for the strongly correlated electron system, as is
the case here. The inclusion of the missing correlation effect, as
mentioned, beyond GGA in a partially filled Cu d manifold
provides the insulating description of the system. We have
checked this by treating the correlation within the GGA + U
framework. Although GGA fails to provide the correct ground
state for this class of materials, it describes the bonding and
chemistry aspects correctly. This method has been highly
successful in deriving the microscopic model based on such
information and the construction of Hubbard-like Hamilto-
nians by adding the missing correlation effect to the GGA-
derived one-electron part. In spite of the failure of GGA in the
prediction of the correct ground state, the computed one-
electron part is found to be surprisingly robust and gives a very
good account of the chemical aspect of even a correlated
insulator, as is the case in the discussion. The extraction of the
essential GGA information, however, needs filtering of the full
GGA details. We applied the plane-wave-based VASP, which
has been designed to serve this purpose.
The corresponding spin-polarized density of states, obtained

in a self-consistent spin-polarized DFT calculation, projected
onto Cu d, O p, V d, H s, and Li s states, is shown in the right
panel of Figure 10. We find that the distorted octahedra
crystal-field splits the Cu d levels according to that shown in
the inset of the left panel of Figure 10. All of the d states are
completely filled in the majority and minority spin channels
except the minority channel of Cu dx2−y2, suggesting the
nominal Cu2+ or d9 valence of Cu. The O p state is found to be
mostly occupied, suggesting the nominal O2− valence states.
The oxidation states of Li, H, and V atoms are +1, +1, and +5
respectively. The O p and V d states show finite, nonzero
hybridization with Cu d states close to the Fermi energy, which
contribute to the superexchange path of magnetic interaction
between two Cu sites. The calculated magnetic moments at
different atomic sites are 0.710μB (Cu), 0.046μB (O), 0.113μB
(V), 0.002μB (Li), and 0.000μB (H). The total magnetic
moment per formula unit is 2μB.

Magnetic Exchange Interactions and Microscopic
Model. To estimate the various effective Cu−Cu interactions
present in the title compound, the Nth-order muffin tin orbital

Figure 10. (Left) Density of states (DOS) calculated using density functional theory-based TB LMTO in LiCu2VO4(OH)2. The energy axis is
plotted with respect to the Fermi energy. (Right) Spin-polarized density of states in LiCu2VO4(OH)2. The up channel of Cu d is completely filled,
but the down channel of Cu d is partially filled. The energy axis is plotted with respect to the Fermi energy.
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(NMTO)-based downfolding technique was applied to
construct Cu dx2−y2-only Wannier functions by downfolding
all the degrees of freedom associated with V, O, Li, H, and Cu
and keeping active only the Cu dx2−y2 degrees of freedom. This
procedure provides renormalization of Cu dx2−y2 orbitals due to
hybridization from V d, O p, Li s, and H s and the other Cu d
orbitals. The effective Cu dx2−y2−Cu dx2−y2 hopping interactions
were obtained from the real space representation of the
Hamiltonian in the effective Cu dx2−y2 Wannier function basis.
The effective Cu dx2−y2 Wannier function is plotted in Figure
11. While the central part of these effective Wannier functions

are shaped according to dx2−y2 symmetry, the tail sitting at the
neighboring oxygen sites is shaped according to O px/py
symmetries, indicating strong pdσ bonding between Cu and
O. The finite contribution of Wannier orbitals on the V atom
indicates that the interchain interactions are also mediated by
the V atom. The dominant hopping interaction is found to be
an intrachain second-nearest-neighbor interaction, t2 = 122.4
meV. The first-nearest-neighbor intrachain interaction is t1 =
61.2 meV. The interchain interactions are t3 = 68 meV, t4 =
42.2 meV, and t5 = 2.7 meV.
The paths for the corresponding dominant interactions are

shown in Figure 12. We see that magnetic interaction J1
corresponding to hopping t1 is mediated by Cu1 d−O p−Cu2
d superexchange paths where the Cu1−O−Cu2 bond angles
are 92 and 100°, while J2, corresponding to hopping t2, is
mediated by Cu1 d−O p−Cu2 d superexchange paths where
the Cu1−O−Cu2 bond angles are 94 and 103°. Interchain

interaction J3 corresponding to t3 is mediated by Cu1 d−O
p−Cu1 d and Cu2 d−O p−Cu2 d superexchange paths where
the Cu1−O−Cu1 and Cu2−O−Cu2 bond angles are 107 and
108°, respectively. The other interchain interactions J4 and J5
correspond to t4 and t5, mediated by Cu1 d−O p−V d−O p−
Cu2 d superexchange paths. The magnetic interactions can be
obtained from the knowledge of hopping interactions with a
choice of Hubbard U parameter by using the superexchange
formula 4t2/U. This, however, provides information on only
the antiferromagnetic contributions. The presence of super-
exchange paths, involving Cu−O−Cu bond angles close to
90°, makes the ferromagnetic contribution significant. To
account for that, we carried out the total energy calculation of
different spin configurations and extracted the magnetic
exchanges by mapping the DFT energies to that of the
Heisenberg model. For this purpose, as mentioned, we
constructed a supercell of dimensions 2 × 1 × 1 giving rise
to 16 Cu atoms in the unit cell, which are labeled in Figure S3
of the Supporting Information. The solutions of the calculated
GGA + U energies of different spin configurations (refer to the
Supporting Information for the considered configurations and
the energies) in the above-defined Heisenberg model gave
estimates of J. The dominant intrachain and interchain
magnetic exchange interactions Jij with a choice of U = 6 eV
are shows in Table 1, where the values of exchange interaction
parameters turned out to be J1 = −3.2 meV, J2 = 12.7 meV, J3
= 4.2 meV, J4 = 1.3 meV, and J5 = −0.6 meV. The positive
(negative) signs of interactions indicate the antiferromagnetic
(ferromagnetic) nature of the exchange interactions. We note
that estimated tiny values of J5 are beyond the accuracy limit
of DFT, and the precise numerical value may not be
trustworthy.

Spin Model and Magnetic Susceptibility. The
description of the spin model for LiCu2VO4(OH)2 as obtained
from the NMTO-downfolding technique and total energy
calculation of different spin configurations turns out to be that
of a highly interacting spin system with competing FM and
AFM exchanges. It is formed by dominant dimer interaction
J2, followed by two interactions J1 and J3 of comparable
magnitudes but differing sign, with the former belonging to the
structural chain and the latter belonging to the exchange
between the chains. Additionally, there is the presence of
another small interchain interaction, namely, J4. To check the
goodness of our proposed model, we have calculated the
magnetic susceptibility by considering the following spin 1/2
Heisenberg models on an N × N lattice
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where J1, J2, J3, and J4 are the exchange integrals
corresponding to hopping paths t1, t2, t3, and t4, respectively.
The model was solved by the quantum Monte Carlo method

(QMC) [23] on a 10 × 10 lattice. The primary interaction J2
and the effective Lande g factors were obtained by fitting to the
experimental susceptibility. As shown in the figure, the
calculated and measured susceptibilities agree very well for
the spin Hamiltonian (eq 3). The optimal values of the g factor
were found to be 2.1 for a constant value of the magnetic field,
B = 1 T. The optimal values for the coupling ratios are found
to be α1 = J3/J2 = 0.45, α2 = J1/J2 = −0.15, and α3 = J4/J2 =

Figure 11. Effective orbitals corresponding to the downfolded Cu
dx2−y2 calculations viewed for LiCu2(VO4)(OH)2. Plotted are the
orbital shapes (constant-amplitude surfaces) with lobes of opposite
signs colored black and cyan.

Figure 12. Exchange paths for various magnetic exchange
interactions.
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0.1, close to the estimates of 0.33, −0.25, and 0.1, respectively,
obtained from the total energy calculations of different spin
configurations. The excellent fit in turn provides the
justification for the DFT-derived model, unraveling the
complexity of the system.

■ CONCLUSIONS
The thermodynamic measurements provided evidence of the
formation of short-range and long-range magnetic order in
LiCu2(VO4)(OH)2. From the nuclear magnetic resonance data
on 51V and 7Li, we deduce the existence of long-range helical
magnetic order, possibly incommensurate, at low temperatures.
An absence of copper NMR signals in the helical phase of
LiCu2(VO4)(OH)2 might be due to an extremely broad 63,65Cu
NMR intensity distribution due to the approximately equal
values of the external magnetic field and rotating local field on
Cu nuclei together with varying angles of EFG axes in relation
to external field directions, and all of this is integrated over the
isotropic powder. It should be mentioned, however, that inside
the LiCu2(VO4)(OH)2 sample volume there is an essential
amount of a “nonmagnetic” phase where this long-range helical
order does not exist even at 2 K. This is clearly seen from the
existence of the relatively narrow and intense spectral intensity
areas located in the vicinity of the Larmor fields in both 51V
and 7Li NMR spectra measured at 2 K. The lack of copper
NMR signals in this nonmagnetic state of LiCu2(VO4)(OH)2
is possibly due to very short 63,65Cu nuclear spin−spin
relaxation times, which are caused by fast spin fluctuations
and resulted in the vanishing of the Cu spin−echo signal. The
first-principles calculations provide values of multiple-exchange
interaction parameters. The DFT-derived spin model has been
solved with QMC to calculate the magnetic susceptibility,

which shows excellent agreement with the measured
susceptibility.
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