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Magnetic properties of the antiferromagnet ZnxCu2−xV2O7 (ZnCVO) with x ≈ 0.06 have been
thoroughly investigated on powder and single-crystal samples. The crystal structure determination
using powder x-ray and neutron diffraction confirms that our ZnCVO samples are isostructural with
β-Cu2V2O7 (β-CVO) with a small deviation in the lattice parameters. Macroscopic magnetic prop-
erty measurements also confirm the similarity between the two compounds. The Cu2+ spins were
found to align along the crystallographic c-axis, antiparallel to their nearest neighbors connected by
the leading exchange interaction J1. Spin dynamics reveals a typical symmetric spin-wave dispersion
with strong interactions in the bc-plane and weak interplane coupling. The exchange interaction
analysis indicates that the spin network of ZnCVO is topologically consistent with the previous DFT
prediction but the values of leading exchange interactions are contradictory. Furthermore, rather
than the predicted 2D honeycomb structure, the spin network in ZnCVO could be better described
by the anisotropic 2D spin network composing of J1, J5, and J6 interactions, four bonds per one
spin site, coupled by weak interplane interactions.

I. INTRODUCTION15

The symmetry of solids plays an important role in de-16

termining crystal structure and the underlying physical17

properties, particularly a spin network, magnetic ground18

states, and spin dynamics in low-dimensional antiferro-19

magnetic systems. According to Friedel’s law [1] when20

the crystals have a center of symmetry at the origin, the21

structure factor for the (hkl) and (h̄k̄l̄) planes will result22

in the same intensity i.e., |F (hkl)|2 = |F (h̄k̄l̄)|2. The23

crystals that obey this rule are called centrosymmetric24

crystals; otherwise, they are called non-centrosymmetric.25

This rule also applies to the dispersion relation. In the26

non-centrosymmetric crystals, the system could present27

the uniform antisymmetric Dzyaloshinskii-Moriya (DM)28

interaction [2, 3] between interacting magnetic spins, in29

which the asymmetric dispersion relation (nonreciprocal30

magnon) i.e., E(k) 6= E(−k), is expected and experi-31

mentally observed [4–7]. On the other hand, the asym-32

metric dispersion relation vanishes and is replaced by the33

conventional symmetric dispersion relation in the cen-34

trosymmetric crystals.35

In our previous study [7] on the non-centrosymmetric36

α-Cu2V2O7 (α-CVO) or Blossite, we surprisingly dis-37

covered the nonreciprocal magnon where the rare phe-38
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nomenon of a bidirectional shift of the magnon dispersion39

was experimentally observed for the first time in an anti-40

ferromagnet. This discovery was a great proof of the the-41

oretical prediction of the asymmetric dispersion relation42

in non-centrosymmetric crystals and raised our attention43

to Cu2V2O7 system. There are three main polymorphs44

with a chemical formula Cu2V2O7 i.e., α, β, and γ. The45

γ-phase is more likely a complex high-temperature phase46

with the lowest crystal symmetry P1 [8]. A more re-47

lated cousin phase to the α-CVO is β-Cu2V2O7 (β-CVO)48

or Ziesite which is a centrosymmetric crystal. Both α-49

CVO and β-CVO were naturally discovered at the sum-50

mit crater of the Izalco volcano, El Salvador [9, 10]. De-51

spite the same chemical formula and the same nature of52

origin, the symmetry and magnetic properties of α-CVO53

and β-CVO are quite different. We, therefore, extend54

our investigation from the non-centrosymmetric α-CVO55

to the centrosymmetric β-CVO focusing on the magnetic56

properties and especially the spin dynamics.57

The crystal structure of β-CVO is monoclinic with58

space group C2/c. The lattice parameters are a =59

7.685 Å, b = 8.007 Å, c = 10.09 Å, and β = 110.27◦ [10,60

11]. Unlike α-CVO, the DM interaction is absent in β-61

CVO and thus the symmetric dispersion relation with62

E(k) = E(−k) is expected. This system was first be-63

lieved to be the antiferromagnetic 1D spin chain [12–14]64

but the later DFT studies proposed the otherwise 2D65

honeycomb spin network [15, 16]. Here we performed a66

thorough experiment to investigate the magnetic struc-67
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ture as well as the spin-wave dispersion using state of the68

art neutron scattering technique to resolve this ambigu-69

ity. We chose ZnxCu2−xV2O7 with x ≈ 0.06 (ZnCVO) as70

a prototypical sample because of its phase controllability.71

There were several reports on the synthesis of β-CVO72

samples, both powder [17, 18] and single-crystals [13].73

However, the α to β phase transition temperatures were74

reported to be different [18, 19] causing difficulty in grow-75

ing the large-sized single-crystal for an inelastic neu-76

tron scattering study. Alternatively, Zn substitution77

on Cu sites can transform the formerly α-Cu2V2O7 to78

ZnxCu2−xV2O7, which were reported to have the same79

crystal structure as β-CVO [12, 20–24]. There are many80

interesting aspects in the physical properties of these cop-81

per vanadate systems not only magnetic properties but82

also their negative thermal expansion [25–27] and pho-83

toelectrochemical properties [28, 29]. Understanding the84

physics of β-CVO/ZnCVO could potentially lead to an85

insight into the low-dimensional quantum materials and86

their possible diverse applications.87

The manuscript is organized as follows. We briefly88

start with the experimental details in Section II describ-89

ing the sample preparations and the data collections. In90

Section III, we allocate into four subsections. The first91

two subsections, III A and III B, will be discussing the92

crystal and magnetic structures, respectively, of ZnCVO93

and β-CVO samples. The next two subsections, III C and94

III D, will be devoted to the exchange interactions and95

spin network analysis. We finally end with the conclusion96

in Section IV.97

II. EXPERIMENTAL DETAILS98

Powder samples of ZnCVO were prepared by the stan-99

dard solid-state reaction from the stoichiometric ratio of100

ZnO, CuO, and V2O5. The mixture was ground and cal-101

cined repeatedly at the temperature between 600 - 650◦C102

in the air. Phase purity was checked by the powder x-103

ray diffraction. For comparison, a powder sample of the104

pure phase β-Cu2V2O7 (β-CVO) was also prepared. The105

stoichiometric ratio of CuO, and V2O5 were mixed and106

ground thoroughly. The mixture was calcined and sin-107

tered at a temperature below 600◦C to avoid the α − β108

phase transition [19], with intermediate grindings for a109

total of around 80 hours. The pure phase ZnCVO was110

used as a starting material for single-crystal growth using111

the vertical gradient furnace. The powder was put into112

a quartz tube and melted in the ambient air at around113

850◦C before moving the molten sample down through114

the natural temperature gradient between 20◦C/cm -115

50◦C/cm with a rate of 1 cm/day. After the sample116

reaches the temperature of ≈ 600◦C, the crystals were117

then naturally cooled in the furnace to room tempera-118

ture and mechanically extracted from quartz.119

The phase of the single crystals was first checked by120

powder x-ray diffraction on the ground crystals. Mag-121

netic susceptibility measurements were done on a small122

piece of single-crystal by applying the magnetic field123

along two orthogonal directions i.e., H ‖ a and H ⊥ a124

using a superconducting quantum interference device125

(MPMS-XL, Quantum Design) with the field of 1 T. The126

obtained magnetic susceptibility data were analyzed and127

compared with the Quantum Monte Carlo simulation.128

Powder neutron diffraction data on both ZnCVO and β-129

CVO were collected at BT1, NIST Center for Neutron130

Research (NCNR), the USA for nuclear and magnetic131

structure determinations. Finally, inelastic neutron scat-132

tering experiments were done on a large piece of crystal133

(m ≈ 1.5 g). The crystal was aligned so that (h, k, 0)134

was on the scattering plane. At the BT7 Double Focus-135

ing Thermal Triple Axis Spectrometer, NIST Center for136

Neutron Research (NCNR), USA, the scattered neutron137

energy was fixed 14.7 meV. The rocking scan was done on138

the major nuclear Bragg peak to qualify the crystallinity139

of the single crystal. The energy scans were collected140

at the base temperature along (0, k, 0) and (h, 2, 0) di-141

rections over the broad range of the spin-wave disper-142

sion. The energy scans around the magnetic zone cen-143

ter were done at the SPINS spectrometers, NCNR, and144

at the CTAX spectrometer, Oak Ridge National Labo-145

ratory, the USA with fixed scattered neutron energy of146

5 meV to resolve the energy gap.147

III. RESULTS AND DISCUSSION148

A. Crystal structure149

The powder sample of ZnCVO shows a pure phase150

with an identical structure with β-CVO, as shown by151

the Rietveld refinement on the x-ray diffraction patterns152

in Fig. 1 (a). This result is consistent with the previous153

work by Pommer et. al., [12] where the ZnxCu2−xV2O7154

compound completely transformed to the β phase at155

x = 0.15. At lower doping concentrations, the samples156

show the mixed α−β phases, and the Zn concentration of157

x = 0.15 is expectedly at the transition point. From the158

pure phase powder ZnCVO, the single-crystals of ZnCVO159

with the largest size of approximately 1 × 1 × 1 cm3
160

(m ≈ 1.5 g) were obtained using the vertical gradient161

furnace. The natural cleaved facet can be identified as162

the crystallographic a-axis similar to the β-CVO single-163

crystals [13]. The ω-scan around (020) Bragg peak using164

neutron scattering at BT7 (Fig. 5, inset) with a Gaus-165

sian fit yields a full-width-at-half-maximum (FWHM)166

equal to 0.38(4)◦, indicative of good crystallinity. Ri-167

etveld refinements on the powder x-ray diffraction pat-168

tern obtained from the ground single-crystals, as shown169

in Fig. 1 (b), can also be fitted well with the reported β-170

CVO crystal structure [10]. In addition, powder neutron171

diffraction on ZnCVO and β-CVO powder samples were172

also performed at 30 K and 2.5 K for crystal structure173

and magnetic structure determination, respectively. At174

30 K, the powder neutron diffraction patterns of both175

ZnCVO and β-CVO were refined against the reference176
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TABLE I. Fractional coordinates of powder ZnCVO, powder
β-Cu2V2O7, and ground single-crystals of ZnCVO samples
obtained from the Rietveld refinements on the x-ray diffrac-
tion patterns measured at room temperature as those shown
in Fig. 1.

Atom Site x/a y/a z/a

Powder ZnCVO

Cu 8f 0.3114(6) 0.0758(6) 0.5134(5)

V 8f 0.2283(7) -0.2261(6) 0.2889(6)

O(1) 4e 0.0000 0.147(2) 0.7500

O(2) 8f 0.265(2) -0.092(3) 0.621(2)

O(3) 8f 0.364(2) -0.081(2) 0.383(2)

O(4) 8f 0.247(2) 0.752(2) 0.869(1)

a = 7.6802(2) Å, b = 8.0550(3) Å, c = 10.1118(3)

β = 110.343(3)◦, Rp = 6.02%, Rwp = 8.88%

Powder β-Cu2V2O7

Cu 8f 0.3085(5) 0.0722(4) 0.5128(4)

V 8f 0.2264(8) -0.2263(6) 0.2853(5)

O(1) 4e 0.0000 0.151 0.7500

O(2) 8f 0.264(2) -0.091(2) 0.636(2)

O(3) 8f 0.373(2) -0.095(2) 0.396(2)

O(4) 8f 0.238(2) 0.753(2) 0.873(1)

a = 7.6950(6) Å, b = 8.0239(6) Å, c = 10.1056(6)

β = 110.266(4)◦, Rp = 5.36%, Rwp = 7.08%

Ground single-crystals of ZnCVO

Cu 8f 0.3101(3) 0.0740(2) 0.5139(2)

V 8f 0.2229(4) -0.2236(3) 0.2876(3)

O(1) 4e 0.0000 0.130(1) 0.7500

O(2) 8f 0.266(1) -0.098(1) 0.634(9)

O(3) 8f 0.383(1) -0.094(1) 0.397(9)

O(4) 8f 0.227(1) 0.751(1) 0.867(8)

a = 7.6757(1) Å, b = 8.0586(2) Å, c = 10.1100(2)

β = 110.368(2)◦, Rp = 4.91%, Rwp = 6.38%

β-CVO crystal structure. Despite the presence of Zn,177

the diffraction pattern shows a pure β-CVO phase with-178

out any trace of other phases. The refined occupancy of179

the Cu site from powder neutron data in Table II yields180

0.97(1) suggesting that the doping concentration of Zn181

is approximately 3%, much lower than the stoichiomet-182

ric ratio of 7.5%. The powder neutron diffraction pat-183

tern of β-CVO, on the other hand, shows some impurity184

peaks which can be indexed with CuV2O6 [30] (≈ 9%)185

and Cu0.63V2O5 [31] (≈ 6%). The refined parameters186

obtained from both x-ray and neutron diffractions are187

summarized in Table I and II, respectively.188

B. Magnetic structure189

Now we discuss the magnetic structure determinations190

on ZnCVO and β-CVO using powder neutron diffraction.191

TABLE II. Fractional coordinates of ZnCVO and β-Cu2V2O7

powder samples obtained from the Rietveld refinements on
the powder neutron diffraction patterns measured at 30 K.
Note that the large errors at the refined positions of vanadium
are due to its weak neutron scattering cross section [32].

Atom Site x/a y/a z/a

ZnCVO

Cu/Zna 8f 0.3123(2) 0.0723(2) 0.5149(2)

V 8f 0.217(5) -0.246(5) 0.293(3)

O(1) 4e 0.0000 0.1327(3) 0.7500

O(2) 8f 0.2739(3) -0.0951(3) 0.6345(2)

O(3) 8f 0.3802(3) -0.0914(3) 0.3975(2)

O(4) 8f 0.2424(3) 0.7536(3) 0.8738(2)

a = 7.7131(1) Å, b = 8.0242(1) Å, c = 10.1292(2)

β = 110.408(1)◦, Rp = 4.27%, Rwp = 6.12%

β-Cu2V2O7

Cu 8f 0.3121(4) 0.0698(4) 0.5139(3)

V 8f 0.232(8) -0.267(8) 0.272(6)

O(1) 4e 0.0000 0.1259(6) 0.7500

O(2) 8f 0.2811(5) -0.0987(5) 0.6402(4)

O(3) 8f 0.3788(5) -0.0877(5) 0.3991(3)

O(4) 8f 0.2456(6) 0.7507(5) 0.8759(3)

a = 7.7249(2) Å, b = 8.0013(2) Å, c = 10.1249(3)

β = 110.315(2)◦, Rp = 4.50%, Rwp = 6.09%

a The refined occupancy number for Cu atom is 0.97(1) and thus
for Zn atom is approximately 0.03.

As mentioned earlier in Section III A, we prepared both192

ZnCVO and β-CVO to confirm that they share not only193

crystal structure but also magnetic structure. We start194

with the irreducible representation analysis using the pro-195

gram basirreps in the fullprof [33] suit. According196

to the crystallographic space group C2/c with commen-197

surate magnetic translation vector ~k = (0, 0, 0), there are198

four possible magnetic irreducible representations (IR)199

as described in Table III. The corresponding Shubnikov200

magnetic space groups for Γ1, Γ2, Γ3, and Γ4 are C2/c,201

C2/c′, C2′/c′, and C2′/c, respectively [34]. With the as-202

sumption that ZnCVO and β-CVO have the same mag-203

netic structure, we know that these systems undergo a204

paramagnetic to antiferromagnetic transition at the Néel205

temperature of TN ≃ 26 K which will be discussed in206

Section III C. When we start considering the exchange207

couplings along with the nearest-neighboring pairs J1,208

there are two equivalent bonds between the Cu2+ ions209

i.e., Cu1-Cu3 and Cu2-Cu4 (see Table III and Fig. 4).210

It was originally believed that this system was the anti-211

ferromagnetic spin chain with alternating J1 − J2 bonds212

(not shown here). However, it has been later proposed213

using the DFT calculations [15] that this system could214

be better described by the complex anisotropic honey-215

comb network. In their proposed model, the leading an-216

tiferromagnetic exchange interactions are along two J5217
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FIG. 1. (a) Powder x-ray diffraction patterns with the Ri-
etveld refinements of the powder samples ZnCVO (black solid
circle) and β-Cu2V2O7 (blue open circle) collected at room
temperature. (b) X-ray diffraction pattern with the Rietveld
refinements of the ground single-crystals ZnCVO. In both
panels, red lines are the calculated pattern, green lines are
the difference between the observed and calculated patterns,
and the vertical grey ticks represent the Bragg positions for
β-Cu2V2O7 structure. The inset shows a photograph of the
obtained single crystal.

and one J6 (Fig. 4) i.e., three bonds per site. However,218

there are still weak but non-negligible antiferromagnetic219

J1 as well as the interplane J14 couplings, making the220

spin network more complex than the simple honeycomb221

structure. It is therefore presumed that the Cu2+ atoms222

must align antiparallel with their neighbors through the223

most prominent exchange interactions, here J1, J5, and224

J6. In addition, the previous magnetization measure-225

ments by He et. al., [35] on the single-crystals of β-CVO226

strongly suggested that the magnetic easy axis of this227

system was along the crystallographic c-axis. This sug-228

gests that the magnetic momentma andmb, despite their229

possible nonzero values, could be discarded.230

Therefore among the four possible magnetic IRs, where231

we take into account the first nearest-neighbor couplings232

Cu1-Cu3 and Cu2-Cu4, we can rule out Γ1 and Γ3 where233

all spins align ferromagnetically along ma. The reason234

that we pay attention to the first nearest neighbor is due235

to its strongest interaction as we will show later in Sec-236
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FIG. 2. Powder neutron diffraction patterns with the Rietveld
refinements of the powder samples ZnCVO (black circle) and
β-Cu2V2O7 (blue circle) collected at T = 30 K at the BT1
spectrometer, NCNR, USA. The vertical grey, orange, and
purple ticks represent the Bragg positions for β-Cu2V2O7,
CuV2O6, and Cu0.63V2O5, respectively.

TABLE III. Magnetic irreducible representations (IR) and
their basis vectors (BV) for Cu1(x, y, z), Cu2(−x+ 1/2,−y+
1,−z+3/2), Cu3(−x+1/2,−y+1/2,−z+1), and Cu4(x,−y+
1, z − 1/2) (see Fig. 4).

Cu1 Cu2 Cu3 Cu4

IR BV ma mb mc ma mb mc ma mb mc ma mb mc

Γ1 ψ1 1 0 0 -1 0 0 1 0 0 -1 0 0

ψ2 0 1 0 0 1 0 0 1 0 0 1 0

ψ3 0 0 1 0 0 -1 0 0 1 0 0 -1

Γ2 ψ1 1 0 0 -1 0 0 -1 0 0 1 0 0

ψ2 0 1 0 0 1 0 0 -1 0 0 -1 0

ψ3 0 0 1 0 0 -1 0 0 -1 0 0 1

Γ3 ψ1 1 0 0 1 0 0 1 0 0 1 0 0

ψ2 0 1 0 0 -1 0 0 1 0 0 -1 0

ψ3 0 0 1 0 0 1 0 0 1 0 0 1

Γ4 ψ1 1 0 0 1 0 0 -1 0 0 -1 0 0

ψ2 0 1 0 0 -1 0 0 -1 0 0 1 0

ψ3 0 0 1 0 0 1 0 0 -1 0 0 -1

tion III D. This leaves us with the two most probable237

magnetic IRs i.e., Γ2 and Γ4. It is obvious that only238

Γ4 yields antiferromagnetic interaction on all neighbor-239

ing bonds whereas Γ2 gives ferromagnetic coupling on the240

fifth nearest neighbor. This assumption is based primar-241

ily on the DFT results by Tsirlin et. al., [15] and Bhowal242

et. al., [16] (the citations will be omitted afterward when243

we mention the DFT results) where the predominant J1,244

J5, and J6 bonds are all antiferromagnetic. With this ini-245

tial analysis, we refined the powder neutron diffraction246

data at 2.5 K with Γ1, Γ2, and Γ4 except for Γ3 where247
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FIG. 3. (a) Powder neutron diffraction pattern with the Ri-
etveld refinement to the magnetic structure Γ4. Grey and
black vertical marks represent the possible structure and mag-
netic Bragg positions, respectively. The inset shows the agree-
ment between measured and calculated magnetic scattering
intensities. (b) Powder neutron diffraction patterns at 2.5 K
were subtracted by the 30 K data of ZnCVO (in grey circles)
and β-CVO (in blue circles). The red lines are the subtrac-
tion between the Rietveld fits of the crystal structure at 30 K
out of that magnetic structure at 2.5 K with Γ4. The purple
and green lines represent the same structural pattern sub-
tracted from the magnetic pattern on ZnCVO using Γ1, and
Γ2, respectively. The vertical black symbols represent the
possible magnetic Bragg positions. The error bars represent
three standard deviations throughout the article.

TABLE IV. The fitting parameters from the Rietveld refine-
ments on the powder neutron diffraction of ZnCVO at 2.5 K.

IRs mc (µB) χ2 Magnetic R-factor

Γ1 0.6(2) 11.6 26.5

Γ2 0.4(2) 12.1 15.8

Γ4 0.72(9) 9.1 13.1

the symmetry results in the ferromagnetic spin direction248

along c-axis. The magnetic structure of each IR is shown249

in Fig. 4. The refined patterns from ZnCVO data with250

Γ1, Γ2, and Γ4 are shown in Fig. 3 (b) for comparison251

along with their corresponding refined parameters sum-252

marized in Table IV.253

It should be noted that the powder neutron diffrac-254

tion patterns of both ZnCVO and β-CVO samples show255

very weak magnetic intensities, especially in β-CVO, and256

most of them are on top of the structural peaks. It is257

therefore very difficult to precisely extract the magnetic258

moment from the refinement. Furthermore, there could259

be large uncertainties in the refined values of the mag-260

netic moment, and the exact magnetic structure could261

deviate from our proposed model. In order to present262

the magnetic intensities from the powder samples, we263

subtract the 30 K patterns from that of 2.5 K patterns,264

on both raw data and on the refined results, as shown in265

the low 2θ range in Fig 3 where the magnetic scattering266

is the most intense. It can be seen that the magnetic267

Bragg peak positions of both samples are consistent with268

the fitted model. Despite the dilution of the Cu sites269

by Zn, the magnetic intensities of ZnCVO are more pro-270

nounced than those of β-CVO where the intensities are271

most likely within the statistical error. Although we at-272

tempted to refine the magnetic structure on the β-CVO273

data we could not extract the magnetic moment with a274

reliable value. We could only obtain the magnetic mo-275

ment from the ZnCVO data. The best fit is obtained from276

Γ4 with the refined magnetic moment mc = 0.72(9) µB,277

the best among all three IRs. The refined pattern of278

ZnCVO with Γ4 along with the plot of
∣

∣FM
Cal

∣

∣

2
vs

∣

∣FM
Obs

∣

∣

2
279

are shown in Fig. 3 (a). This magnetic structure will280

be further used in the spin-wave dispersion analysis in281

Section III D.282

C. Magnetic susceptibility283

Magnetic susceptibility of single-crystal ZnCVO was284

measured along two crystallographic axes i.e., χ‖a with285

H ‖ a (along the cleaved surface), and χ⊥a with H ⊥ a286

(parallel to the cleaved surface). The results, as shown287

in Fig. 6(a), reveal a broad peak at T ≈ 50 K indi-288

cating short-range correlations among the Cu2+ spins.289

The paramagnetic upturn below T ≈ 20 K can be ob-290

served. This upturn, which corresponds to approxi-291

mately 0.006µB at the field of 1 T and at the base tem-292

perature, is 13 times smaller than the ferromagnetism293

observed in α-Cu2V2O7 [7] and most likely a result of294

the presence of defective magnetic sites where Cu2+ ions295

were substituted by Zn2+ and thus the free Cu2+ spins296

were produced [12, 36]. There is a large anisotropy be-297

tween χ‖a and χ⊥a up to T = 300 K similar to that298

observed in β-CVO by He et. al., [35]. This unusual299

anisotropy was suggested as a result of the Jahn-Teller300

distortion [37]. The similarity of the magnetic suscepti-301

bility behavior between ZnCVO in this work and β-CVO302

by the previous works, as well as our powder neutron303

diffraction data analysis, strongly suggest that both sys-304

tems share the same magnetic properties.305

The plot of inverse magnetic susceptibility versus tem-306

perature, shown in Fig. 6(b), can be fitted well with the307

Curie-Weiss law (χ = C/(T − Θ)) at T > 100 K. The308
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(a)

Cu1 Cu3

Cu4 Cu2

Cu1 Cu3

Cu4 Cu2

Cu1 Cu3

Cu4 Cu2

Cu1 Cu3

Cu4 Cu2

(b) (c) (d)

FIG. 4. Magnetic structure with irreducible representation (a) Γ1, (b) Γ2, (c) Γ3, and (d) Γ4. When viewing along the
crystallographic b-axis (upper row) the couplings J14 (magenta) connect between the irregular honeycomb planes at which can
be virtualized when view along the a-axis (lower row). The typical honeycomb structure is constructed from J1 (red) and J5

(blue) with the extra J6 (green) bonds that connect between the opposite vertices.

fit yields the Curie-Weiss temperature of Θ = -79(1) K309

(-89(1) K) with H ⊥ a (H ‖ a) indicating the dom-310

inant antiferromagnetic exchange interactions, and the311

Curie-Weiss constant C = 0.429(1) cm3K/molCu and312

0.593(3) cm3K/molCu for H ⊥ a and H ‖ a, respec-313

tively. The effective magnetic moment can be estimated314

to µeff =
√

3kBC/NA = 1.852(4)µB for H ⊥ a and315

2.17(1)µB forH ‖ a. These values are slightly larger than316

the spin-only value of µeff = gµB

√

s(S + 1) = 1.73µB for317

g = 2 and S = 1/2. The Néel temperature, TN ≃ 26 K318

is obtained from the exponent fit to the order parame-319

ter scans as a function of temperature on the magnetic320

Bragg peaks using elastic neutron scattering as shown in321

Fig. 5. The fits were done in the range 15 K < T < 30 K,322

close to the phase transition temperature, using equation323

I = I0 (1− T/TN)
2β . This value is consistent with the324

observed λ-like transition at around 26 K from the heat325

capacity measurement on β-CVO single-crystal [35]. The326

obtained critical exponent of β ∼ 0.2 is comparable to its327

cousin phase α-Cu2V2O7 [38].328

It should be noted that the doping of Zn on Cu sites329

results in a dilution of magnetic spin and typically de-330

creases the Néel temperature [22, 36, 39]. However, in331

this case the value of TN is nearly the same as that of332

β-CVO [13, 35]. In addition, the finite magnetic suscep-333

tibility below TN does not fit the paramagnetic impurity334

upturn as that observed in the powder sample by the pre-335

vious works [12]. The lattice parameters obtained from336

the Rietveld refinements (Table I) on the powder sam-337

ples reveal that the lattice parameter a slightly decreases338

while b, c, and the angle β slightly increase upon the339
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FIG. 5. Order parameter scans of the magnetic Bragg peaks
(a) from BT7 spectrometer around (020) and (b) from SPINS
spectrometer around (220). Red lines represent the critical
exponent fits. Arrows indicate the Néel temperatures. Inset
shows the omega scan around the (020) Bragg peak at T = 3
K with the gaussian fit yielding FWHM = 0.38(4)◦.

presence of Zn compared to pure β-CVO. Those lattice340

parameters on the ground single-crystals are also consis-341

tent with the powder ZnCVO sample. This suggests that342

the refined value of approximately 3% Zn substitution on343

Cu sites only slightly alters the overall lattice parameters344

and does not affect the macroscopic magnetic properties.345

To further estimate the average exchange interactions,346
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we performed QMC simulations and fit the resulting sim-347

ulated data to the broad peak of the magnetic susceptibil-348

ity, provided that the spin network model and the values349

of leading exchange interactions were predicted. We pro-350

ceed with the very first report on the DFT results (here351

we label the couplings according to the order of nearest-352

neighbor distances. The notation used by Tsirlin et. al.,353

in Ref [15] will be recalled in the parentheses). Among354

their various models, they suggested that the best real-355

ization of the spins network in β-CVO can be described356

by the fifth J5 (J1) and sixth J6 (J ′
1) neighboring bonds,357

represented by the blue and green bonds, respectively,358

in Fig. 4 and the inset in Fig. 6 (a). These two bonds359

connect the Cu2+ ions into the irregular honeycomb net-360

work, i.e., three bonds per site, spanning the bc-plane361

when viewed along the a-axis. These honeycomb planes,362

according to the DFT results, are however not the per-363

fect 2D since there are non-zero J14 (J⊥), represented by364

the magenta bonds in Fig. 4, that connect between the365

adjacent honeycomb planes. There is also the suspicious366

J1, formerly believed to be the leading exchange interac-367

tion, that appeared to be non-negligible from the DFT368

making the spin network in this system to be topologi-369

cally the anisotropic magnetic 2D lattice (four bonds per370

site) with weak interplane couplings.371

In our QMC simulation, we, therefore, construct the372

2D spin network with anisotropic exchange interactions373

J1, J5, and J6 as shown in the inset of Fig. 6 (a). The374

values of these couplings were obtained from the spin-375

wave dispersion fit on our inelastic neutron scattering376

data which will be discussed in Section IIID. We sim-377

plify our spin network model by truncating the interplane378

fourteenth neighboring bond J14 in the QMC simulation379

due to its very weak value. Although we fit the spin-380

wave dispersion based on the DFT model, the fitted pa-381

rameters were obtained differently. Here we use the ratio382

J1 : J5 : J6 = 1 : 0.61 : 0.25 for the QMC model.383

With J1 − J5 − J6 interactions, the spin network resem-384

bles the irregular 2D edge-sharing trapezoid shape. We385

then conducted the QMC with the loop algorithm [40]386

using the simulation package alps [41]. The obtained387

QMC simulation result and the experimental magnetic388

susceptibility data were fitted using the equations,389

χ(T ) = χ0 + χQMC(T ), (1)

with390

χQMC(T ) =
NAµ

2
Bg

2

kBJmax

χ∗(t), (2)

where NA, µB, and kB are the Avogadro constant, Bohr391

magneton, and Boltzmann constant, respectively. The392

function χ∗(t) is the susceptibility as a function of re-393

duced temperature t = kBT/Jmax which was obtained by394

fitting the simulated QMC to the Padé approximant [42].395

Here Jmax is J1, the leading exchange interaction. The396

fitting parameters are the background χ0, the Landé g-397

factor, and the leading exchange interaction Jmax (J1).398
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FIG. 6. (a) Magnetic susceptibility as a function of temper-
ature with the magnetic field along crystallographic a-axis
(blue triangle) and perpendicular to the a-axis (black circle).
Red lines represent the QMC fits with the spin network as
shown in the inset. (b) The inverse magnetic susceptibility
and the Curie-Weiss law fit (green lines) at T > 100 K.

TABLE V. The parameters obtained from the fit of QMC
simulation to the magnetic susceptibility data when the field
was applied along the crystallographic a-axis (H ‖ a) and
perpendicular to the a-axis (H ⊥ a).

Field direction χ0 (cm3/mol Cu) J1/kB (K) g-factor

H ‖ a 1.9(1)× 10−4 73.3(3) 2.23(1)

H ⊥ a 1.0(1)× 10−4 73.4(3) 1.967(7)

The results are shown by the solid red lines in Fig. 6 (a)399

along with the two orthogonal magnetic field directions400

while the fitted parameters are summarized in Tabel V.401

The QMC simulation fits well with the magnetic suscep-402

tibility data over the broad maximum from T ≃ 35 K403

up to 300 K yielding the leading exchange interaction404

J1 ≃ 73 K (≃ 6.4 meV). Although the fitted values of405

the Landé g-factors are slightly deviated between H ‖ a406

and H ⊥ a data due most likely to the anisotropy, their407

average gav = 2.09(1) is still very close to the theoretical408

value of 2.409

D. Spin-wave dispersion410

All of the experimental data and analysis in the pre-411

vious sections have led us to believe that the magnetic412
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FIG. 7. Spin-wave dispersion of ZnCVO single-crystals along (0, k, 0) in (a) - (d) and along (h, 2, 0) in (e) - (h). Red lines are
the best fit for the dispersion relation. The intensity maps in (a), (b), (e), and (f) are plotted against the calculated curves.
The fit between the model and the data is shown in (c) and (g). The calculated intensities are shown (d) and (h).

properties of ZnCVO could be a good realization of the413

β-CVO system. In this final section, we investigate the414

spin dynamics of ZnCVO single-crystals and analyze the415

obtained dispersion relation using the linear spin-wave416

theory (LSWT) [43, 44]. We measured inelastic neutron417

scattering along two directions around the magnetic zone418

center at (0,2,0) i.e., along (0, k, 0) and along (h, 2, 0). At419

low energy transfer (~ω < 5 meV), we conducted the420

experiments at SPINS and CTAX whereas at high en-421

ergy transfer (5 meV < ~ω < 15 meV) the experiments422

were done at BT7. The intensity map along the two423

directions at the base temperatures (depending on the424

spectrometer) is shown in Fig 7 (a) - (b) and Fig 7 (e) -425

(f). Figure 7 (a) shows the whole extent of the dispersion426

along (0, k, 0) from the magnetic zone center at (0,2,0) to427

the zone boundary at (0,3,0). The dispersion reaches its428

maximum at the energy transfer of ≈ 11 meV. At the429

magnetic zone center, we can see an energy gap clearly430

when using CTAX and SPINS spectrometers in Fig. 7 (b)431

and (f) respectively. The dispersion is however different432

from its cousin phase α-CVO where we found the split-433

ting of the dispersion into two branches away from the434

magnetic zone center [7]. This splitting, as mentioned435

earlier, was due to the presence of the DM interaction.436

On the other hand, in the β-CVO system which in this437

case is the ZnCVO, the crystal is centrosymmetric and438

thus DM interaction is absent due to the symmetry of439

the underlying crystal structure. Therefore, as we ex-440

pected, the magnon dispersion in ZnCVO shows only one441

symmetric branch without the bidirectional shift. This442

evidence is a great test that the nonreciprocal magnon443

vanishes in the centrosymmetric crystal in the Cu2V2O7444

system. Along the (h, 2, 0), on the other hand, the disper-445

sion gradually increases from (0,2,0) up to the magnetic446

zone boundary at (1,2,0). This suggests that the spin in-447

teractions along the reciprocal lattice b∗ i.e., within the448

anisotropic lattice plane, are stronger than those along449

a∗ between the planes, and that the interaction between450

the planes should be relatively weak compared to the in-451

plane interactions.452

In order to quantitatively analyze the exchange cou-453

pling values, we extract the dispersion relation from the454

convolute fit to the energy scan at each Q. The ob-455

tained dispersions from all data sets were plotted alto-456

gether as shown by the circle symbol in Fig 7 (c) and (g)457

for (0, k, 0), and (h, 2, 0) directions, respectively. Since458

the spin structure has been analyzed in Section III C,459

we need to construct spin interactions network for the460

LSWT fit. Again we start with the predicted models by461

the DFT calculations. In their work [15], they performed462

various computational approaches and showed that the463

leading exchange interactions were J5 and J6 forming464

the anisotropic honeycomb network with weak but non-465

negligible J1 and the interplane J14. We started with this466

model by introducing J1, J5, J6, and J14 into our spin467

model. The Hamiltonian that we used in our spin-wave468

fit is shown in Eq. 3 below.469

H =
1

2

∑

ij

{Jij(Si · Sj) +Gij [sinβ(SziSzj − SxiSxj − SyiSyj) + cosβ(SxiSxj − SyiSyj − SziSzj)]} , (3)
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TABLE VI. The parameters obtained from the fit to the spin
wave dispersions.

J1 (meV) J5 (meV) J6 (meV) J14 (meV) G (meV)

8.5(6) 5.3(3) 1.9(4) 0.5(1) 0.0044(3)

where Jij is the exchange interaction between spins Si470

and Sj , β is the angle between the a-axis and c-axis due471

to the monoclinic system, and Gij = GJij , defined to be472

proportional to the exchange couplings, is the anisotropic473

parameter which gives rise to the spin gap at the mag-474

netic zone center. We applied Jij and Gij to the first,475

fifth, sixth, and fourteenth neighboring bonds then fit476

the spin wave along both (0, k, 0) and (h, 2, 0) directions477

simultaneously using least-square fitting routine to the478

modeled Hamiltonian.479

Our result is, although qualitatively consistent with480

the DFT in terms of the representative leading exchange481

couplings, still quantitively deviated from the proposed482

honeycomb model. We note that for the data collected483

at BT7, despite its broad range covering from the mag-484

netic zone center to the zone boundary, the resolution485

is rather low. It is possible that the exact values of the486

exchange interactions could slightly deviate from our re-487

sults. As a result, despite the proposed honeycombmodel488

with J5 and J6 as the leading exchange interactions, we489

instead get the largest value of 8.5(6) meV on J1 which490

is also much higher than that in α-CVO [7]. The fitted491

results are shown by the red lines in Fig. 7 whereas the fit-492

ted parameters are summarized in Table VI. These cou-493

plings yield the average in-plane exchange interactions494

(J1 +2J5 + J6)/4 = 5.3(2) meV. It should be noted that495

we also failed to fit our data when the second neighbor496

J2 (Ja in Ref [15]) was introduced, in agreement with497

the DFT that this bond is rather weak and hence the498

previously proposed spin-chain model for this system is499

unfeasible. Although J14 is rather weak compared to J1500

and J5, this bond is non-negligible. This evidence leads501

us to conclude that the spin network of ZnCVO should be502

better described by the anisotropic 2D lattice with weak503

interplane couplings. Lastly, the calculated intensities of504

the dispersion along both (0, k, 0) and (h, 2, 0) directions505

using the parameters in Table VI as shown in Fig. 7 (d)506

and (h) can well describe the measured intensity maps.507

IV. CONCLUSION508

Our thorough x-ray and neutron diffractions have509

proved that ZnCVO is isostructural with β-CVO with a510

slight deviation in the lattice parameters. The large-sized511

single-crystals of ZnCVO can also be successfully grown512

from ZnCVO powder using the vertical gradient furnace.513

The system undergoes a paramagnetic to antiferromag-514

netic phase transition at TN ≃ 26 K. Magnetic structure515

determination using powder neutron diffractions sug-516

gested that, among the four possible magnetic irreducible517

representations, the diffraction pattern of ZnCVO can be518

best described by Γ4 where the Cu2+ spins anti-aligned519

with their neighbors along the crystallographic c-axis520

with the refined magnetic moment of mc = 0.72(9)µB.521

Magnetic susceptibility data of ZnCVO show large522

anisotropy between H ‖ a and H ⊥ a similar to the pre-523

vious work on β-CVO. This suggests that not only does524

ZnCVO has the same crystal structure as β-CVO but525

they also share the same magnetic properties. The Curie-526

Weiss fit to the inverse magnetic susceptibility yields527

Curie-Weiss temperatures of Θ ≃ -80 K to -90 K (de-528

pending on the magnetic field direction) indicating the529

dominant antiferromagnetic exchange interactions. Our530

QMC simulation based on the spin-wave results can well531

reproduce the broad maximum on the magnetic suscep-532

tibility data.533

Our inelastic neutron scattering data along (0, k, 0)534

and (h, 2, 0) reveal typical symmetric spin-wave disper-535

sion around the magnetic zone center, proving that the536

change from non-centrosymmetric to centrosymmetric537

crystal results in the absence of DM interaction and,538

thus, the nonreciprocal magnons. From DFT prediction539

and our magnetic structure results, we were able to fit540

the spin-wave dispersions data with the modeled spin541

Hamiltonian. Although the result is qualitatively con-542

sistent with the proposed J1 − J5 − J6 − J14 model with543

strong coupling within the bc-plane and a rather weak544

interaction along a∗, the fitted values quantitatively de-545

viate from the DFT calculations. Despite the proposed546

J5 − J6 with weak J1 and J14 interactions, we obtained547

dominant J1−J5 with non-negligible J6 and weak J14. As548

a result, the network in ZnCVO resembles the anisotropic549

2D lattice rather than the honeycomb lattice. These 2D550

spin networks are coupled through the weak interplane551

interaction J14 resulting in the 3D ordered ground state.552
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