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a b s t r a c t

The intricate correlation between multiple degrees of freedom and physical properties is a fascinating

area in solid state chemistry and condensed matter physics. Here, we report a quantum-magnetic system

BaNi2V2O8 (BNVO), in which the spin correlation was modulated by unusual oxidation state, leading to

different magnetic behavior. The BNVO was modified with topochemical reduction (TR) to yield TR-BNVO

with partially reduced valance state of Ni+ in the two-dimensional NiO6-honeycomb lattice. Accordingly,

the antiferromagnetic order is suppressed by the introduction of locally interposed Ni+ and oxygen va-

cancies, resulting in a ferromagnetic ground state with the transition temperature up to 710K. A posi-

tive magnetoresistance (7.5%) was observed in the TR-BNVO at 40K under 7 T. These findings show that

topological reduction is a powerful approach to engineer low-dimensional materials and accelerate the

discovery of new quantum magnetism.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Transition metal (TM) oxides exhibit unique correlations be-

tween multiple degrees of freedom (lattice, charge, orbital and

spin), which induce various exotic properties, such as colossal

magnetoresistance, multiferroics, superconductivity, and others [1–

5]. This feature can be ascribed to the strong interactions in TM ox-

ides, where multiple interplays can be manipulated by altering the

crystal structure and chemistry space. Therein, exotic valence state

has been found to play a vital role for coupled behavior, by influ-

encing the spin state and local electronic configuration, and thus

governing the correlated interactions [6–8]. For example, the rare

Ag2+ in two-dimensional (2D) AgRuO3 is found to be responsible

for its exotic magnetic behavior. In AgRuO3, unprecedented charge

transfer between Ag and Ru is ignited under high pressure, leading

to a successive insulator-metal-insulator transition upon pressing

[9]. Besides the pressure effect, low temperature topochemical re-

duction (TR) reaction can also enable the formation of metastable

materials with unusual oxidation states and/or coordination ge-

ometries [10]. The nature and strength of the multiple coupling

between metal centers strongly depend on the local electronic con-
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figuration and exchange interaction, which can be tuned by TR via

anionic deintercalation, providing opportunities to explore complex

TM oxides with exotic behavior. Along this line, metastable ox-

ides with unusual local electronic configurations have been synthe-

sized to explore exotic properties, such as square-planar Ir2+ [11],

Ru2+ [12], Rh+ [13], or Ni+ [14]. SrFeO2 adopted an infinite layered

structure, which contains FeO4 square-planar coordination, can be

synthesized by TR from cubic SrFeO3, displaying a magnetic tran-

sition temperature above 470K [15]. More intriguingly, the search

for nickelates with cuprate-like electronic structure (Ni+), owing to

the same d9 electronic configuration and square-planar surround-

ings as in the Cu2+ analogs [16–18]. For example, the locally un-

usual Ni+ in Sr-doped NdNiO2 (Nd0.8Sr0.2NiO2) film, the so-called

‘infinite-layer’ nickelate, demonstrates an exotic superconducting

response [19]. The undoped Nd6Ni5O12 film also exhibits supercon-

ductivity, in which the optimal cuprate-like d8.8-stae is achieved

without chemical doping [20]. These findings emphasize the key

role of unusual electronic configuration for emergent exotic prop-

erties.

As one of the most intriguing 2D quantum system, BaA2B2O8

(A=Co, Mn, Cu, Ni, Fe; B=P, As, V) has drawn considerable atten-

tion due to their unique magnetic models, such as one-dimensional

(1D) Haldane chain and 2D Kitaev models [21–23]. These mag-
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Fig. 1. (a) The crystal structure of BNVO phase. (b) Comparison of the local structure change of Ni-O coordination. (c, d) Refinements of the SPXD data of BNVO and TR-BNVO,

the experimental, calculated, difference curves, and Bragg-reflection positions are shown in red, black, blue and green, respectively.

nets exhibit quantum critical phenomena ranging from conven-

tional long-range or short-range magnetic order, spin “solids”,

to spin “liquids” [24–27]. The Co-based 2D-honeycomb layered

BaCo2As2O8 (space group (S. G.) of R-3) shows weak-field induced

nonmagnetic state, implying the presence of strong magnetic frus-

tration and weak non-Kitaev interactions [28]. The 1D-Ising-like

antiferromagnetic (AFM) spin chain in BaCo2V2O8 (S. G. of I41/acd)

renders magnetic-field induced topological quantum phase transi-

tion, giving an experimental realization for the hotspot of topo-

logical excitations [29]. Further studies show that the spin cor-

relations can be tuned by disordering the 2D honeycomb lattice

in BaCo2(P1-xVx)2O8, uncovering a promising candidate system for

quantum spin-liquid [30]. Here, motivated by conspicuous theoret-

ical models, we revisit one of the BaA2B2O8 materials, BaNi2V2O8

(BNVO), which is the 2D spin-1 honeycomb layered antiferromag-

net [31]. BNVO can be considered as a nearly perfect realization

of the 2D XY model, which undergoes topological phase transition

(Berezinskii-Kosterlitz-Thouless transition, BKT) caused by the un-

binding of vortex-antivortex pair excitations [32,33]. The introduc-

tion of vacancies into the anion sublattice often gives rise to alter-

ation of physical properties, including ionic and electronic conduc-

tivity, magnetic order, and/or magnetoelectric behavior, which is

modulated by exchange interactions via bridging anions. In light of

the layered honeycomb lattice of BNVO with unusual ground state,

the introduction of oxygen vacancies in the geometrically frus-

trated honeycomb lattices is expected to give rise to exotic physical

behavior in a Ni+-Ni2+ mixed Kitaev model. Here, we present com-

prehensive studies on the magnetic and magnetoelectric behaviors

of BNVO with unusual oxidation states of Ni by TR reaction.

The mixed Ni+/2+ spin states in the layered honeycomb lattice

of TR-BNVO is experimentally realized by the reaction of BNVO

with CaH2 at 623K. The phase and purity of the synthesized BNVO

and TR-BNVO were firstly assessed by powder X-ray diffraction

(PXD, SmartLab SE diffractometer, Rigaku, Japan) measurements

(Fig. S1 in Supporting information). The diffraction peaks of TR-

BNVO are matched well with those of the BNVO with a slightly

shift to higher angle range, indicating the overall sublattice of TR-

BNVO is retained in the 2D-honeycomb matrix (Fig. 1a). Control-

lable experiments were also performed to explore the boundary of

reduction degree. Therein, excess CaH2 is beneficial to promote the

TR reaction of the oxide. The reaction process cannot be driven un-

der lower temperature. Longer reaction time and higher tempera-

ture would result in precursor decomposition. In order to precisely

distinguish the content of oxygen vacancy (VO), thermogravimet-

ric analysis (TGA) was further performed to the TR-BNVO in air

(Fig. S2 in Supporting information). The mass increment began at

around 500K and ended at about 1100K, displaying a weight in-

crease percentage of �m/m ∼1.16%, which underlies the formula of

TR-BNVO being BaNi2V2O7.65 and indicates ∼4.4% VO of the anionic

sites. After TGA measurements, the powder color changed from

black into yellow, which is consistent with the as-made BNVO.

Compared with conventional laboratory PXD, Synchrotron pow-

der X-ray diffraction (SPXD) provides better sensitivity and reso-

lution, thus improving the identification of crystalline structures.

As shown in Figs. 1c and d, the collected SPXD data of BNVO and

TR-BNVO were comparably refined to yield reasonable crystallo-

graphic information, therein the content of VO was fixed by the

TGA results [34]. Corresponding crystallographic information are

listed in Tables S1-S3 (Supporting information). The crystal struc-

ture of BNVO is well consistent with that reported by Rogado et al.

(Fig. 1a) [31], which is a 2D lattice consisting of honeycomb lay-

ers of edge-sharing octahedral NiO6 (Ni2+, d8) sheets, separated by

nonmagnetic isolated VO4 (V5+, d0) tetrahedra and Ba ions. The

Ni-O bond length is divided into two groups (Ni-O2 ∼2.096 Å and

Ni-O2 ∼2.063 Å). The intralayer Ni-Ni distance is 2.908 Å (super-

exchange interaction between two adjacent Ni ions via bridged O).

Thus, the magnetic ground state of BNVO is expected to be de-

termined by the Ni2+-O-Ni2+ coupled interactions for AFM order.

After TR, VO is introduced into the lattice with a slight contrac-

tion (0.03% by unit cell volume V) in unit cell (R-3, a=5.0307(1)

Å, c=22.3514(2) Å, V=489.88(1) Å3). To distinguish the location

and content of VO, we tested the deviation of the oxygen content

for TR-BNVO by refining the occupancy factors g of different O site.

The refinements for gO1 and gO2 were 0.993(7) and 0.939(1) re-

spectively, indicating that the VO tends to appear at the O2 site.

Further refinements for gO2 solely did not diminish the refinement

results. Therefore, we conclude that the VO is introduced at O2

site, refined to be about 4.2%, which is in reasonable agreement

with that (4.4%) from TGA analysis on TR-BNVO. In addition, the

emerged VO ignites increased electrons for the adjacent metal sites,

leading to reduced valence state as evidenced by the elongated

Ni-O bond length (Fig. 1b, Ni-O2 ∼2.105 Å and Ni-O2 ∼2.087 Å).
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Fig. 2. Normalized (a) V K-edge and (b) Ni K-edgein the XANES of BNVO and TR-

BNVO for comparison.

Generally, longer Ni-O bond length mean lower oxidation states

of Ni considering the ionic radius at different valance state. The

slightly increasing of Ni-O bond length can be observed in those

reported for the La3Ni2O6 (n=2) and La4Ni3O8 (n=3) phases with

the nominally average Ni1.33+ oxidation state, signifying the mixed

Ni+/Ni2+ in the TR-BNVO [6,7,35]. As for the V site, the significant

difference of ionic radius of the V can be observed in the same co-

ordination environment, like 0.79, 0.64, 0.58, and 0.54 Å for V2+,
V3+, V4+ and V5+, respectively, indicating the changed oxidation

state could be revealed by the correspond V-O bong length [36].

Hence, the almost unchanged bond length (∼0.003 Å contraction

of average bond length after TR) suggests that the oxidation state

of V tends to maintain the initial +5, which is further confirmed

by the bond valence sum (BVS) calculations. Thus, the ground state

of TR-BNVO is still governed by the 2D Ni+/2+-O-Ni+/2+ exchange

interaction. Mostly, the introduction of VO into the anionic sublat-

tice is prone to either decompose or revert back to the unreduced-

counterpart when heated in air [37]. And the phase stability of

TR-BNVO was further examined by the in situ VT-PXD measure-

ments (Fig. S3 in Supporting information). After annealing in air,

TR-BNVO would be gradually oxidized and completely converted

back to the as-made state (Fig. S1). Clearly, the lattice parameter

almost increases linearly in the whole temperature range with a

transition point at around 900K (Fig. S3b), which could be ascribed

to the different thermal expansion coefficient between BNVO and

TR-BNVO with the oxygen vacancies.

To gain deep insight into the valence states and local coordi-

nation of cations, we performed X-ray absorption near-edge spec-

troscopy (XANES) on TR-BNVO. Both the structure and the chem-

ical shifts of the near edge structure are sensitive to the valence

and local atomic environment. One signature of decreasing TM va-

lence states (increasing d-count) is the chemical shift of the peak

feature to lower energy as illustrated by the prominent shift be-

tween the metal and oxide spectra [38–40]. Fig. 2 displays the

V- and Ni-K near edge of BNVO and TR-BNVO for comparison. As

shown in Fig. 2a, the pre-edge features in BNVO and TR-BNVO

spectra clearly overlap, indicating the unchanged V5+ in these ox-

ides. This could also be manifested by the BVS calculations of V,

where that of BNVO and TR-BNVO is 5.001(9) and 5.046(2), re-

spectively. Noteworthy, with the introduction of VO, the Ni-K near

edge of TR-BNVO diverges slightly compared with that of BNVO,

and skews toward the lower energies, thereby indicating the par-

tial reduction of Ni valence from +2 toward +1 [41]. Thus, charge

neutrality in TR-BNVO dictates mixed oxidation states of Ni+/Ni2+,
providing the underlying opportunity for exotic behavior. To fur-

ther investigate the local environment of BNVO and TR-BNVO, we

collected the UV-vis absorption spectroscopy (Fig. S4 in Support-

ing information). Obviously, significant difference of the absorption

band among BNVO and TR-BNVO can be observed at 500–700nm

with breaking point at 575 and 625nm, respectively. This may be

likely related to the modification of crystal structure and coordina-

tion environment. The optical band gap can be deduced from the

absorption coefficient, α, where the intercept of the extrapolated

linear plot of (αhν)2 and (αhν)1/2 versus photon energy (hν) yields
the direct and indirect optical band gaps, respectively. As displayed

in Fig. S4, the direct band gap of BNVO and TR-BNVO is estimated

to be 2.24 and 0.81 eV, respectively. The prominent reduction of

band gap in TR-BNVO could be ascribed to the introduction of oxy-

gen vacancies, which might induce the formation of defect state.

The narrower band gap of TR-BNVO than that of BNVO is also un-

covered by the color evolution from yellow (BNVO) to black (TR-

BNVO).

As a nearly perfect realization of the 2D XY model, BNVO has

been comprehensively studied on the magnetic properties. Fig.

3a illustrates the temperature-dependent zero-field-cooled (ZFC)

and field-cooled (FC) magnetization (M-T) curves of polycrystalline

BNVO from 10K to 300K at 0.1 T. As expected, the temperature-

dependent magnetization of BNVO is nearly identical to that re-

ported in literatures [31]. Accompanied with decreasing tempera-

ture, the magnetization curve evolves with a broad peak centered

at around 125K, indicating a low-dimensional magnetic order. Fur-

ther studies unveiled an AFM transition temperature at ∼46K [32].

After introducing VO into the honeycomb lattice, mixed spin states

(Ni+ in S=1/2 and Ni2+ in S=1) are created in the layers, lead-

ing to exchange disorder with modified inter- and intra-layer cou-

pling. As displayed in Fig. 3b, the 2D AFM magnetic order at low

temperature range is suppressed by the mixed spins, leading to a

ferromagnetic (FM) ground state with transition temperature up to

710K. The first derivative of ZFC curve is also plotted in Fig. S5

(Supporting information). Clearly, a ferromagnetic to paramagnetic

transition could be seen around 710K, which is identified by the

minimum of dM/dT curve. This transition is ascribed to the exotic

ferromagnetic order in the TR-BNVO. The dominating FM interac-

tions are further evidenced by the isothermal M(H) curves in Figs.

3c and d at different temperatures. Compared with the curves of

BNVO, TR-BNVO exhibits obvious hysteresis loops in all measured

temperatures, confirming the FM order is introduced in the mixed

valence 2D honeycomb lattice. The emergent FM magnetic order

far above room temperature is induced by modified exchange in-

teractions between the adjacent Ni ion spins, i.e., the double ex-

change (DE) and the super exchange (SE). For the as-made BNVO

with Ni2+-O-Ni2+ configuration, the SE interactions dominates in

the 2D AFM order lattice. With the introduction of oxygen va-

cancies, the nominal Ni valence state is partially reduced to Ni+

(S=1/2), and thus mixed spin states is imported in the honeycomb

lattice. At this state, TR-BNVO exhibits a Ni+-O-Ni2+ configuration

governed by DE interactions, therefore a FM order emerged as ev-

idenced by the M-T curves. In addition, the slope of dM/dT curve

presents a distinct change below 100K (Fig. S5), which could be

ascribed to the inhomogeneous phase induced by the random dis-

tribution of Ni+ and Ni2+ in the honeycomb lattice. Apart from the

DE interaction of Ni+-O-Ni2+ configuration, Ni+-O-Ni+ and Ni2+-O-
Ni2+ SE interactions are also possibly included in the lattice, which

can thereby break the FM ordering into other magnetic phase in

the low temperature range. Similar phenomenon has been also

reported in previous studies, such as doped FM phase [42–44].

Specific heat measurements provide a deep perspective for under-

standing the magnetic phase transition. Fig. S6 (Supporting infor-

mation) shows the temperature dependence of specific heat about

TR-BNVO measured at 0 T. A brief overview of the Cp(T) of TR-

BNVO at low temperature does not show any obvious anomaly and

signature of a long-range magnetic ordering, suggesting the com-

plex magnetic interaction in the 2D honeycomb lattice, such as

short-range ordering and spin-glass-like state. As displayed in Fig.

S7a (Supporting information), an obvious deviation between ZFC

and FC curve could be observed in TR-BNVO, which has been re-

ported observed in many cases, such as spin-glass state, materials

with competing magnetic interaction [45]. To obtain more infor-
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Fig. 3. (a) Temperature-dependent magnetization curves of BNVO between 10K and 300K measured at 0.1 T. (b) Temperature-dependent magnetization curves of TR-BNVO

between 10K and 750K measured at 0.1 T. (c, d) Isothermal magnetization curves of BNVO and TR-BNVO at different temperature.

Fig. 4. (a) Temperature-dependent resistance of TR-BNVO between 40K and 300K

at 0 and 7 T, respectively. (b) Corresponding magnetoresistance of TR-BNVO under

7 T.

mation, we further studied the magnetization curve under higher

applied magnetic field (Fig. S7b in Supporting information). With

increasing field, the deviation between ZFC and FC curves seems

to vanish under 1 T, which is a typical characteristic of spin-glass

state [46]. This indicates a possible spin-glass state of the TR-BNVO

in the low temperature range. It is noteworthy that a recent theo-

retical breakthrough has been proposed in the prediction of quan-

tum spin liquid (QSL) state with S=1/2 system on a honeycomb

lattice, where the spins are coupled to their three nearest neigh-

bors via FM Ising interactions [47]. Similarly, TR-BNVO exhibits

dominating FM interactions in the 2D-honeycomb lattice, making

TR-BNVO a promising candidate system for the observation of QSL

physics.

To intensify the understanding of the altered magnetic proper-

ties of TR-BNVO, we also measured the electronic transport proper-

ties of TR-BNVO, which is also strongly correlated to the exchange

interactions. In general, transition metal oxides (TMO) display the

correlations between magnetic and electronic properties: FM in

TMO usually coexists with (half)-metallic conductivity, whereas in-

sulating TMO usually exhibit AFM order [48]. Therefore, the oxy-

gen deficient TR-BNVO in this study is expected to show a sig-

nificant difference in the electronic transport properties in con-

trast to the as-made BNVO. As mentioned above, unreduced BNVO

is a semiconductor with wide-band gap, thus it is not character-

ized in this case as the resistance exceeds the test limit of our

equipment. As for TR-BNVO, a distinctive narrower band gap is ob-

served, therefore we can obtain the corresponding temperature-

dependent resistance (R-T) curve. Fig. 4a displays the R-T curve

of TR-BNVO, in which R decreases uniformly with the increasing

temperature, indicating a typical semiconductor behavior. In such

phase, the prominently increased conductivity enables the pres-

ence of itinerant conduction electrons to take part in DE interac-

tion, leading to the FM order of Ni spins. Given the highly insulat-

ing behavior for the unreduced BNVO mentioned above, a preva-

lence of AFM order is thus strongly supported. In addition, we

also measured the temperature dependence of R for TR-BNVO un-

der 7 T (Fig. 4a). Under high magnetic field, R increases over the

entire temperature range, indicating a positive magnetoresistance

(PMR) behavior in TR-BNVO. Fig. 4b displays the relationships of

MR (MR= (RH −R0)/R0) versus temperature at 7 T obtained from

Fig. 4a, displaying the MR increases with the decreasing temper-

ature. The PMR effect up to 7.5% at 40K under 7 T, as observed

in many compounds [49], is believed to stem from its exotic FM

ground state in the 2D honeycomb lattice. In general, TMO display

the correlations between magnetic and electronic properties, and

TMO with MR are usually derived from chemical doping of insula-

tors that are also magnetically ordered [50]. In this work, the orig-

inal BNVO is an insulator, while TR-BNVO exhibits a semiconduc-

tor behavior with PMR, which could be ascribed to the introduc-

tion of locally abnormal Ni+ in the honeycomb lattice like chem-

ical doping. The MR gradually decreases with increasing tempera-

ture at first but almost remains unchanged above 150K. According

to Fig. 3b, a slight decrease of magnetic moment with increasing

temperature is observed, which is ascribed to the disordered mag-

netic moment arrangements under impact of the thermal activa-

tion energy, leading to decreasing MR above 150K. Thus, the PMR

increases gradually with the decreasing temperature, induced by

the increasing scattering of the electrons under an external field.

Similar behaviors have also been discovered in other oxides with

MR [51,52]. Above 150K, it could be ascribed to the slightly change

of resistance after 150K and decreasing effect of magnetic field

on the scattering of the electrons, result in a weakly temperature-

dependent MR.

In conclusion, we studied the well-known Ni-based honeycomb

oxides, BaNi2V2O8 (BNVO), in which the magnetic behavior can

be altered by the unusual oxidation state. The introduction of lo-

cally abnormal Ni+ in the honeycomb lattice was also performed

in BNVO by topochemical reduction (TR), yielding the TR-BNVO

with mixed Ni+-Ni2+ spin states in the defect-manipulated two-

dimensional honeycomb lattice. The initial antiferromagnetic order

was suppressed by the modulation of spin states, igniting an exotic

ferromagnetic order with the transition temperature around 710K.

This magnetic phase transition is likely due to altered exchange in-

teractions determined by the spin states, accompanied by positive

magnetoresistance effect up to 7.5% at 40K and 7 T. These features

observed in TR-BNVO emphasize the key role of spin states in ge-

ometrically frustrated magnetic lattices with defect-modulated un-

usual ground states and exotic properties.
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