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Unusual dimerization and magnetization plateaus in S = 1 skew chain Ni,V,0; observed at 120 T
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Using ultrahigh magnetic field up to 120 T, a 1/2 magnetization plateau within 11.7-34.8 T and a 3/4-like
plateau within 55.6-87.0 T have been observed in the S-1 skew chain antiferromagnet Ni, V,0;. By combining
density functional theory calculations, exact diagonalization, and quantum Monte Carlo simulations, we find that
the nearest-neighbor interchain interaction (J3/kg = —78.5 K) is much stronger than the intrachain interactions
(J1/kg = —1.0 K and J, /kg = 6.3 K), showing surprising “dimerization” of magnetic ions caused by the large
3d-orbital overlap along the Nil-Nil bond. Thus a “dimer+monomer” model is proposed to describe the
magnetization process—the 1/2 plateau pertains to weakly coupled Ni2 monomers while the 3 /4-like plateau to
the strongly coupled Nil dimers. The possible supersolid phases from the Nil dimers are proposed.

DOLI: 10.1103/PhysRevB.106.184409

I. INTRODUCTION

Quantum magnetism and its interplay with topological
structure are of particular interesting. Representative ex-
amples are the spin Peierls effect and the formation of
clusters in many antiferromagnetic (AFM) spin systems
such as one-dimensional (1D) chain NaTiSi,O¢ [1], trian-
gular lattice LiVO, [2], kagome lattice LiZn,Mo3Og [3,4],
and spinel lattice MgTi,O4 [5] driven by particular or-
bital order. Recently, the volborthite kagome compound
Cu3V,07(0OH),-2H,0 [6,7] was described as coupled trim-
mers rather than frustrated chains. The S = 1 kagome
antiferromagnet Na,Ti3Clg was reported to present a trimer-
ized phase [8], which actually corresponds to dimerization
in all three directions [9] due to the “orbital-driven” Peierls
effect. Reduction of dimensionality and clusterization-related
physics [10] renew interests in quantum magnets.

In this paper, we report a fascinating “dimerization” in
the skew chain compound Ni,V,07, which leads to wide
1/2 and 3/4-like magnetization plateaus revealed in ultra-
high fields of up to 120 T. Magnetization plateau, at which
magnetization remains unaltered in a certain magnetic field
range, is known to exist in many antiferromagnet with trian-
gular [11-13], kagome [14-17], as well as other frustrated
lattices [18-20]. Ni;V,07 is a skew chain antiferromagnet.
As shown in Fig. 1(a), the edge-shared NilOg and Ni2Og
octahedra are linked alternatively, forming skew chains along
the ¢ axis [21]. The adjacent chains are connected with each
other by the NilOg octahedra. Magnetically, Ni,V,07 is a
3D antiferromagnet with long-range ordering at 7y = 7 K and
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spin-flop-like transitions at low fields [22]. For such a classical
antiferromagnet, one takes it for granted that above the spin-
flop transition the magnetization will increase linearly until
saturation. However, we recently observed a wide 1/2 mag-
netization plateau within 8-30 T [23,24], which is difficult
to understand. The S = 1 bond-alternating chain model could
provide a dimer phase and 1/2 magnetization plateau [25-27],
but fails to produce a magnetic ground state and a wide 1/2
plateau. Hence, a triangular-like tetramer model was pro-
posed to interpret the 1/2 plateau, and the roles of magnetic
frustration and interchain interactions were emphasized [23].
Howeyver, the estimated interchain interaction is not dominant
over the intrachain interactions, in contrast to the results of
theoretical calculations [28]. The 1/2 magnetization plateau
in Ni, V,07 remains puzzling.

Puzzled by the wide 1/2 plateau, we have measured the
ultrahigh field magnetization of Ni, V,07 up to 120 T. Intrigu-
ingly, in addition to the wide 1/2 plateau within 11.7-34.8 T,
a new and wider 3/4-like plateau within 55.6-87.0 T is
observed. Density functional theory (DFT), exact diagonal-
ization (ED) and quantum Monte Carlo (QMC) simulation
are utilized to interpret the plateaus. The results suggest a
significant “dimerization” of magnetic ions driven by partic-
ular orbital overlap along the Nil-Nil bond. Ni,V,07 is an
antiferromagnet composed of Nil dimers plus Ni2 monomers
[see Fig. 1(b)] rather than 1D chain magnet [see Fig. 1(a)].

II. EXPERIMENT DETAILS

Polycrystalline sample of Ni,V,07; [28] was used for
the experiments because single crystals with large sizes are
not available to conduct an ultrahigh field measurement.
This is acceptable because our previous study showed that
the anisotropy of high-field magnetization including the 1/2
plateau is very small [23]. Pulsed high-field M(H) curve at

©2022 American Physical Society
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54 T was measured by a standard inductive method at Wuhan
National High Magnetic Field Center, China. Ultrahigh field
M(H) measurements were performed at Institute for Solid
State Physics, University of Tokyo, Japan. The pulsed mag-
netic field of up to 120 T was generated by a destructive
method using single-turn coil technique, details of which can
be found in Refs. [29,30].The magnetic susceptibility x(7)
and low-field M(H) used to calibrate the high-field data were
measured using a commercial physical property measurement
system (16-T PPMS).

III. RESULTS AND DISCUSSION

A. Experimental results

Figure 2(a) shows the M(H) and its dM/dH curves mea-
sured in the up-sweeping process at 120 T and 4.5 K, as
well as the 54 T data at 4.2 K for comparison. The data
for the down-sweeping process are not presented because
the measurement is rather imprecise due to the field inho-
mogeneity caused by mechanical deformation of the coil.
The M(H) curve exhibits series of field-induced magnetic

HoH (T)

FIG. 2. (a) M(H) curve and its dM/dH at 120 T (4.5 K). The
104 T (2.2 K) and 54 T (4.2 K) data are also shown for comparison.
The critical fields, H.;—H,s, are defined by intersections of linear
extrapolations of adjacent curves. (b) ED- and QMC-simulated M(H)
curves, the experimental M(H) and normalized M /M, curves at 120 T
corrected for the van Vleck term. Schematic representations of spin
states are also shown, where the dimer states are highlighted (shaded
ovals). (c) Energy levels as a function of magnetic field and the 1/2
magnetization plateau for an isolated Nil dimer (/5 = —71.4 K and
g=2.2).

transitions, which reflects that the temperature change of the
sample due to semiadiabatic magnetization process is small
or negligible. Otherwise, if sample temperature is elevated to
6 K (Iy = 7 K) the magnetic transitions will disappear [24].
Since dM/dH presents too many peaks, the critical fields are
not defined by dM/dH but by intersections of linear extrapo-
lations of adjacent curves. It can be seen that the M(H) curve
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below 54 T exhibits a low-field spin-flop-like transition, a 1,/2
plateau between H.; = 11.7 T and H., = 34.8 T, followed
by a linear increase in magnetization, similar to the result
up to 54 T at 4.2 K and that the previously reported up to
55 T at 2.0 K [23]. Further increasing the magnetic field, the
M(H) curve presents a new plateau between Hi3 = 55.6 T
and H4 = 87.0 T with a width of AH = 31.4 T, which is
larger than that of the 1/2 plateau (AH = 23.1 T). Above
H.,, the magnetization increases linearly until full saturation
at Hs = 106.2 T.

We also attempt to conduct the magnetization measure-
ment at 2.2 K with field up to 104 T. As expected, the
magnetization plateaus are more flat than the 4.5 K data
[see Fig. 2(a)]. The small difference of H,; can be attributed
to the measurement temperature. The value of H.,; = 6.6 T
for the M(H) curve at 54 T is much lower than H,; = 11.7 T
for the curve at 120 T, reflecting that the magnetization pro-
cess around H,; is dynamic and is field-sweep-rate dependent.
The average field sweep rate of the 54 T field is about 1 x 10*
T/s, while that of the 120 T is about 4 x 107 T/s. A larger
field sweep rate tends to move H.; toward higher field. In the
following analysis, we use the 120 T data reaching magnetic
saturation.

The M(H) curve at 120 T has a small slope in the mag-
netic saturation region [Fig. 2(a)] due to the contribution
from van Vleck paramagnetism [12], which is estimated as
xvv = 0.0054 ug/(f.u.T). By substracting this term, the M(H)
curve is corrected and depicted in Fig. 2(b). Thus the saturated
magnetization is estimated as My = 4.4 ug/f.u. expected for S
=1 and g = 2.2. The magnetization at the new plateau is about
3.15 ug/f.u., close to 3/4 M;. Thus, in addition to the 1/2
plateau, our 120 T experiment reveals a new 3/4-like plateau.

As stated above, the magnetization process containing
wide 1/2 plateau is far from being understood with theoretical
models previously proposed [23]. The new 3/4-like plateau
brings us new challenges. Next, we discuss the appropriate
model based on precise exchange parameters, which are of
vital importance for understanding the magnetization process.

B. DFT calculations

To obtain precise exchange parameters, we perform DFT
calculations with the full-potential code WIEN2K [31] by
considering more spin configurations and exchange parame-
ters than before [28]. We take Uy = U — J, where U and J
are on-site Coulomb term and exchange interactions, respec-
tively [32]. Figure 1(c) depicts seven exchange interactions
considered: the nearest-neighbor (NN) J; — J3 and the next-
nearest-neighbor (NNN) J; — J7. Details on the calculations
can be found in the Supplemental Material [33] (see, also,
references [21,31,32,34-38] therein). The ground state of
Ni, V5,07 is determined, in which J; and J; is AFM whereas
J is ferromagnetic (FM) [see Fig. 1(c)]. By mapping the total
energies of the eight spin configurations onto the spin Heisen-
berg model H = — ) i jS‘,- -8 i, the exchange parameters
are deduced and summarized in Table I. Not depending on
the choice of U, the NN interchain J3 is undoubtedly AFM,
but its value is surprisingly large compared with the NN intra-
chain J; and J, and other four interactions. This suggests that

TABLE 1. Bond lengths (A) and exchange interactions (K) for
different U (eV).

J (DFT+U)
dnini U =0 3 6 9
J1/ks 3.0095 —52.2 —14.1 -39 —-1.0
Jo kg 3.0493 6.3 11.8 9.2 6.4
J3/ks 2.9352 —490.5 —241.2 —132.1 —80.0
Jy/ks 5.1406 —-9.0 —4.2 -2.3 —-1.5
5.1978
Js/ks 5.1853 3.8 0.2 —-0.5 -04
5.1930
Jo/ks 4.8607 15.5 8.3 5.0 3.1
4.9153
4.9272
4.9664
J7/ks 5.0768 1.7 6.5 5.5 4.1
5.1018

the Nil ions are dimerized heavily and, on the contrary, the
Ni2 ions behave like monomers.

The large J; leading to dimerization is counterintuitive.
From the bond lengths and angles (see the caption of Fig. 1),
the interchain J3 should be the largest (the Nil-Nil bond is the
shortest). But the differences in bond lengths and angles are
small, which means that J;, J,, and J3 should be marginally
different in size. Similar situation exists in the kagome lat-
tice Cu3V,07(OH),-2H,0 [14-16], in which Cu trimers are
formed, although the Cu-Cu distances and the Cu-O-Cu an-
gles are very similar [6,7]. The orbital transition [39] was
proposed to dramatically modify the magnetic interactions
between Cu ions. In Ni, V,07, however, there are no orbital
degrees of freedom for the Ni ions (3d®). The possibility of
spin-Peierls effect between the Nil ions can be ruled out,
because at least our x (7)) curve (see below) does not exhibit
a typical spin-Peierls transition.

As shown in Fig. 1, there are two different superexchange
paths with slightly different bond angles for J; and J,, while
the two exchange paths are identical for J5. With this differ-
ence, the orbital arrangements will be different, in spite of
the absence of orbital order. We plot in Fig. 3 the density
of states (DOS) for Ni-3d and O-2p and orbital-decomposed
partial DOS of Ni-3d for no spin-polarization calculation. As
expected for Ni (3d®), the three low te orbitals are nearly
occupied completely, while the two high orbitals e, are par-
tially occupied. Within —1.7- — 0.8 eV, d,, (or d.,) overlaps
partially between Nil and Ni2, while d,. overlaps completely
between the two Nil ions [Fig. 1(d)], which renders J3 much
stronger than J; and J,, leading to dimerization of Nil ions.
Such large 3d-orbital overlap along the Nil-Nil bond would
enhance magnetic couplings, leading to reduction of dimen-
sionality and clusterization of the system. This is different
from the formation of clusters in many systems with orbital
degrees of freedom [10].

C. ED and QMC simulations

Based on the DFT (U = 9 eV) results, we have simulated
the M(H) curve at 120 T with ED and QMC methods by
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FIG. 3. (a) DOS for Ni-3d and O-2p. (b-c) Orbital-decomposed
DOS for Ni-3d. The Fermi energy (dotted vertical line) is zero
energy.

including the dominant J3 and other six exchanges (Table I).
To avoid over-parameterization, the ratio of exchange param-
eters Ji, Jo, and Jy — J7 is fixed. We thus have only two
adjustable parameters J3 and k = |J; /J3|. Details on the simu-
lations are described in Ref. [33].

First, we consider only the leading J3 and ignore the other
interactions (k = 0), i.e., isolated “1 dimer + 2 monomers”
mode at 0 K. Surprisingly, Fig. 2(b) shows that the calcu-
lated M(H) curve (gray dashed line) with J3/kg = —71.4 K
and g = 2.2 captures well the feature of the magnetization
process—wide 1/2 and 3/4-like plateaus. When the tempera-
ture increases from 0 to 4.5 K, the ED-simulated curve (green
dashed line) gives a good description for the magnetization
process. In particular, the curve between H.4 and H.s follows
well the experimental data. Note that the low-field curve is
not only related to temperature, but also to the field sweep
rate [see Fig. 2(a)].

Next, we consider coupled “2 dimer+4 monomers” mode
with J3 and other interactions (k # 0) at 4.5 K. As seen from
the blue dashed line in Fig. 2(b), the simulation is slightly im-
proved compared with the isolated “1 dimer + 2 monomers”
mode, but the effect of single ion anisotropy D can be ig-
nored [33]. By the QMC method with more spin number, the
simulated curve (red solid line) gives a better description for
the magnetization process expect for the small discrepancy in
the 3/4-like plateau region. Similar discrepancy was observed
in Co,V,07 [40]. The QMC simulation yields exchange pa-
rameters: J3/kg = —78.5 K and J;/kg = —1.0 K, J,/kg =
6.3 K, Js/kg = —1.5 K, Js/kg = —0.4 K, Js/kg = 5.4 K,
and J7/kg = —0.2 K (k =1/80). There is marginal difference
between the QMC and the DFT (U = 9 eV) results. From
the mean-field model, the Curie-Weiss temperature is calcu-
lated as 6cw = —30.3 K, close to the experimental value of
Ocw = —25.0 K [22].

Based on the results above, we propose a
“dimer+monomer” model—Ni,V,0; is an antiferromagnet
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FIG. 4. QMC-simulated x (T) curve and the experimental curve.
The inset is the contribution from Nil dimers.

composed of strongly antiferromagnetically coupled Nil
dimers and weakly interacting Ni2 monomers [see Fig. 1(b)].
The weakly interacting Ni2 monomers drive the system to be
long-range ordered at Ty = 7 K. In the magnetization process
below Ty, the AFM Ni2 ions along the chain [see J; in
Fig. 1(c)] are first responsible for the low-field spin-flop-like
transition at Hg, and then they will be magnetized to
saturation quickly under a small magnetic field of H,,
leading to the 1/2 plateau at which the spins on the Ni2 sites
are almost polarized. For classical Ni2 ions, the magnetization
process would be dynamic, depending on temperature and
field sweep rate [see Fig. 2(a)]. On the contrary, the Nil
ions form strong antiferromagnetically coupled dimer with
a large spin gap (A-J3). A large magnetic field is required
to drive the Nil dimer to experience two quantum phase
transitions within Hy,—H. and Hg—H.s preceding the
magnetic saturation, resulting in quantum 1/2 plateau. The
energy levels for the isolated Nil dimer are plotted in
Fig. 2(c). Clearly, the 1/2 plateau is caused by the gaps
between the states |Sq, m;) = |0, 0), |1, 1), and |2, 2),where
Sq is the total spin and the z component m, = —Sq4, ..., Sq.
Eventually, the magnetization process of the Nil dimer is
superposed on that of the Ni2 monomers, giving rise to the
1/2 and 3/4-like plateaus of Ni,V,0;. The classical and
quantum magnetism coexist in Ni, V,05.

With the “dimer+monomer” model, magnetic susceptibil-
ity x(T') curve is calculated. Figure 4 shows a comparison
between the calculated and the experimental x (T") curves. As
expected, the dimer term exhibits a broad maximum around
70 K, but its value is too small (due to large J3) to have a
substantial contribution to the total x (7). This finding proves
that the dimerization cannot be revealed without the full mag-
netization process that is obtained by ultrahigh magnetic fields
exceeding 100 T.

The experimental M(H) curves at 4.5 and 2.2 K [Fig. 2(a)]
always exhibit a certain slope in the gapless regions of
H.,—H. and H.4—H.s. In addition to the thermal effect, this
feature reflects the presence of inter-dimer interactions, which
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may results in the supersolid states proposed by Momoi and
Totuska [41]. In the famous S-1/2 orthogonal-dimer antiferro-
magnet SrCu;(BOs3),, except for a sequence of magnetization
plateaus at 1/2,2/5,1/3,1/4,1/6,2/15, and 1/8 of the satu-
ration, various supersolid phases between these plateaus were
observed due to the localized triplets in the square magnetic
unit cells [18,42,43]. Such a supersolid state, in which a spin
density wave and superfluid of spins coexist, is formed by
deforming or rotating the spins in the plateau phases, leading
to a smooth increase in magnetization. For Ni, V,07, the Nil
dimers are periodically arranged to form square lattice in the
bc plane [Fig. 1(b)]. With the weak interactions (J;) between
these dimers, excited triplets (Sq = 1) or even quintets (Sq =
2) can be localized, forming superlattices in the bc plane.
Thus additional plateaus and supersolid states are expected to
appear within H,—H.3 and Hey—H,s. For example, assuming
that one half of the dimers are in the singlet state and the rest
in the triplet state, a 5/8 plateau is expected. The multipeak
structure is seen within H,—H 3 and H.4—H. s in dM/dH curve
at 120 T [Fig. 2(a)], but not in the 104 T data (not shown
here). The plateau width might be tiny and hard to be detected,
similar to the case of SrCu,(BO3),. Recognition of the tiny
plateaus and supersolid states within H—Hez and Hey—Hes
awaits further ultralow-temperature experiments.

Finally, we note that the experimental curve is lower than
the theoretical 3/4 plateau, which means that only 85% of the
dimers are in the triplet state and the rest remain in the singlet

state. Ideally, if all the dimers are in the triplet state between
H.; and H4, then a standard 3/4 plateau (i.e., 1/2 plateau of
the dimer) forms.

IV. CONCLUSION

In summary, a 1/2 magnetization plateau within
11.7-34.8 T and a 3/4-like plateau within 55.6-87.0 T
are observed in magnetic field of up to 120 T for Ni, V,0;.
With the DFT, ED and QMC simulations, the magnetization
process can be described satisfactorily, which yields main
exchange interactions—the intrachain J;/kg = —1.0 K,
Jo/kg = 6.3 K, and the interchain J3/kg = —78.5 K.
Thus the skew chain Ni,V,0; can be described by a
“dimer4+monomer” model: the 1/2 plateau is due to weakly
coupled Ni2 monomers, while 3/4-like plateau is the result
of dimerization of Nil ions originating from large overlap
of 3d-orbital along the Nil-Nil bond. The supersolid phases
from Nil dimers are expected to exist in Ni;V,07. Our
results are expected to arouse continuous experimental
and theoretical interests in low-dimensional quantum
magnets.
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