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Using combination of first-principles density-functional theory and quantum Monte Carlo technique we
study the magnetic behavior of S = 1 spin chain compound SrNi2V2O8. The magnetic model, derived in a
first-principles Wannier function basis, shows the presence of finite next-neighbor intrachain coupling, in addition
to interchain couplings, thereby deviating from the ideal Haldane chain description. The computed single-ion
anisotropy turns out to be of easy axis type and of appreciable magnitude. Solution of the first-principles derived
spin model confirms the spin-gapped ground state of the compound. The spin gap is found to close at a critical
value of magnetic field, which is estimated to be much reduced compared to that of an ideal Haldane chain. Our
study highlights the effectiveness of the next-nearest-neighbor intrachain coupling in reducing the spin gap from
the ideal Haldane chain limit. Further study on the effect of biaxial strain on the magnetic behavior predicts that
the application of tensile strain should enable the closing of the spin gap in the ground state.

I. INTRODUCTION

Quantum spin systems, characterized by small spin (S =
1/2, S = 1, etc.) and the low dimensionality (d) of the
magnetic lattice (d < 3), have attracted the attention of
condensed-matter physicists for ages [1]. This is triggered
by their fascinating behavior, dominated by the quantum
fluctuation effect. The quantum effect becomes most evident
in the case of one-dimensional or quasi-one-dimensional
magnetic lattices, in which the long-range magnetic order gets
destabilized by the fluctuation effect even at zero temperature.
In this context, the integer and and half-integer quantum
spins are found to behave qualitatively differently. For exam-
ple, S = 1 Heisenberg antiferromagnetic (AFM) chains, also
known as Haldane chains, are conjectured [2] to have singlet
ground states with an energy gap between singlet and triplet
excited states, in marked contrast with S = 1/2 Heisenberg
antiferromagnetic chains showing a gapless continuum of
spinon with algebraic decay of spin-spin correlation [3].

Considering the spin-gapped system, a topic of great
interest is the magnetic field induced quantum phase transition
from a gapped state to a magnetically ordered state [4]. The
applied magnetic field, which serves as a chemical potential,
when crossing a critical value (Hc) populates the triplets,
thereby stabilizing the magnetic state. At this critical field,
the Zeeman splitting closes the spin gap, thereby causing a
phase transition to a triplet ground state. Thus, attention has
been paid to integer spin Haldane chain compounds, which by
conjecture are expected to show spin-gap behavior [5]. While
the original conjecture of Haldane considered strictly one-
dimensional Heisenberg chains, real compounds show finite
interchain interaction as well as finite single-ion anisotropy.
With anisotropy, the triplet state splits into a singlet and a
doublet and thus two separate gaps are produced [6]. It further
gets split to three branches by the application of magnetic
field. As shown by Sakai and Takahashi [7], the transition
from a spin-gapped solution with a spin-liquid ground state
to a three-dimensionally ordered AFM state can be achieved
beyond the critical value of single-ion anisotropy, and/or

interchain interaction. Sakai and Takahashi [7] predicted a
complete phase diagram in D-J ′ space, where D is the
single-ion anisotropy and J ′ is the ratio of interchain (J⊥)
to nearest-neighbor (NN) intrachain interactions (J1). Non-
negligible single-ion anisotropy and interchain interaction are
also expected to effect the nature of magnetic field induced
transition. In this respect, external perturbation like biaxial
strain applied on a given compound is expected to influence
the values of D and J1, J⊥, thereby tuning the magnetic field
induced transition.

A representative compound belonging to the class of
S = 1 Haldane chainlike structures is SrNi2V2O8 [8]. This
compound, with Ni in its 2+ valence state in the octahedral
crystal field of oxygen atoms, offers a natural candidate for
integer spin S = 1 magnetic system. The edge-sharing NiO6

octahedra form zigzag chains in this compound, which are
connected to each other by VO4 tetrahedral units giving rise
to three-dimensional connectivity. The connection between
zigzag chains is expected to be weak, thus creating nearly
the situation of a Haldane spin chain. Magnetic properties
of SrNi2V2O8 have been investigated through measurement
of static susceptibility, inelastic neutron scattering, as well as
high-field magnetization, carried out on a single crystal [9].
Contradictory reports [8,10,11] exist in the literature concern-
ing the nature of the magnetic ground state of SrNi2V2O8, it
being a spin-liquid state, or ordered magnetic state. However,
the single-crystal measurement [9] conclusively established
the ground state of SrNi2V2O8 to be a spin-liquid state, with
a gap between singlet and triplet excited states. This study [9]
also reported magnetic field induced closing of the gap. The
critical field for the magnetic transition was found to be
smaller than the ideal theoretical value (0.41J1) for a strictly
one-dimensional (1D) Heisenberg spin chain. This was argued
to be caused by the finite interchain interaction together with
finite single-ion anisotropy. In a later work [12], the authors
reported the single-crystal inelastic neutron-scattering and
density-functional theory (DFT) calculations [13] to clarify
the nature of interchain couplings, confirming once again
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SrNi2V2O8 to lie in the spin-liquid phase of the theoretical
D-J ′ phase diagram [7].

In the present work, we take a step forward in terms of
solution of our DFT derived magnetic model of SrNi2V2O8 by
quantum Monte Carlo technique [14] to compute the thermo-
dynamic properties, which were compared with experimental
results. Our theoretical results show good agreement with
experimental conclusions of Ref. [9] in terms of stabilization
of spin-liquid ground state, description of measured suscepti-
bility, the strength of the magnetic field to induce the transition,
etc. Impressive agreements have been found between our
theoretical results and that obtained from the analysis of the
neutron-scattering data in Ref. [12], in terms of the nature
and relative strengths of the non-negligible next-nearest-
neighbor intrachain interaction and the interchain interactions.
We find the next-nearest-neighbor intrachain coupling to be
most effective in reducing the strength of the gap-closing
critical field. This finding makes the spin model different
from that studied by Sakai and Takahashi [7], and calls for
further investigation. Having established the effectiveness of
our approach in the description of the compound, we next
study the effect of the application of biaxial strain, with a
motivation of external tuning of the ground-state magnetic
properties. We find that application of biaxial strain is capable
of modulating both the NN and NNN intrachain interactions,
thereby tuning the critical field to a large extent. We study the
effects of both compressive as well as tensile biaxial strain,
applied perpendicular to the chain direction. Application of
tensile strain of 2% makes the spin-gap reduced significantly
compared to its value at the unstrained condition, while the
application of compressive strain of 2% makes the spin-gap
increased. The spin gap is thus found to decrease linearly with
the lateral dimension. Following this trend, one would expect
the closing of the spin-gap should be possible by application
of tensile biaxial strain. Our conjecture can be validated by
considering a film of SrNi2V2O8, grown along the (001)
direction and placed on a piezoelectric substrate to tune the
biaxial strain.

II. COMPUTATIONAL DETAILS

For, the DFT calculations, we use three different basis
sets: (a) the muffin-tin orbital based linear muffin-tin orbital
(LMTO) [15] method and the N th-order MTO method, namely
the NMTO method [16] as implemented in the STUTTGART

code, (b) the plane-wave based basis as implemented in the
Vienna ab initio Simulation Package (VASP) [17], and (c) the
full potential linear augmented plane-wave (FLAPW) basis as
implemented in WIEN2K code [18]. The consistency of the
calculations in the different basis sets is cross checked in
terms of density of states and band-structure calculations. The
structural optimizations of the unstrained as well as strained
structure are carried out using the plane-wave basis. The
total-energy calculations of different spin configurations to
extract the magnetic exchanges as well as the calculations
including spin-orbit coupling (SOC) to extract the single-ion
anisotropy are carried out in the all electron full potential
method of LAPW. The construction of a low-energy Hamil-
tonian in first-principles derived Wannier function basis is
achieved through the NMTO-downfolding technique [16].

The exchange-correlation functional for the self-consistent
calculations is chosen to be that of the generalized gradient
approximation (GGA) implemented following the Perdew-
Burke-Ernzerhof (PBE) prescription [19].

The NMTO calculations are carried out with the self-
consistent potential borrowed from LMTO calculation [15].
The real-space representation of the NMTO-downfolded
Hamiltonian, HT B = ∑

ij tmm′
ij (C†

i,mCj,m′ + H.c.) in the

Wannier function basis gives the on-site (tmm′
ii ) and various

hopping integrals (tmm′
ij ), where m and m′ are nondownfolded

orbitals at sites i and j , and C
†
i,m(Ci,m) are electron creation

(annihilation) operators.
During the structural optimization in the plane-wave

basis [17], the positions of the atoms are relaxed towards
equilibrium until the Hellman-Feynman forces become less
than 0.001 eV/Å. For the self-consistent field calculations,
an energy cutoff of 500 eV and 6 × 6 × 8 Monkhorst-Pack
k-points mesh are found to provide a good convergence of the
total energy.

For self-consistent calculations in the LAPW basis the
number of k points in the irreducible BZ is chosen to be 56. The
commonly used criterion relating the plane wave and angular
momentum cutoff, lmax = RMT × Kmax, is chosen to be 7.0,
where RMT is the smallest MT sphere radius and Kmax is the
plane-wave cutoff for the basis. The chosen MT radii for Sr,
Ni, V, and O are 2.48, 1.99, 1.70, and 1.54 Å, respectively. The
SOC is dealt with through second variational method.

To extract the magnetic interactions, we consider the
total-energy calculations of five different spin configurations,
including the ferromagnetic configuration. In total-energy
calculations, the missing correlation energy at Ni sites beyond
GGA is taken into account through supplemented Hubbard
U (GGA + U ) calculation [20], with a choice of U = 7 eV
and JH = 0.8 eV. The Hubbard U parameter of late transition
metal oxides has been typically estimated to be 6–8 eV. For
example, the constrained DFT calculation [21] for NiO yielded
a U value of 8 eV [22]. In our work, we carry out constraint
DFT calculations for the SrNi2V2O8 compound, which yield a
value of U = 7 eV and JH = 0.8 eV. The exchange couplings
are in order of only a few meV, and being inversely proportional
to the U value, the numerical values do depend on the inclusion
of the U effect. We thus also attempt varying the U value within
a range of 6–8 eV, and good agreement with experimental
results is obtained for a calculated U value of 7 eV. It is
however interesting to note that, while the U value significantly
influences the numerical values of exchange couplings, it has
only marginal influence on the ratios of various exchanges.
Thus choice of U value primarily sets the main scale, which
is given by the value of the largest magnetic interaction.

The thermodynamic properties like magnetic susceptibility
and magnetization are calculated by considering the ab initio
derived spin model on a 4 × 4 × 16 lattice, by using the
quantum Monte Carlo technique [14].

III. CRYSTAL STRUCTURE

SrNi2V2O8 crystallizes in the tetragonal space group of
I41cd with lattice constants of A = 12.16 Å and C =
8.32 Å [23]. Sr atoms occupy the 8a Wyckoff positions



FIG. 1. Crystal structure of SrNi2V2O8, showing the three-
dimensional network. Various atoms including the inequivalent
oxygens are marked. Sr atoms are not shown for clarity.

while Ni, V, and O atoms occupy the 16b Wyckoff positions.
The basic structural units consist of VO4 tetrahedra, formed
by four inequivalent oxygens O1, O2, O3, and O4, and
NiO6 octahedra, formed by O1, two O2, two O3, and O4
(cf. Fig. 1). The NiO6(VO4) units show a small distortion,
both in Ni-O (V-O) bond lengths and O-Ni-O (O-V-O) bond
angles, deviating slightly from ideal octahedral (tetrahedral)
structure. DFT structural optimization, keeping the lattice
constants fixed at experimentally measured values, is found
to change the various bond lengths and bond angles by
less than a percentage. The lattice parameters are expected
to be accurately determined in the diffraction experiment.
Nevertheless, to check the goodness of this assumption, we
carry out additional calculations, where the lattice parameters
along with atomic positions are relaxed, keeping only the
lattice symmetry fixed. The theoretically optimized lattice
parameters are found to differ by less than 0.5% (0.45%
for the A parameter and 0.37% for the C parameter) of the
experimentally determined values, justifying our choice of
using the experimental lattice parameters.

Upon application of 2% biaxial strain of both a tensile
and compressive nature, the atomic coordinates as well as
the out-of-plane lattice constant are completely relaxed. The
volume of the NiO6 octahedra is found to expand upon
application of tensile strain by about 7%, and contract slightly
upon application of compressive strain by about 0.7%. This
expansion of average Ni-O bond length upon application of
tensile strain has important bearing on the nearest-neighbor
intrachain Ni-Ni interaction, to be discussed later. The volume
of the VO4 octahedra, on the other hand, is found to contract
by application of both tensile and compressive strain by 2–4%.
The distortions of NiO6 and VO4 octahedra are found to be not
much effected by the strain. Application of compressive strain
affects the zigzagness of the Ni chain, changing the ∠Ni1-
Ni2-Ni3 by 1◦ compared to that of the unstrained structure,
where Ni1, Ni2, and Ni3 are three consecutive Ni atoms in the
chain. Also the ∠Ni-O-V gets reduced by 2–3◦ compared to
that of the unstrained structure. As will be discussed later, this

modulates the strength of the next-nearest-neighbor intrachain
Ni-Ni interaction. Corresponding changes for tensile strain
are found to be minimal. The optimized structural data for the
unstrained as well as strained structures can be found in the
Supplementary Material (SM) [24].

IV. ELECTRONIC STRUCTURE AND
THE MAGNETIC MODEL

Figure 2 shows the spin-polarized GGA density of states of
SrNi2V2O8, computed in FLAPW basis. An insulating solution
is obtained upon spin polarization. Repeating the calculation
within GGA + U , it is found that the basic electronic structure
remains similar between GGA and GGA + U calculations,
only the value of the insulating gap increases with increasing
value of U , as expected. As is evident from the projected
density of states, presented in the middle and bottom panels
of Fig. 2, the states close to Fermi level are dominated by
Ni d states. In accordance with nominal Ni2+ valence, the
octahedral crystal-field-split Ni t2g states are occupied in both
spin channels, while Ni eg states are occupied in the majority
spin channel and empty in the minority spin channel. The
presence of O p states in the energy range of dominant
Ni d character indicates the finite Ni-O covalency, which
is expected. What is interesting and unexpected, however,
is the presence of V d character in the energy range of Ni
d dominated states, which otherwise is empty. This points

FIG. 2. GGA Spin-polarized total and partial density of states of
SrNi2V2O8, as given in FLAPW calculation. The zero of the energy is
set at GGA Fermi energy. Top panel shows the total density of states,
while the middle and bottom panels show density of states projected
to Ni d (black line), V d (cyan/gray line), and O p (shaded area)
states.



TABLE I. Calculated GGA and GGA + U magnetic moments
(in μB ).

GGA GGA + U

Ni 1.508 1.647
V 0.130 0.108
O1 0.054 0.035
O2 0.080 0.047
O3 0.081 0.046
O4 0.054 0.031

Total/Ni 2.00 2.00

to finite mixing between V d and Ni d states, and has an
important implication in defining the Ni-Ni exchange paths.
The computed magnetic moments within GGA and GGA + U

approximation, with choice of U = 7 eV and JH = 0.8 eV are
listed in Table I. The net moment per Ni atom in the unit
cell is found to be 2.0μB , in accordance with formal S = 1
state of Ni. A significant fraction of this moment resides on
O sites representing the Ni-O covalency. A large part is also
contributed by V atoms, which is unusual, highlighting the
importance of V d–Ni d covalency, a fact that was also stressed
in the study in Ref. [12].

In the next stage, to have an understanding of the dominant
exchange paths connecting the magnetic Ni ions, we carry
out downfolding calculation within the framework of the
NMTO method [16]. For this, we integrate out all degrees
of freedom, except Ni eg . This defines the effective Ni eg

Wannier functions, which in their tail incorporate the effect
of integrated degrees of freedom like O p and V d that have
significant mixing with Ni d. The real-space representation of
this low-energy Hamiltonian in the effective Ni eg Wannier
function basis provides the information of the on-site energies
of the effective Ni eg levels, as well as the effective hopping
interactions connecting two Ni sites. The various effective
hopping interactions, computed in the NMTO method, are
listed in Table II. The agreement between our computed
hopping interactions with that presented in Ref. [12] is found
to be generally very good.

The dominant hopping interactions connecting Ni sites turn
out to be the nearest-neighbor intrachain interaction (t1), next-
nearest-neighbor intrachain interaction (t2), and two interchain
interactions (t3, t4). Figure 3 shows these dominant interactions

TABLE II. Ni-Ni effective hopping interactions. Each hopping
interaction is a 2 × 2 matrix involving two eg orbitals of Ni.

Dist 3z2 ↔ 3z2 3z2 ↔ x2 − y2 x2 − y2 ↔ 3z2 x2 − y2 ↔ x2 − y2

(Å) meV meV meV meV

2.888 − 99 − 125 100 236
5.034 27 32 − 30 8
6.392 17 2 10 − 5
6.395 2 0 4 − 5
4.997 − 28 31 16 8
5.850 8 − 6 5 3
5.766 − 17 0 0 65

FIG. 3. The magnetic lattice created by Ni spins, as obtained from
DFT calculations, projected to the plane perpendicular to the chain
direction (left panel), and that in the plane of the chain (right panel).
The magnetic interactions are given by J1, J2, J3, and J4, the former
two being nearest- and next-nearest-neighbor intrachain interactions
and the latter two being the interchain interactions.

in the context of corresponding magnetic interactions, namely
two intrachain interactions, J1 and J2, and two interchain
interactions, J3 and J4.

In Fig. 4, we show the overlap between Ni 3z2 − r2 effective
Wannier functions and that between Ni x2 − y2 Wannier func-
tions, placed at two nearest-neighbor Ni sites within the chain.
These two Ni’s being part of the neighboring edge sharing
octahedra are connected by two sharing oxygens. Additionally
they are connected also through the path involving the V
atom, as shown in the left panel of Fig. 4. As is seen from
the plot of the density of states (cf. Fig. 2), the Ni d–V
d covalency is significant, which makes the exchange path
through O-V-O important. This is further evidenced in the
plots of Wannier functions, shown in Fig. 4. We find that the
tails of the two Ni Wannier functions overlap at the V site
connecting two Ni sites, forming the crucial exchange path.
The overlap through edge-sharing oxygens, on the other hand,
is minimal. The importance of the V atom mediated path also
makes the next-nearest-neighbor Ni-Ni intrachain interaction
non-negligible. This very aspect was also stressed in the study
by Bera et al. in Ref. [12] (see Fig. 12 in Ref. [12]).

We use the information of the calculated hopping inter-
actions as a guide to exchange pathways that are dominant.
These exchange pathways involve complicated supersuperex-
changes, and thus the use of hopping interactions and simple
superexchange formula [25] to estimate the numerical values
of magnetic exchanges will not be appropriate. We therefore
follow the alternative approach of calculation of total energies
of different magnetic arrangement of Ni spins within the
GGA + U framework and mapping onto the underlying
Heisenberg model to extract the dominant J ’s. As mentioned,
the identification of dominant J ’s is guided by the information
of effective hopping interactions. The total-energy approach
has been followed in various studies in the literature [26].
For the GGA + U total-energy calculations, we consider five
different magnetic configurations of Ni spins and the energy
differences of all the antiferromagnetic (or ferrimagnetic)
configurations with respect to the ferromagnetic configuration
are considered. All the energy differences turn out to be
negative indicating the dominance of antiferromagnetic inter-
action. Mapping onto the effective Heisenberg model, the value



FIG. 4. Left panel: The network of edge-sharing nearest-neighbor Ni octahedra, connected through two paths, one through edge-sharing
oxygens and another through path involving V. The V, O, and Ni atoms are marked. Middle panel: Overlap of Ni1 and Ni2 effective x2 − y2

Wannier functions placed at two nearest-neighbor intrachain Ni sites. The two oppositely signed lobes of the wave functions at site 1 (2), are
colored differently as black (blue/light gray) and white (orange/dark gray). Plotted are the constant value surfaces. Right panel: Same as in
middle panel, but plotted for Ni 3z2 − r2 Wannier functions.

of the strongest magnetic interaction, the nearest-neighbor
intrachain interaction, J1 turns out to be about 10 meV. The
other dominant interactions turn out to be about an order
of magnitude smaller. The results are listed in Table III.
We note that our estimated ratios of J ’s turn out to be in
extremely good agreement with that obtained by analysis of
the neutron-scattering data presented in Ref. [12]. First of
all, experimentally all the exchanges, intrachain as well as
interchain exchanges, were determined to be antiferromag-
netic [12]. This is also the case in our theoretical study. Our
obtained ratios of J2/J1 and J4/J1, as presented in Table III,
are in good agreement with experimentally predicted ratios.
Experimentally, only the combination of the out-of-plane
interchain interactions was possible to be determined, which is
denoted as J3 in our notation. While in the theoretical treatment
of Ref. [12], two more out-of-plane interchain interactions
were considered, due to the smallness of corresponding
hopping interactions in our obtained results, they are not
considered. The calculated ratio of J3/J1 again turns to be
in good agreement with the experimental estimate [12] (cf.
Table III), though in disagreement with theoretical result in
Ref. [12]. The discrepancy between our result of J3/J1 and
that of the theoretical result in Ref. [12] may stem from
choices of different magnetic configurations in total-energy
calculations. Estimates of such small exchange interactions
may be dependent on the choice of magnetic configurations,
as shown elaborately in Ref. [27].

Application of compressive and tensile biaxial strain
changes the structural parameters, and thus influences both
intra- as well as interchain interactions. The calculated ex-

TABLE III. Calculated magnetic interactions of the unstrained
and biaxially strained compounds. For the unstrained compound, the
experimental estimates [12] are also shown for comparison.

Unstrained Unstrained Compressive Tensile
(present study) (expt.) strain strain

J2/J1 0.028 0.017 0.006 0.031
J3/J1 0.021 0.033 0.023 0.018
J4/J1 0.050 0.037 0.052 0.048
J1 (meV) 9.91 8.70 9.90 7.52

changes are shown in Table III. Interestingly, we find that while
the tensile strain influences most the value of the strongest
nearest-neighbor interaction J1, keeping the ratios of other
dominant interactions more or less the same, the application
of compressive strain though keeps the value of J1 more or less
unchanged; it influences the next-nearest-neighbor intrachain
interaction J2 strongly.

Following the calculation of magnetic exchanges, we
compute the strength of the single-ion anisotropy. In order
to do so, the spin-orbit coupling is turned on, and total
energies are calculated considering the spin quantization axis
pointed along the chain direction, i.e., the c direction, and
pointed perpendicular to it. The total energy turns out to
be lower with magnetization axis pointed along the chain
direction, compared to the other, suggestive of easy-axis
single-ion anisotropy. This is in perfect agreement with the
experimental conclusion [9]. The calculated orbital moment
at the Ni site turns to be substantial (≈0.14μB ). The total-
energy difference between different orientation of the spin
quantization axis gives rise to a value of 0.56 meV for the
single-ion anisotropy, also in rather good agreement with the
experimental estimate [9]. Applications of tensile as well as
compressive strain are found to keep this value intact, within
1–2%.

We thus find that the spin-1 compound SrNi2V2O8 can be
represented as a J1-J2-J3-J4 model together with the easy-axis
single-ion anisotropy D. The secondary magnetic couplings
J2, J3, and J4, though small in comparison with the strongest
coupling J1, have an appreciable effect to manifest the features
of quasidimensionality and frustration in the compound. In the
following, we take up this model and solve to calculate the
thermodynamic quantities.

V. CALCULATION OF STATIC SUSCEPTIBILITY AND
HIGH-FIELD MAGNETIZATION

For the numerical solution of the spin model for SrNi2V2O8,
we employ the stochastic series expansion (SSE) technique of
the quantum Monte Carlo (QMC) simulation. Due to spin
multiplicity of 3, the S = 1 problem is more involved than its
S = 1/2 counterpart.

For the J1-J2-J3-J4 model, the general Hamiltonian with
magnetic field H (= hJ1), applied parallel to the c axis, and



easy-axis anisotropy D(= D0J1) can be written as

H =
∑

b

[
4∑

a=1

JaS
z
(1,ba )S

z
(2,ba ) + J1

2
(S+

(1,b1)S
−
(2,b1) + H.c.)

]

−hJ1

∑
i

Sz
i − D0J1

∑
i

[Sz
i ]2. (1)

ba denotes a bond with interaction of type a and (1,ba)
and (2,ba) indicate the two sites corresponding to the bond
ba . Sz

i , S+
i , and S−

i represent the usual z component of the
spin operator, and spin raising and spin lowering operators
respectively at the site i.

Operator loop updates [14] are used to simulate the system.
To avoid the sign problem, only the Ising-type interactions are
considered for J2, J3, and J4 interactions. For further details
see the SM [24,28].

Magnetic susceptibility

In SSE-QMC, the spin susceptibility is measured as χth =
βJ1〈S2

z − 〈Sz〉2〉, where β = 1
KBT

. This can be related to the
experimentally observed molar susceptibility as

χ = 0.375 × S(S + 1)g2 χth

TJ

.

TJ is the temperature corresponding to the strongest interaction
J1.

For unstrained SrNi2V2O8, s good match with experi-
mental susceptibility can be obtained by adding an impurity
term C/T so that the overall susceptibility becomes χ =
0.375S(S + 1)g2χth/TJ + C/T , with the choice of g = 2.06,

and C = 0.012. The strongest interaction J1 and the ratios
of the other interactions to J1 are fixed at DFT estimated
values. The value of the magnetic field is chosen to be
h = 0.017. Using our value of J1, we find a magnetic field of
h = 0.017, with h = gμB

√
S(S + 1)B/J1 where the magnetic

field B is taken as 1 T, the value used in the experiment [9].
Good agreement between the calculated and the measured
susceptibility, as seen from the plot in the left column of
Fig. 5, confirms the effectiveness of DFT to capture the
magnetic behavior of the compound accurately. The features
of board maxima, followed by an exponential drop in the
susceptibility, signal the low-dimensional behavior of the spin
model, and existence of a spin gap in the ground state. Fitting
the low-temperature behavior of the susceptibility, in the
absence of the impurity term, to the form exp(−�/KBT ), the
value of the spin gap, � is estimated to be 0.315J1. This is in
good agreement with the estimate obtained from the high-field
magnetization, to be described in the following.

In the right column of Fig. 5, we show χth plotted as a
function of temperature for the unstrained as well as for the
strained compounds. The general features of the susceptibility
which consist of a broad maximum, followed by exponential
drop at low temperature are the same between all three
compounds. This suggests that the low-dimensional quantum
spin behavior with spin-gapped ground state is applicable
for the strained compounds too. The position of the broad
maximum and the high-temperature behavior of the spin
susceptibility primarily depend on the value of the dominant
AFM interaction J1. J1 being about the same for the unstrained
and compressive strained compounds, 9.91 and 9.90 meV
respectively, the high-temperature susceptibility differs little

FIG. 5. Left panel: Temperature dependence of magnetic susceptibility for the unstrained SrNi2V2O8. The circles correspond to experimental
data [9] and the solid line corresponds to QMC calculated susceptibility based on the first-principles derived J1-J2-J3-J4 spin model, together
with easy-axis anisotropy, in presence of a magnetic field of 1 T. Right panel: Temperature dependence of the theoretical spin susceptibility
for the unstrained SrNi2V2O8 (black, solid line), compressive strained (black, dashed line), and tensile strained (gray line) compounds. Inset
shows the plot zoomed at low temperature to focus on the spin-gap behavior.



between the compressive strained and unstrained compounds.
Significant change in value of J1 in the case of a tensile
strained compound, on the other hand, causes a large shift in
the position of the broad maximum as well as an appreciable
change in the high-temperature behavior of the susceptibility,
compared to the unstrained compound. The inset shows the
view zoomed at low temperature, which reveals the spin gap
to be largest for the compressive strained compound, followed
by the unstrained and tensile strained compounds. As will be
discussed in the following, this conclusion is supported by the
field dependent magnetization results.

VI. MAGNETIZATION

In order to understand the field-induced transition of
magnetic behavior, we study the effect of the applied magnetic
field along the easy-axis direction (c axis) at a sufficiently low
temperature of β = 80 and witness the evolution of the magne-
tization upon changing magnetic field. As mentioned already,
the longer-range interactions, beyond the nearest-neighbor
intrachain interaction, both of interchain and intrachain type,
can influence the nature of this transition. To probe the effect of
the longer-range interactions individually, we first consider the
full model (i.e., J1-J2-J3-J4) and compare with the behavior
of J1-J2-J3, J1-J2-J4, and J1-J3-J4 models. The results are
summarized in the left panel of Fig. 6.

As can be seen from the figure, the magnetization develops
only beyond a critical field, hc characterizing closing of the
spin gap by Zeeman splitting. For the magnetic field applied
parallel to the c axis, as considered here, the Sz = 0 component
of the triplet does not change in energy and one of the |Sz| = 1
components undergoes a level crossing with the ground singlet
state at the critical field strength [6,29]. We note that the
strength of the critical field is about 0.32J1, much smaller

than the value (0.41J1) obtained for a 1D Heisenberg spin
chain [30]. This value, though, is close to the critical field
value of 20.8 T obtained experimentally [9].

Comparing the behavior of the full model with that of
J1-J2-J3, J1-J2-J4, and J1-J3-J4, we find that J2 has the
strongest effect in reducing the spin-gap value to 0.32J1, as
compared to the 0.41J1 value for an ideal 1D spin chain.
Thus the observed spin-gap quenching effect contributed by
the long-range interaction arises primarily from the next-
nearest-neighbor intrachain AFM interaction rather than due
to the quasi-one-dimensionality of the system [31] described
by J3 and J4. It is interesting to note at this point that the
presence of diagonal interaction was strongly evident in the
experimentally measured magnetic excitation spectra [12].
It was conjectured to be contributed by a combination of
in-plane diagonal interchain interaction, which is J4, and
the next-nearest-neighbor intrachain AFM interaction, which
is J2 (see Fig. 9 in Ref. [12]). It was further argued that
J4 alone cannot give rise to continuous propagation, unless
helped by J2. The importance of J2 has thus been recognized.
The reduction of spin-gap value by long-range intrachain
interaction J2 presumably is caused by the competing effect of
J1 which stabilizes the singlet state. This aspect needs further
investigation.

Next, we investigate the effect of biaxial strain on the
field induced transition. We recall that the primary effect of
the tensile strain is to reduce the strength of the strongest
interaction, J1, while the compressive strain primarily reduces
the strength of next-nearest-neighbor intrachain interaction J2,
compared to J1. The computed field induced evolutions of the
magnetization of the compound under tensile and compressive
biaxial strain, in comparison to the unstrained compound, are
shown in the right panel of Fig. 6. As is seen from the plot, the
behavior of magnetization upon changing magnetic field for

FIG. 6. Left panel: Evolution of magnetization as a function of magnetic field applied parallel to chain direction, for the various spin
models. Right panel: Evolution of magnetization as a function of magnetic field applied parallel to chain direction for the unstrained (black,
solid line), tensile strained (gray line), and compressive strained (dashed line) compounds. The inset shows the variation of the calculated spin
gap, estimated from critical field, as a function of the in-plane lattice constant. L0, L0(1 − 0.02) and L0(1 + 0.02) denote the in-plane lattice
constants of the unstrained compound, compressive strained, and tensile strained compounds, respectively. The line is to guide the eye. The
data point shown by the asterisk corresponds to the estimate obtained from experimentally measured critical field.



the compressive strained compound is rather different from the
unstrained compound. This is caused by the change in J2/J1

which has a significant effect, as learned before (cf. Fig. 6.
left panel). The behavior for the tensile strained compound
on the other hand is very similar to that of the unstrained
compound, though the absolute value of the critical magnetic
field needed to close the gap is decreased due to reduction
in the strength of J1 itself. This is reflected in the computed
spin gap from the critical field, shown in the inset of the right
panel of Fig. 6. We observe a monotonic decrease of the spin
gap upon increasing the in-plane lattice constant. Following
the trend, a tensile strain of 7–8% should enable the transition
from the spin-liquid ground state to the ordered state.

VII. SUMMARY

In summary, we investigate the electronic and magnetic
properties of the spin chain compound SrNi2V2O8. We use
the parameter-free first-principles approach to derive the
underlying spin model of the compound, which turns out
to be described by a J1-J2-J3-J4 model, together with easy-
axis single-ion anisotropy, where J1 is the strongest nearest-
neighbor intrachain coupling, J2 is the next-nearest-neighbor
intrachain coupling, and J3 and J4 are two interchain cou-
plings. Our study reveals the unusual role of the nonmagnetic V
atom in mediating the interactions, similar to what was pointed
out in Ref. [12]. The solution of the ab initio derived spin model
using the quantum Monte Carlo technique to compute the static

magnetic susceptibility shows very good agreement with the
experimentally measured data, establishing the spin-gapped
ground state of the compound and giving confidence for
the ab inito derived model. Calculation of the field induced
evolution of magnetization shows the closing of the gap at a
critical field, which provides an estimate of the spin gap. The
estimated spin gap from the estimate of the critical field shows
a marked deviation from that of the ideal 1D Haldane chain
of value 0.41J1. Our analysis shows the crucial role of the
next-nearest-neighbor intrachain coupling in this reduction.

Considering the case of SrNi2V2O8, we further investigate
the influence of strain on the magnetic behavior by application
of biaxial tensile and compressive strain of 2%. While the
compressive strain is found to cause modulation in the J2/J1

ratio, the tensile strain is found to effect the value of the
strongest coupling J1. We thus find a monotonic decrease of
the absolute value of the spin gap upon increasing in-plane
lattice constant. Application of strain thus presumably will
be effective in driving the quantum phase transition from
spin-gapped ground state to an ordered state. This calls for
further experimental investigation.
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