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Using first-principles density-functional-theory-based calculations, we derive the low-energy spin model
of the compound Zn,VO(PO,),, and %th Ti-substituted compound ZngTiV3;04(POy4)s which is yet to be
synthesized. We compute the thermodynamics properties of the proposed spin models by the quantum Monte
Carlo technique. For the pristine compound Zn, VO(PQ,), our computed susceptibility is found to be in good
agreement with the available experimental data and is in accordance with the earlier proposed spin model of

1

the spin-5

antiferromagnetic square lattice. Upon Ti substitution, which may be viewed as %—spin depletion,

the two-dimensional antiferromagnetic square-lattice behavior of the parent compound is found to be altered
significantly, giving rise to spin-gap behavior. We hope that our work will stimulate further experimental studies

on this compound.
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I. INTRODUCTION

Transition-metal-oxide (TMO)-based low-dimensional
quantum spin systems (QSS) form an active area of research
in condensed matter physics. The study of such systems are
of interest due to the presence of a quantum fluctuation driven
ground state showing unusual low-temperature properties.!
A pertinent question in this area of study remains: Given a
compound, what is the underlying spin model? Often the spin
model, derived based on structural details of the compound,
turns out to be inaccurate. The interactions connecting mag-
netic sites depend on the positions of the intervening ligands
and the hybridization of the ligand p orbital with the transition
metal d orbital, which also needs to be taken into consideration.
A famous example in this context is that of (VO),P,07, which
turns out to be an alternating spin chain compound® while
originally it was thought of as a two-leg spin ladder system
based on structural considerations.®> The literature on first-
principles calculations for the microscopic understanding of
the appropriate spin model for given compounds is, therefore,
growing.*

An interesting aspect of the study of QSS is the exploration
of emergent phenomena by perturbing the system via the
external tunable parameter, once the understanding of the
ground state of the unperturbed system is achieved. Besides
temperature, the available external tuning parameters include
magnetic field,”” and hydrostatic and uniaxial pressure.®!!
The other alternative route can be to chemically perturb the
system via magnetic or nonmagnetic ion substitution.'?"!7

In the present study we carry out first-principles density-
functional-theory (DFT)-based calculations combined with
quantum Monte Carlo calculations to characterize the un-
derlying spin model and the thermodynamic properties of
Zn, VO(PQOy), which has been designated a spin—% Heisenberg
antiferromagnetic (HAF) square lattice based on magnetic
susceptibility and neutron diffraction experiments.'®!® Our
study finds good agreement with the conclusion drawn from
the experimental measurements.'®'® Zn, VO(PO,),, charac-
terized as the spin-% HAF square-lattice system, exhibits
long-ranged magnetic ordering.'®!” The stability of the long-
ranged ordered ground state in such a type of system has been
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the focus of attention. In particular, the depletion of spins
in destabilization of long-range order has been studied. For
example, spin ladder compounds were obtained by breaking
the planes of copper oxide materials.”’ Depletion of %-spins
in a triangular antiferromagnetic Heisenberg lattice leads
to formation of the kagome lattice.”! By depletion, bonds
between spin are weakened, thereby enhancing the importance
of quantum fluctuation which may destroy the long-range
ordering opening up a finite spin gap. This has been observed
in the case of the CaV409 compound,”> which has been
shown as %—depleted two-dimensional (2D) S=% Heisenberg
AF. Following such ideas, we explored the chemical route of
tuning the ground state of Zn, VO(POy),, by the substitution
of one magnetic V ion by the nonmagnetic Ti ion out of four
V ions. This would lead to the Alf-spin depleted situation.
We choose %—substitution which is the simplest possible
substitution with one missing spin in each plaquette of four
nearest neighbor V spins. We predict a destabilization of the
long-range ordered ground state of Zn,VO(POy), upon Ti
substitution, showing a spin-gap behavior. This establishes
the tuning of the ground-state properties via the chemical
route. Our theoretical prediction can be checked through future
experiments.

II. METHODOLOGY

The DFT calculations were carried out using two different
basis sets: (a) the MTO-based linear muffin tin orbital
(LMTO)? and its Nth order extension?* NMTO method as
implemented in Stuttgart code® and (b) plane-wave-based
pseudopotential framework as implemented in the VIENNA
ab initio simulation package (VASP).2° The exchange correla-
tion function was chosen to be that of generalized gradient
approximation (GGA) implemented following the Perdew-
Burke-Ernzerhof prescription.?’ In the structural optimization,
we replace one V atom out of 4 V atoms in a supercell and we
optimize the atomic positions as well as the lattice constants.
The position of the atoms were relaxed towards equilibrium
until the Hellman-Feynman force became less than 0.01 eV /A.
For the plane-wave calculation, a 600-eV plane-wave cutoff
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was used. A k-point mesh of 6 x 6 x 8 in the Brillouin zone
was used for self-consistent calculations. The construction
of the low-energy Hamiltonian in the first-principles-derived
Wannier function basis has been achieved through the NMTO-
downfolding technique.?* Starting from a full DFT calculation,
NMTO-downfolding arrives at a few-orbital Hamiltonian by
integrating out degrees which are not of interest. It does so
by defining energy-selected, effective orbitals which serve
as Wannier-like orbitals defining the few-orbital Hamiltonian
in the downfolded representation. The method provides a
first-principles way for deriving a few-band, tight-binding
Hamiltonian of the form Hrp =} ti';"m/(cimcj,mr +Hc)

for a complex system, where the tl.';‘m/ define the effective
hopping between the active, nondownfolded orbitals, m and

m'. cl.Tm (ci.m) are electron creation (annihilation) operators
on site i at orbital m. The NMTO technique which is
not yet available in its self-consistent form relies on the
self-consistent potential parameters obtained out of linear
muffin-tine orbital (LMTO)?® calculations. The results were
cross-checked among the plane wave and LMTO calculations
in terms of total energy differences, density of states, and band
structures. The missing correlation effect beyond GGA is taken

into account through GGA + U calculations.?®

III. CRYSTAL STRUCTURE

Zny;VO(POy); form in the tetragonal crystal structure®® of
space group I4cm with lattice parameters, a = 8.93 A, ¢ =
9.04 A, and with two formula units in the unit cell. The basic
units forming the structure are VOs square pyramids, ZnOs
square pyramids, and PO, tetrahedra as shown in Figs. 1(a),
1(b), and 1(c) respectively. Within the ab layer the nearest
neighbor (NN) VOs pyramids are connected via corner sharing
PO, tetrahedral units while the next NN VOs are connected
by two ZnOs pyramids which edge share with each other as
shown in Fig. 1(d). VOs and PO, units point in the same
direction while ZnOs points in the opposite direction. Different
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FIG. 1. (Color online) (a)-(c) VOs, ZnOs, and PO, structural
units. The larger ball represents either V or Zn or P while the smaller
balls represent O. Various inequivalent O atoms have been marked.
(d) The projection of the structure in the ab plane, showing the square
planar arrangement of VOs pyramids. (e) The three-dimensional
connected structure.

PHYSICAL REVIEW B 87, 054431 (2013)

FIG. 2. (Color online) The crystal structure of %—Ti substituted
anVO(PO4)z.

layers are stacked above each other along the crystallographic
¢ direction and they are connected via corner shared ZnOs and
PO, units, giving rise to the three-dimensional (3D) connected
network as shown in Fig. 1(e). Substituting one V atom by Ti
out of four V atoms in a 1 x 1 x 2 supercell, as shown in
Fig. 2, lowers the tetragonal I4cm symmetry to monoclinic A2
symmetry>® with a = 12.851 A, b =9.180 A, ¢ = 12.852 A,
and 8 =90.02°, and giving rise to the three nonequivalent class
of V atoms: V, V1, and V2 (see Fig. 2). V1 is neighbor to Ti
within the plane, V2 is neighbor to Ti both in plane and along
the out-of-plane direction while V does not have any Ti as
neighbor. For V1, this gaverise to two V neighbors along one of
the in-plane directions and two V neighbors in the out-of-plane
direction. For V, there are two V2 and two V1 neighbors along
two in-plane directions and two V1 neighbors in the out-of-
plane direction. For the V2 atom, on the other hand, there are
only two V neighbors along one of the in-plane directions and
no out-of-plane vanadium neighbor. The degeneracy of Zn, P,
and various O atoms are also additionally lifted. The crystal
structure data of Ti-substituted Zn, VO(POy), in comparison to
pristine Zn, VO(PQOy,),, obtained through complete structural
relaxation, is shown in Table I. The important structural
parameters like V-O bond lengths and O-V-O bond angles are
shown in Table II. We find that Ti substitution brings in further
distortion in the VOs pyramidal unit, in the sense that while
the VOs pyramids in the pristine compound are regular square
pyramids with all V-O bond lengths in the basal plane being
equal and with short V-O apical bond, for the Ti-substituted
compound the V-O bond lengths even in basal plane become
unequal.

IV. ELECTRONIC STRUCTURE

The nonspin polarized GGA density of states (DOS) of
the pristine compound, as shown in Fig. 3, consist of d-p
hybridized states ranging from about 6 eV below the Fermi
level (EFr) to about 4 eV above Er. The states below —4 eV
or so are dominated by O-p states, while the states close
to Er or above Ep (within the range of plot) is dominated
by the V-d states. The square pyramidal crystal field around
the V atoms splits the V-d states into low-lying V-d,, states
which are separated by a large energy gap of &1 eV from the
other d states. The energy level splitting of d states at V sites
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TABLE 1. Various atomic positions of the pristine Zn, VO(POy),
and Ti-substituted ZngTiV304(PO4)s compounds.

Pristine compound Ti-doped
Atom by y z Atom X y z
Zn 0.618 0.118 0.264 Znl 0247 0235 —.129
v 0.000 0.000 0.101 Zn2 0.131  0.237 0249
P 0.307 0.193 0.120 Zn3 0250 —.265 0.133
O1 0.827 0.135 0.155 Zn4 0367 0233  0.252
02 0.652 0.152 0.469 \Y% 0.000 —.095  0.000
03 0.000 0.000 0427 V1 0.000  0.384  0.000
04 0.396 0.104 0.237 V2 0.500 —.141  0.000
Ti 0.500  0.418  0.000
P1 0249 —.121 —.055
P2 0.057 —.119 0.250
P3 0249 0382  0.059
P4 0442 —.121  0.249
o1 0.000  0.083  0.000
02 0.152 —.150 0.016
03 —.016 —.147 0.154
04 0.257  0.033 —.094
05 0.099  0.033  0.255
06 0.156  0.341 —.017
o7 0.017 0342  0.156
08 0.000 —.439  0.000
09 0247 —.232 —.147
010 0.146 —.234  0.249
Ol11 0.253  0.263  0.146
012 0.340 —.167  0.019
013 0346 0361 —.014
014 0.239  0.031 —.3%4
015 0.399  0.030  0.237
016 0353 —.236  0.255
017 0.500  0.035  0.000
018 0482 —.167 —.159
019 0.500 —.393  0.000
020 0486 —.141 —.348

obtained by NMTO calculation of keeping V-d states active
and downfolding the rest and considering the onsite block of
the real space Hamiltonian in the downfolded V-d basis is
shown in the upper inset of Fig. 3. V atom in Zn, VO(PQOy),
is in nominal 4 + states with d! occupancy. Half filled V-d,,
states therefore cross the Fermi level as shown in the band
structure plot of Fig. 4(a), which hybridizes with the O-p and
P- p states as shown in the lower inset in Fig. 3. Inclusion of the
correlation effect beyond GGA in the half filled V-d,, gives
rise to the insulating solution through formation of lower and
upper Hubbard bands, as has been checked through GGA + U
calculations.?® The low energy Hamiltonian of the system thus
can be constructed in terms of V-d,, only model. In order to
construct the low energy Hamiltonian of the system in an ab
inito way, we carried out NMTO downfolding calculation, in
which the only V-d,, degrees of freedom were kept active and
all the rest, including other V-d states, were downfolded. The
downfolded V-d,, band in comparison to the full band is shown
in Fig. 4(b). This process led to construction of the effective
V-d., Wannier function which has the central part shaped
according to V-dy, symmetry and tails shaped according to
integrated out degrees of freedom, admixing with V-d,, char-
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TABLE II. The TM-O bond lengths and O-TM-O bond angles
in pristine [Zn,VO(PO,),] and Ti-substituted [ZngTiV304(PO4)s]
compounds.

Unit Pristine compound Ti-substituted

VO;s V-O(basal) = 2.01A V-O(basal) = 1.99A
2.11A
V-O(apical) = 1.63A

0-V-O(basal) = 86.1°

V-O(apical) = 1.56A
0-V-O(basal) = 86.7°

86.6°
0-V-O(apical) = 103.9° 0-V-O(apical) = 104.3°
105.1°
V1-O(basal) = 2.02A
2.02A

V1-O(apical) = 1.62A
0-V1-O(basal) = 87.0°

87.4°
0-V1-O(apical) = 102.6°
102.8°
V2-O(basal) = 2.03A
2.03A

V2-O(apical) = 1.62A
0-V2-O(basal) = 88.6°

88.9°
0-V2-O(apical) = 98.2°
98.4°
TiOs Ti-O(basal) = 2.03A
2.01A

Ti-O(apical) = 1.71A
O-Ti-O(basal) = 85.6°
85.8°
O-Ti-O(apical) = 105.5°
106.2°

acter, as shown in Fig. 4(c). The real space Hamiltonian defined
in the basis of the effective V-d,, Wannier function provides
estimates of various V-V effective hopping interactions which
are listed in Table III. The various dominant hoppings are
shown in Fig. 5. The strongest hopping interaction turns out
to be in plane NN interaction (¢;), connecting two V atoms at
the center and corner of the square in the ab plane. The out of
plane V-V distance though shorter than that of in-plane V-V
distances, the corresponding hopping interaction (¢.) is found
to be about a factor of 8 weaker compared to the strongest
in-plane hopping interaction (¢). The V-V hopping along the
edge of the square (;) is also weak, about a factor of 7 weaker
compared to 7;. Our study therefore confirms Zn, VO(POy,),
should be described as a weakly coupled square-lattice system
rather than a chain system which was proposed®’ based
solely on the structural consideration. The super-exchange path
corresponding to the strongest interaction is shown in Fig. 4(c)
as the overlap of two effective V-d,, Wannier functions at two
NN in plane V sites. We find that O- p-like tails of the Wannier
function bend toward the intervening P sites indicating the
importance of the hybridization effect from the P atom. This is
justified by finite nonzero contribution of P-p projected DOS
in the energy range of V-dy, dominated DOS as is shown
in the lower inset of Fig. 3. The strongest V-V interaction is
therefore mediated by the V-O-P-O-V super-super-exchange
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FIG. 3. (Color online) Non-spin-polarized density of states of
Zn,VO(POy,), as obtained in GGA calculation. The zero of the energy
is set at GGA Fermi energy. The black solid line, cyan (gray) solid
line, and the shaded area represent the density of states projected onto
V-d, O-p, and P-p, respectively. The upper inset shows the energy
level positions of the V-d level as obtained in NMTO downfolding
calculation. The lower inset shows the zoomed plot showing the
contribution of the O-p and P-p states to the V-d,, derived states that
cross the Fermi energy.

path similar to that found in (VO),P,07.3! In the limit of large
correlation, typically valid for transition to the metal-oxide-
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FIG. 4. (Color online) (a) The band structure of Zn, VO(POy,),
plotted along the high symmetry points of the tetragonal Brillouin
zone. The dominant orbital characters of the bands have been marked.
(b) The downfolded V-d., band (fat solid line) in comparison to full
band structure (dashed line). The energy points indicate the energies
about which the expansion has been made in NMTO downfolding
calculation. (c) The overlap of V-d,, Wannier functions placed at two
NN, V sites in the ab plane. Shown are the constant value surfaces
with positive and negative lobes colored differently.
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TABLE III. Dominant hopping interactions for the pristine and
Ti-substituted compounds. Hopping interactions less than 1 meV have
been neglected.

Pristine compound Ti-substituted compound

No. of No. of
Dist. neighbors  Hopping Dist. neighbors  Hopping
4514 2 520 meV (z.) 4.64 A 1 6.00 meV (z.)
6.30 A 4 39.7 meV (¢;) 631 A 2 39.7 meV (t))
8.92 A 4 6.80 meV (t,) 6.32 A 2 9.50 meV (¢})

based system, the antiferromagnetic exchange interaction J is
related to the hopping integral ¢, obtained in a single-particle
theory, by second-order perturbation relation J = 4£2/U, U
being the effective onsite Coulomb repulsion. The effective
hopping strengths, therefore, already provide a good idea of the
underlying spin model, giving rise to information of relevant
super-exchange paths. To obtain a more accurate estimate
of the magnetic interactions as well as to take into account
the ferromagnetic contribution of the exchange interaction,
we carried out total energy calculations within GGA 4+ U
with a choice of U = 4 eV and Jy = 1 eV for different
arrangements of V spins, and mapped onto the energetics of the
corresponding Heisenberg model. Such an approach is found
to be highly successful in the description of spin models and
in providing estimates of magnetic interactions in a number of
cases.’? This gave arise to antiferromagnetic J; of magnitude
10 K, j—f = 0.02 and §_| =—0.03, in good agreement with the
values obtained by fitting the susceptibility data'® and neutron
scattering data.'®

Upon substitution of Ti, in one V site out of four V
sites in a 1 x 1 x 2 supercell, the band structure changes
significantly. In the upper panels of Fig. 6, we show the GGA
band structure of pristine and %-Ti-substituted compound, both
plotted for the 1 x 1 x 2 supercell. The 1 x 1 x 2 supercell
of Zn;VO(PO,), contains four V sites giving rise to the
four V-d,, bands which cross the Fermi energy. Upon Ti
substitution, Ti-d,, band which is empty splits off from the
manifold of the V-d,, band with a gap of about 0.5 eV
and remains dispersionless. The three V atoms which have
become inequivalent due to Ti substitution, give rise to three
V-d,, band crossing Fermi levels, in accordance with their
half-filled nature. The degeneracy of bands getting lifted at
several k points is compared to the band structure of the pristine

FIG. 5. (Color online) The V only sublattice of Zn, VO(POy,),.
Shown are the dominant hoppings, 1, t,, and ¢,
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FIG. 6. (Color online) (Upper panels) Comparison of the band
structure of Zn, VO(PQOy), (left panel) and ZngTiV304(POy)s (right
panel) plotted along the high symmetry points of the supercell.
(Lower panel) The density of states of Zn, VO(POy), (left panel) and
ZngTiV3;04(POy)s (right panel). The V-d and Ti-d (applicable for the
right panel) projected states are shown as solid and dashed lines.

compound due to the breaking of degeneracy between different
V atoms. Comparing the DOS of the two compounds as shown
in the lower panels of Fig. 6, we find that widths of the V-d,,
dominated states are nearly the same in two cases, indicating
strengths of the strongest V-V interaction to be nearly the
same. Carrying out the NMTO-downfolding calculation to
define the effective V-d,, low-energy Hamiltonian, as done
for the pristine compound and constructing the real space
Hamiltonian, we find the dominant hopping interactions which
are listed in Table III. Comparing with the interactions of the
pristine compound, we find that four NN in-plane interactions
(¢1) which were strongest for the pristine compound, group into
two strong (connecting V and V1) #{ and two weak (connecting
V and V2) 1 interactions.

Similarly, the out-of-plane interaction is significant only
for the interaction from V to V1, and not the other way,
which makes a pair of out-of-plane connected V atoms for
ZngTiV304(POy4)g rather than a chain of V atoms connected in
the out-of-plane direction as in the case of Zn, VO(POy),. The
total energy GGA + U calculation to estimate the strengths
of magnetic interactions corresponding to ¢}, ¢{, and ¢, gave

rise to values J; = 8 K, j—‘ = 0.03, and j— = —0.04. The spin
1 1

model for pristine and %-Ti-substituted compounds, therefore,
can be described as the weakly coupled 2D, AFM square lattice
and the weakly coupled one-dimensional (1D) AFM chain,

respectively, as shown in Fig. 7.

V. CALCULATION OF MAGNETIC PROPERTIES

In the next step we computed the magnetic susceptibility
as well as magnetization properties by considering the spin-%
Heisenberg model on N; x N, x Nj lattices. The description
of spin models for the pristine and Ti-substituted compounds

PHYSICAL REVIEW B 87, 054431 (2013)

FIG. 7. The spin models corresponding to Zn,VO(POy), (left
panel) and ZngTiV;04(PO,)g (right panel)compounds. The thick
solid, thin solid, and dashed lines represent strongest J; (J)
and weak J, (J{) and J. (J)) interactions for the Zn, VO(PO4),
[ZngTiV30,4(PO,4)s] compound. The spins corresponding to inequiva-
lent V ions in the case of the substituted ZngTiV;0,4(PO4)s compound
has been marked.

as obtained from ab initio calculations, turn out to be the
weakly coupled 2D model and the weakly coupled 1D chains,
respectively. The considered spin models, therefore are given
as follows:

N1 N2 N3
ristine
Hp = Jl Z Z Z Sl'y,]',k'(Si-&-l,j,k + Si,j+1,k)
i=1 j=1 k=1
N1 N2 N3
+ Z Z § :Si,j,k-(SiH,jJrl,k + Sit1j-14)
i=1 j=1 k=1
N1 N2 N3
T D DD Siike St
i=1 j=I1 k=1
N1 N2/2 N3
Ti-doped ’
=0y Z Z ZSilj.k-SiH,zj,k
i=1 j=1 k=1
N1/2N2/2 N3
!
+ v Z Z Z Sir 2.k -Sir 2j+1,k
i=1 j=1 k=1
N1/2N2/2 N3
!
+ Z Z Zsiﬂj,ksi',zj,kﬂ
i=1 j=1 k=1
[i" = 2i — mod(k,2)],

where J’s are the exchange integrals of the spin models as
shown in Fig. 7. The above models have been solved by the
quantum Monte Carlo method (stochastic series expansion??)
ona 14 x 14 x 14 lattice. The QMC computed susceptibility
given by x = ((5%-(5%))?) is compared with the experimen-
tally measured susceptibility'® of the pristine compound in
the presence of magnetic field of 10 000 Oe via x = 0.375

SS+1) (%)X‘h, at intermediate and high temperature. To
simulate the low-temperature behavior we also include curie
contribution from impurities as x“V = Cimp/T. The best fit
to experimentally measured susceptibility was obtained for
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FIG. 8. (Color online) (Upper panel) Calculated magnetic sus-
ceptibility plotted as a function of temperature for the pristine (black
lines) and Ti-substituted (gray lines) compounds. The magnetic
susceptibility for the pristine compound has been computed in the
absence (dashed line) and in the presence of applied magnetic field
of 10 000 Oe (solid line). The latter has been compared with the
experimentally measured data,'® shown as open circles. (Lower panel)
Magnetization plotted as a function of temperature for the pristine
(black lines) and Ti-substituted (gray lines) compounds for two
different values of the magnetic field, H = 5000 Oe (solid line)
and H = 1560 Oe (dashed line).
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g = 2.26, J; = 8 K (the ratios j—f and ;—] was fixed at DFT
estimates, 0.02 and —0.03, respectively), and Cjp, =0.006. In
the upper panel of Fig. 8, we show the computed susceptibility
for the pristine compound in the presence and absence
of magnetic field, comparing with the experimental data
obtained in the presence of magnetic field 10 000 Oe. The
computed susceptibility for the Ti-substituted model is also
presented, which shows drastic changes in behavior compared
to the pristine compound. The susceptibility following the
presence of a broad maxima, shows an exponential drop
at lower temperature signaling the characteristic opening of
spin gap. The change in magnetic behavior of the pristine
to Ti-substituted compound is also evident in the computed
magnetization as a function of temperature for magnetic field
strengths, 5000 Oe and 1560 Oe, as shown in the bottom
panel of Fig. 8. This undoubtedly shows the control of the
magnetic ground state of a typical 2D AFM square lattice
through chemical substitution by changing the ground state
from a long-ranged ordered one for the pristine compound to a
spin-gapped one for the substituted compound. The computed
thermodynamic quantities are expected to provide the useful
database to check the validity of our predictions through future
experimental measurements.

VI. CONCLUSION

The analysis of the electronic structure of the Zn, VO(POy),
compound through first-principles DFT calculations and sub-
sequent calculation of thermodynamics properties by the QMC
method, confirms the description of Zn,VO(POy), as the
weakly coupled 2D AFM S—% Heisenberg system as predicted
earlier by experimental data. Motivated by literature’” on
the effect of spin dilution in destabilizing the long-range
order in the 2D AFM lattice, we designed on computer the
Ti-substituted ZngTiV3;04(PO4)s compound. Our theoretical
study predicts the ZngTiV304(PO4)s compound to be a
spin-gapped system, given by a spin model of a weakly
interacting 1D spin chain. Our predictions may be verified in
terms of future experimental measurements with our computed
thermodynamic properties on ZngTiV304(POy)s.
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