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Magnetic structure and field-induced transitions in the triangular spin-1 antiferromagnet NiNb,Og:

Observation of a triple point
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A comprehensive experiment-theory study on the magnetic field-induced spin-flip transitions (Hc¢; and Hc,)
and the field-temperature (H-7) phase diagram of nickel niobate (NiNb,Og) polycrystals is reported. Magnetic
susceptibility (x) measurements reveal the presence of quasi-one-dimensional magnetism with spin-1 Ni**
Heisenberg spin chains, instead of Ising chains, along the easy axis (¢ axis). The ferromagnetic intrachain
exchange-interaction strength, Jy/kg (=4.20 K), between Ni>* ions in the ¢ axis is estimated from the molecular-
field theory approximation. The interchain exchange interactions J, /kg = —1.335 K and J,/kg = —1.298 K
have been determined from the experimentally obtained magnitudes of Hc; = 10.8 kOe and spin-saturated
field Hs = 38 kOe. These magnitudes are consistent with the total magnetic exchange-interaction strength,
J/kg = 7.00 K obtained from x-T data fitted with the Heisenberg linear chain model and our density-functional
theory (DFT+U) calculations. The overall antiferromagnetic behavior of the NiNb, O¢ system, correctly captured
within our DFT+U calculations, occurs below Ty = 5.59 £ 0.02 K as determined from the analysis of the
specific heat (Cp-T') data. The Cp vs T data near Ty is fitted to power-law expression Cp = A|T — Ty|™* yielding
the critical exponent @ = 0.349(2) [0.349(1)] for T > Ty (T < 1x), respectively. Further, the H-T phase diagram
mapped for H||c axis using various critical fields acquired from the x (7, H) data including the field-induced
transitions [Hc(T) and Hs(T)] yields a triple point, Trp (H, T) = (5.0 kOe, 5.50 K) that separates multiple
distinct spin configurations in this interesting system and calls for additional studies near the triple point. The
companion H-T phase diagram for H ||a axis is also presented using the data collected from published sources.
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I. INTRODUCTION

Quantum criticality, quantum phase transitions, and quan-
tum fluctuations are emerging trends in the field of condensed
matter physics. Consequently, there is a growing need to
identify real materials that exhibit these quantum phenom-
ena [1-5]. One such class of material is niobate columbites
(CoNb,O¢ and NiNb,Og) due to their novel quantum mag-
netic critical characteristics and applications. The quantum
phase transition near quantum critical point (QCP) has been
experimentally reported in the niobate columbite CoNb,Og
(Ising magnet with effective spin S = 1/2) in the presence of
a transverse magnetic field and is the closest realization of
the transverse-field Ising chain model [6,7]. Recently, quan-
tum critical excitations near QCP have also been reported in

*s.singh@rochester.edu
fsubhasht@iitg.ac.in

2469-9950/2023/108(22)/224430(12)

224430-1

NiNb,O¢ (effective spin S = 1) in specific-heat and thermal
conductivity measurements when the critical field Hocp ~ 35
kOe is applied perpendicular to the easy axis [8,9]. Analogous
to CoNb,Og [6,7], NiNb,Og in a transverse magnetic field
is the closest real system for the transverse-field Heisenberg
chain Hamiltonian with effective spin § = 1 ground state
[8,9]. Besides, NiNb,Og has also been reported as a potential
candidate for photocatalysis under visible-light irradiation for
efficient production of H, from water splitting [10]. The type
of spin chain along the easy axis in NiNb,Og system is not
fully understood. Additionally, the estimation of the appropri-
ate magnitudes of the magnetic exchange constants, as well as
the role of their higher-order terms, in relation to the magnetic
structure of this system, remains unclear. Moreover, the H-T
phase diagram and spin-flip transitions in NiNb,Og are not yet
thoroughly explored.

The focus of this paper being complete mapping of
the magnetic field-temperature (H-7) phase diagram of
NiNb,Og¢ below its Néel temperature and determination of the

©2023 American Physical Society
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FIG. 1. A unit cell of NiNb,O¢ showing the arrangement of Ni, Nb, and oxygen atoms in (a) the ab plane and (b) the ac plane. In panel
(c), two Ni-Ni ferromagnetic chains are shown within the bc plane running along the ¢ axis.

associated exchange constants, it is important to first describe
its crystal structure and summarize results from previous mag-
netic studies. In the niobate columbites ANb,Og (A = Ca,
Mn, Fe, Co, Ni, Cu, Zn, and Mg [11-15]), Nb>* is non-
magnetic with the A site being the only magnetic divalent
cation. These niobate columbites crystallize in an orthorhom-
bic crystal structure [Figs. 1(a) and 1(b)] with space group
Pbcn-DJ}, with an A-site cation occupying 4c Wyckoff po-
sition possessing strong single-ion anisotropy and Nb™> ion
occupying 8d Wyckoff position in the unit cell [16—18]. The
lattice parameters of the orthorhombic NiNb,Og unit cell are
a=14.0229A,b = 5.6769 A, and ¢ = 5.0184 A [19]. In this
orthorhombic-columbite crystal structure, both the NiOg and
NbOg octahedra form an edge-sharing independent zigzag
chains along the ¢ axis [Figs. 1(c) and 11(a)], where the
magnetic Ni*? ions are arranged ferromagnetically in NiOg
zigzag chains with superexchange interaction mediated by
oxygen ions (Ni-O-Ni). Further, a unique alternate arrange-
ment -Ni-Nb-Nb-Ni-Nb-Nb-Ni- of NiOg and NbOg octahedra
is present along the a axis. The nearest- and next-nearest Ni*?
zigzag chains couple antiferromagnetically, which leads to
the formation of an isosceles triangular arrangement of Ni*2
ions in the ab plane [Fig. 11(b)]. The noncollinear magnetic
moments of Ni*? ions are canted at an angle of 31° to the ¢
axis in the ac plane [19-24]. Furthermore, the spin orientation
follows the alignment of NiOg oxygen octahedra [20].

The first studies of the magnetic properties of NiNb,Og
were reported by Yaeger et al. [25] in 1977. From the sus-
ceptibility measurements on single crystals, they reported
Tx = 6.0 &= 0.3 K. Further, assuming the two-sublattice model
in the mean-field approximation for Ni*? ions, Yaeger e al.
theoretically estimated the anisotropy constant K = 7.9 + 0.7
K/spin and the anisotropy field Hx = (98.0 £ 12.7) kOe at
T = 0 K. Also, the critical fields H, = 32.8 & 5.6 kOe, H, =
45.4 + 6.4 kOe, and H, = 15.1 &+ 10.5 kOe along the a-, b-,
and c-axis were reported. The net dipolar and exchange
ﬁeld, Heff (: Hdip + HE) =46.3 £ 10.5 kOe and g = 2.4+
0.1 were theoretically estimated, but the mean-field approxi-

mation yielded 7y = 6.5 K which is slighter greater than the
experimental value, Ty = 6.0 K. The intrachain ferromagnetic
interaction is more prominent compared to interchain anti-
ferromagnetic interaction in NiNb,Og and this system shows
uniaxial magnetocrystalline anisotropy [25].

Temperature-dependent neutron diffraction studies on
NiNb,Og¢ by Heid er al. [20] in 1996 reported the exis-
tence of antiferromagnetic (AFM) ordering below Ty = 5.7
K and showed the existence of two distinct magnetic struc-
tures corresponding to the two propagation vectors (0 !/,
0) and ('/, '/, 0). Additionally, at T =2 K, the magne-
tization measurements on NiNb,Og single crystal yielded
critical fields of H. = 10.5 kOe and H, = 27.8 kOe along the
c¢- and ag-axis, respectively. Using mean-field approximation,
they determined the intrachain ferromagnetic exchange term
Jo/ks = 9.86 K (along the ¢ axis) and interchain antiferro-
magnetic exchange J; /kg = —0.43 K (along the ab plane) and
Jo/kg = —1.07 K (along the b axis). Since the magnitudes of
Ji and J; are very small compared to Jy, this leads to the low-
dimensional magnetic behavior in NiNb,Og, but not too low
as in CoNb,Og¢ [22]. However, their mean-field calculations
considerably overestimated the Néel temperature Ty = 15.6
K compared to the experimental value of 7y = 5.7 K. The g
factor along the three crystallographic axes g = 2.33, g% =
2.35, and g = 2.36 shows weaker anisotropy in NiNb,Og
compared to other columbites like FeNb,Og and CoNb,Og
[20]. The 2021 studies by Pefia et al. [19] reported Ty = 5.7
K for NiNb,O¢ and their fit of the magnetic susceptibility
data to the Curie-Weiss law for T > Ty yielded Ocw = 12.5
K, C = 1.33 emu K/mol Oe, and e = 3.29 up per Ni%t.
In addition, Pefia et al. reported the ferromagnetic intrachain
interaction term Jy/kg = 7.12 K, and the antiferromagnetic
interchain interaction term J, /kp = —0.29 K (which is an
estimated average of J; and J, as defined by Heid er al. [20])
from the one-dimensional Ising model approximation, and
mean-field approximation, respectively [19].

In this paper, we have combined first-principles density-
functional theory (DFT) calculations with experiments to
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elucidate the magnetic structure of NiNb,Og. Our calcula-
tions correctly describe the magnetic ground state of NiNb,Og
and reveal the presence of a competing next-neighbor anti-
ferromagnetic exchange interaction within the ferromagnetic
Ising chains of Ni. This next-neighbor antiferromagnetic in-
trachain interaction J(()2) is about 20% of the magnitude of the
nearest-neighbor ferromagnetic intrachain interaction Jél) and
is responsible for the canting of the Ni** moments in the ac
plane. Results from our detailed magnetization measurements
covering the temperature (7') range of 1.8 to 300 K in mag-
netic fields (H) up to 90 kOe are used for complete mapping
of the H-T phase diagram along with the determination of the
triple point and magnetic exchange constants. In addition, we
report measurements of the temperature dependence of heat
capacity of NiNb,Og from 2 to 35 K and evaluate its criti-
cal exponents using the data recorded near 7y = 5.59 K. A
comprehensive discussion on the comparison of the exchange
constants determined here vis-a-vis those reported in previous
publications is also presented.

This paper is organized as follows: Section II contains the
experimental and theoretical details, Sec. III summarizes the
specific-heat data, Sec. IV is devoted to the detailed discussion
of the magnetic properties, Sec. V presents determination
of exchange constants from magnetic data, Sec. VI provides
results from the DFT + U calculations, and Sec. VII presents
a summary of the main results and conclusions.

II. METHODS

A. Synthesis, experimental methods, and electronic
structure of NiNb,Og

The polycrystalline nickel niobate NiNb,Og was synthe-
sized in bulk form by employing the standard solid-state
reaction method with the help of a FRITSH ball-milling
machine. Initially, the stoichiometric proportion of transition-
metal oxides NiO and Nb,Os; were weighed accurately and
transferred into a tungsten-carbide jar. Next, the 1:5 weight
ratio of weighed powder to the tungsten-carbide balls (10-
mm diameter) was maintained in the jar, and enough ethanol
was used as a milling medium to reduce the friction while
milling. Finally, these metal oxide powders were milled ho-
mogeneously in a ball-milling machine at a speed of 120 rpm
for 12 h. The milled aqueous solution was dried in an oven
for 24 h before being pressed into cylindrical pellets with a
hydraulic press at a pressure of 50kgcm™2. The cylindrical
pellets were sintered at 1200 °C for 36 h in air. To increase
the crystallinity, the first sintered pellets were remilled and
resintered at 1250 °C for 48 h in air.

The crystal structure and phase purity of this bulk poly-
crystalline NiNb,Og sample were investigated using a Bruker
x-ray diffractometer (model: D§ ADVANCE ECO) with a
Cu-Ka (A = 1.5406 A) source. The recorded x-ray-diffraction
pattern of NiNb,Og at room temperature was refined by us-
ing Rietveld FULLPROF suite software (see Fig. 2), which
yields the lattice parameters a = 14.0374(1), b = 5.6839(2),
and ¢ = 5.0245(1) A with Rprage = 4.0% and global x2 =
6.2. Moreover, these parameters confirm the columbite crys-
tal structure of space group Pbcn-Déﬁ with the absence of
secondary phases. The chemical composition and electronic

o 10lw Atom  x y z ‘Wyckoff position
- Ni 0 0.1549(8) 0.25 4c
cale = Nb  0.1600(3) 0.3202(2) 0.7507(9) 8d
A < o1 0.0890(7) 0.3846(6) 0.4088(9) 8d
| Bragg positions 02 0.0816(5) 0.1079(4) 0.9239(8) 8d
@ 03 02756(9) 0.1284(3) 0.5830(7) 8d
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FIG. 2. Rietveld refined data of room-temperature Xx-ray-
diffraction (XRD) pattern of the NiNb,O¢ sample along with the
marked Bragg positions. The bottom green line represents the differ-
ence between experimental and simulated XRD pattern. In the inset,
coordinates and Wykoff positions of the atoms are listed.

structure of the sample were probed using an x-ray photo-
electron spectrometer (XPS) from ULVAC-PHI, Inc. (model:
PHI 5000 VersaProbe III) configured with a monochromatic
Ag x-ray source with a 20-um x-ray beam size of 4.5 W. The
main conclusion of the results from the XPS analysis, details
of which are given in the Supplemental Material, Fig. S1, is
the presence of Ni*? and Nb*> states in the polycrystalline
NiNb,Og sample [26].

The DC magnetic measurements of the sample were car-
ried out using a Physical Property Measurement System
(PPMS-DynaCool) in vibrating sample magnetometer mode
from Quantum Design, which has a magnetic field strength
up to £9 T and a temperature range of 1.9-400 K. On the
other hand, M-H at 1.8 K was measured in a PPMS (CFMS
system) from Cryogenic Limited, which has a =14 T magnet
and can operate in the temperature range of 1.8 to 400 K.
The heat-capacity measurements of the sample were recorded
from 2.5 to 35 K by using the standard heat-pulse calorimetry
in the PPMS of Quantum Design. A dual-slope analysis was
implemented near the transition temperature to observe the
magnetic field effect on phase transition.

B. Computational details

To gain a deeper understanding of the magnetic structure
of NiNb,Og, we conducted first-principles density-functional
theory (DFT 4 U) studies utilizing the projector augmented-
wave (PAW) method within the VASP software [27-29].
Eleven, ten, and six valence electrons were considered in
the PAW pseudopotentials of Nb, Ni, and O, respectively.
The exchange-correlation functional was computed using
the generalized-gradient approximation as parametrized by
Perdew-Burke-Ernzerhof for solids [30]. The reciprocal space
of the primitive unit cell was sampled using a Monkhorst-Pack
k mesh [31] of size 3 x 9 x 9. The kinetic energy cutoff
for the plane-wave basis set was set to 600 eV. The energy
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FIG. 3. (a) Temperature dependence of heat capacity Cp (T') data
measured at H = 0 and H = 90 kOe for the NiNb,Og¢ sample along
with the specific-heat data of ZnNb,Og from Ref. [33]. The inset
shows the temperature dependence of the specific-heat difference
ACp = [Cp(NiNb,Og, H =9T) — Cp(ZnNb,Og, H = 0)] peaking
near 15 K. (b) Plot of Cp.yae/T vs T shows the ordering temperature
at Ty = 5.59 £0.02 K and the plot of entropy Sy, vs T (right y
scale).

and force convergence criteria in all DFT 4 U calculations
were set to 1077 eV and 1073 eV/A, respectively. The on-site
Coulomb interaction effects for Ni 3d electrons were ad-
dressed at the mean-field level using the rotationally invariant
DFT + U method proposed by Liechtenstein et al. [32]. We
fixed U =5.0 eV and J = 1.0 eV for Ni 3d orbitals, as this
set of values correctly describes the ground-state magnetic
ordering and accurately predicts the lattice parameters within
~0.2% uncertainty compared to the experimental data. To
determine the first- and second-neighbor magnetic exchange
interactions, we performed DFT + U calculations on a 1 x
2 x 2 supercell considering the collinear magnetic configura-
tions, i.e., no spin-orbit coupling effects were considered. The
DFT + U optimized lattice parameters for the antiferromag-
netic ground state (discussed below) in Pbcn crystallographic
space group are a = 14.0751, b = 5.6837, and ¢ = 5.0144 A,
which are in good agreement with our experimental data.

III. THERMAL VARIATION OF SPECIFIC HEAT AND
CRITICAL EXPONENTS NEAR NEEL TEMPERATURE

The measurements of specific heat Cp (T") vs T carried out
in the temperature range of 2.5 to 35 K for H =0 and H =
90 kOe are shown in Fig. 3(a). The zero-field Cp curve
indicates a clear A-type anomaly across the transition tem-
perature, Ty =5.59£0.02 K. But, the Cp vs T data
at H =90 kOe do not show any sharp peak; instead,
Cp increases gradually with increasing temperature up to
35 K. For H =90 kOe, the system is in a forced fer-
romagnetic state as shown later (see Fig. 8) and so

the anomaly in Cp observed for H =0 at Ty is not
observed for H = 90 kOe since the system is already in or-
dered state. This also explains why Cp (H = 90 kOe)< Cp
(H=0) for T < 10 K. However, for T > 10 K, the ob-
servation that Cp (H = 90kOe) > Cp(H = 0) may be due
to extra contribution from magnons present in the forced
ferromagnetic state. In the inset of Fig. 3(a), plot of the tem-
perature dependence of the specific-heat difference ACp =
[Cp(NiszO(,, H = 9T) — Cp(Zl’lezO@, H = 0)] shows a
peak near 15 K. This peak may be related to the fact that
in temperature units (kg7 = gugH), 1 T = 10* Oe ~ 1.57 K
using g = 2.33 determined later for NiNb,Og, and so 9T ~ 14
K. Therefore, above T = 14 K corresponding to H =9 T,
thermal energy is large enough to reduce the contributions
from magnons yielding the observed peak for ACp. The
Cp (T) measurements of isostructural nonmagnetic ZnNb,Og
system [33] are utilized here and below to determine this
magnetic contribution to Cp.

In antiferromagnets, the magnetic contribution to specific
heat varies as 7>, which is the same as the lattice contribution
at lower temperatures. This same temperature dependence
leads to difficulty in the separation of magnetic and lattice
specific heats. Again, we utilized the Cp (T') measurements of
isostructural nonmagnetic ZnNb,Og system [33] to determine
the Cp.mag vs T for the H = 0 case.

In Fig. 3(b), the magnetic specific heat is plotted as
Cpmag/T vs T for H =0; the sharp A-type anomaly
indicates the long-range magnetic ordering below Ty =
5.59 K. The magnetic entropy, Spae, of magnons in spin
waves is calculated by numerical integration of Cp.mae/T
by using Eq. (1) listed below [34], which is shown in the
right y scale of Fig. 3(b) for the temperature range of 2.5 to
35 K at H=0. Beyond T =33 K, the total Sp,, satu-
rates at 8.33Jmol~! K~ for zero field. Moreover, the Spag
saturation indicates the domination of phonon contribution
at T > 33 K. The theoretical estimate of Spae = RIn(2S +
1) for S =1 [34], which possesses three degenerate mag-
netic ground states, produces the limiting value of Spae =
9.13Tmol~! K~!, which is in close agreement with the ex-
perimental estimate of Sy, = 8.33 Jmol™ K=! (~91%) at
T =33 K for H = 0. Using this experimental Sy, value and
R =8.314Tmol~! K~!, we determined the spin, S = 0.86 =
1 for the NiNb,Og¢ system.

T
G -ma;
Smag(T) = f T (1)
0

The specific-heat data in Fig. 3(a) display a clear second-
order magnetic phase transition at 7y = 5.59 K with no latent
heat for H = (. Further, to estimate the behavior of Cp in
the vicinity of Ty both in the ordered and disordered phase,
we employed a critical exponent analysis using the equation
Cp = A(T — Tx)™%, where « is the critical exponent and A
is a constant [35]. The exponent « is determined for both
critical regions, T > Ty and T < Ty, using the linear fit of
the Cp vs |T — In| plot represented in log scale as shown
in Fig. 4. The ordering temperature 7y is varied in steps of
0.01 K from 5.58 to 5.61 K for the best linear fit and the
corresponding « values. We found an excellent fit for Ty =
5.59 K with o = 0.349(1) for T < Ty valid in the critical
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FIG. 4. Thermal variation of Cp.m,, in the vicinity of Ty is fitted
to the equation Cp = A|T — Ty|™* using log-log plot with the linear
fits yielding exponent « for both 7 < Ty and T' > Tx.

region 0.08 < |T — Tx| < 0.40 and o = 0.349(2) for T > Ty
valid in the critical region 0.07 < |T — Tx]| < 0.35 for the
NiNb,Og system using the least-square linear-fit analysis. For
comparison, o ~ 0.05 has been reported for cubic antiferro-
magnet RbMnF; [36], ¢ = 0.1 for uniaxial antiferromagnet
MnF, [37], and @ = 0.68 and o = 0.58, respectively, for 3D
Ising antiferromagnets CoCs3Cls and CoK;(SOy), - 6H,O
[38]. The magnitude of o ~ 0.35 reported here for NiNb,Og
falls in between that observed in uniaxial MnF, and the 3D
Ising systems [38]. These comparisons suggest that magnitude
of « increases with increase in magnetic anisotropy.

IV. MAGNETIZATION RESULTS AND DISCUSSION

A. Magnetic ordering temperature
and its magnetic field dependence

The temperature (3—300 K) dependence of DC-magnetic
susceptibility data, x(= M/H) at H = 500 Oe in both zero-
field cooled (ZFC) and field-cooled (FC) conditions are shown
in Fig. 5(a) for the studied NiNb,Og sample. Initially, the
sample was cooled from 300 to 3 K in the presence of H = 0
Oe (H = 500 Oe) for ZFC (FC) protocol, and the magnetic
measurements were recorded during warming of the sample
up to 300 K. The plots of xpc and xzrc vs T in Fig. 5(a)
for H = 500 Oe show that xrc and xzgc are effectively equal
in the entire temperature range, both peaking at 7p = 6.5 K,
followed by rapid decrease with decreasing temperatures. For
comparison, the temperature dependence of magnetic suscep-
tibility in single crystals of NiNb,Og reported by Yaeger et al.
[25] for applied H along the a, b, and ¢ axes showed that
Xa and x; are effectively temperature independent below 7p,
but x. for H applied along the easy c axis decreases rapidly
towards zero with decrease in 7" below 7p. Comparing the
magnitudes of xgc and xzgc in our polycrystalline sample at
Tp = 6.5 K and at the lowest 7 = 3 K in Fig. 5(a) with those
of x., x», and x. reported in single crystal of NiNb,Og [25],
it is found that as expected, the measured x in our polycrys-
talline sample of NiNb,Og is effectively an average of ., x»,

0.4

- ] @ \—> Heisenberg chain fit H =500 Oe
8 ~O—ZFC
- 0.3 1 —4~—FC
S

=

E 0.2 X, = -2.28 x 10 emu/mol-Oe
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o |® .
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FIG. 5. (a) Temperature dependence of DC-susceptibility x mea-
sured at H = 500 Oe showing a broad peak at 7p = 6.50 K in both
ZFC and FC condition; Fit of x vs T to the Heisenberg linear chain
model [Eq. (5)] is shown as a blue line with the parameters of the
fit listed in the figure. (b) Computed plot of d(x T)/dT vs T showing
a sharp peak corresponding to the AFM to PM phase transition at
Tn = 5.85+0.07 K.

and y.. Also, the temperature dependences of x,, x», and x.
in NiNb,Og [25] are similar to those in other antiferromagnets
in which x(||) measured for H applied along the easy axis
rapidly decreases with decrease in 7 < Tp approaching zero
forT = 0K, but x (L) for H applied perpendicular to the easy
axis is nearly temperature independent for 7 < Tp, leading
to a positive constant value in the 7 = 0 K limit. In x vs
T variation in Fig 5(a) for our polycrystalline NiNb,Og, the
rapid decrease with decrease in T < 7Tp is interpreted to be
due to the x(||)/3 contribution of rapidly decreasing parallel
susceptibility x..

The Néel temperature, Ty, in antiferromagnets is usually
less than Tp; instead, 7y is accurately determined by the peak
in the d(x(|)T)/9T vs T plot, because the product [x (||).T]
represents the magnetic energy, and its temperature derivative
is equivalent to the heat capacity [39—44]. As noted above,
in our polycrystalline NiNb,Og, measured x contains y (||)/3
contribution from the parallel susceptibility of x. and so in a
plotof d(xT)/dT vs T, a peak would be expected because of
the contribution from .. The plot of the computed d(x7')/0T
vs T in Fig. 5(b) indeed resembles the A-type anomaly across
the transition temperature in specific-heat data. This computed
d(xT)/oT vs T plot in Fig. 5(b), yields a peak at Ty =
5.85£0.07 K for H = 500 Oe, which is slightly larger than
In = 5.59 £ 0.02 K determined from heat-capacity analysis
at H = 0 [Fig. 3(a)]. This small difference may be due to the
presence of x(L) in the measured yx since the temperature
dependence of x (L) for T < 7p is much weaker. For com-
parison, in NiNb,Og, Ty = 5.7 K was reported by Heid et al.
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FIG. 6. Plots of (a) d(xT)/dT vs T and (b) dM/dT vs T using
the measured M vs T plots for H < 10 kOe and H > 10 kOe,
respectively. Inset in (b) shows location of 7c for H =20 and
25 kOe.

[20] and Pefa et al. [19], and Ty = 6.0 &= 0.3 K was reported
by Yaeger et al. [25]. It is noted that the d(x7)/90T analysis
to determine 7y in NiNb,Og is valid only for H < 10 kOe
[Fig. 6(a)], since only for H < 10 kOe the transition is from a
low-temperature AFM state to high-temperature paramagnetic
(PM) state. This method fails for H > 10 kOe because the
transition then is from a spin-flip phase to the PM phase and
the peaks are very broad. Since the spin-flip phase has some
AFM component combined with more FM component, the
corresponding ordering temperature 7¢ is determined from the
inflection points (marked by arrows) in dM/dT vs T curves
up to 15 kOe as shown in Fig. 6(b). Above 15 kOe, since
the FM component is more dominant in the spin-flip phase,
the minimum in the dM/dT vs T curves is considered as T,
which is clearly shown in the inset of Fig. 6(b). From overall
observation, the ordering temperatures (7y or T¢) reduces
from 5.85 to 5 K as the magnetic field increases from H = 500
to 25 kOe. Beyond H = 25 kOe the system tends to saturate
near T = 5 K as noticeable in the H-T phase diagram shown
later (see Fig. 10).

B. Temperature dependence of DC-magnetic susceptibility

The thermal dependence of paramagnetic susceptibility
x for T > Ty, has been analyzed through the mathemati-
cal curve-fitting approach of modified Curie-Weiss (MCW)

~8 250
‘o Ko =-228 % 10™ emu mol™ O¢™!
2004 9 6
S
—~ 15 o L200 B
Eiffs S
1509 —
< - ]
— 2
[ o g
g = 150 —
1 2 3 4 =
D 3 1l
= 100+ T (10° K" g
E SN
e L 100
= C=1.36+0.02 emu K mol" 0" || /;o
=R 50 0=105K |
=330 002, =
50
C=1.30%0.02 emu K mol” Oc¢”
04 0=132K
Py =3.22£0.02 p,
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T T T T T T T T T T T
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FIG. 7. Temperature dependence of inverse magnetic suscepti-
bility (x—xo)™" for xo =0 and —2.28 x 10~*emumol~' Qe™! in
left- and right y scale, respectively. Note that the y scales for the two
plots are different and shifted. The solid black lines represent the
linear fits to MCW [Eq. (2)] in the paramagnetic region yielding the
magnitude of C and 0 listed in the figure. Plot of x vs I/T is shown
in the inset for the estimation of x, through linear extrapolation of x
in the limit 1/7 — 0 from high-temperature data points.

law [45]:
C
X=Xo+—(T_0). 2)

Here, the magnitude of yo is negligible and it is a
temperature-independent term which arises due to the dia-
magnetic contribution of materials, and also from the Van
Vleck susceptibility if present. The experimental estimate
of xo is very challenging due to its negligible value;
for this purpose we plotted x vs 1/T (inset of Fig. 7)
with the linear extrapolation of x for 1/7 — 0 yielding
xo = —2.28 x 10~*emumol~! Oe~!, where the paramag-
netic term C/(T —6) in Eq. (2) vanishes. Using xo =
—2.28 x 10~*emumol™! Oe~! and xo = 0, we have plot-
ted (x — xo)~' vs T as shown in the right- and left y
scales of Fig. 7, respectively. The linear fit to the plot
(x — x0)~" vs T in the higher-temperature region (T > 30
K) yields C = 1.36 £ 0.02emuK mol~! Oe™! and 6 = 10.5
K for xo = —2.28 x 10~*emumol~' Oe~!, whereas C =
1.30 £ 0.02emu K mol~! Oe~! and 6 = 13.2 K are obtained
for xo = 0. The positive value of 6 suggests that the dominant
exchange interaction is ferromagnetic in NiNb,Og, which is
consistent with our theoretical investigations, details of which
are presented later.

The equation C = NA,ugff /3kg (Na = Avogadro’s num-
ber, kg = Boltzmann constant) yields the effective mag-
netic moment e = 3.30(2) ug/Ni*t for xo = —2.28 x
107*emumol~' Oe™! and e = 3.22(2) ug/Ni** for xo =
0. Previous studies by Pena er al. [19] and Sarvezuk et al.
[45], respectively, reported pterr = 3.29 ug and per = 3.3 up
per Ni?* ion, which are in excellent agreement with our result,
Ueir = 3.30(2) ug/Ni>* for yxo # 0. Thus, the correction for
Xo 1s important since it leads to more accurate determination
of wesr, C, and 6 values.
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FIG. 8. Magnetic field dependence of magnetization (M) at 1.8 K
and the corresponding plot of computed dM/dH vs H in the right y
scale peaks at Hc; = 10.8 & 0.5 kOe. The dashed red lines show the
linear extrapolation of dM/dH for the determination of Hs = 38 £+
2 kOe. The plot of M vs I/H at T = 1.8 K is shown in the inset for
the estimation of M in the limit of 1/H — 0 using the data for H >
40 kOe.

The g factor is determined from the equation u? =
& 112S(S + 1) and by using e = 3.30(2) 15 /Ni** (obtained
from MCW law) with S = 1 yields g = 2.3334, which is in
very good agreement with g (average of g™, g7, and g&) =
2.34 reported by Heid et al. [20]. Since g > 2, it signifies
some contribution of spin-orbit coupling effect to the mag-
netic ground state of Ni*. The z component of effective
magnetic moment wu, = gS up is estimated using g = 2.3334

(for xo # 0) and S = 1, which yields u, = 2.33 ug, in good
agreement with u, = 2.4 ug reported by neutron-diffraction
analysis of Heid et al. [20].

C. Magnetic field-induced spin-flip transitions
and saturation magnetization

The magnetic field dependence of magnetization M(H)
was measured at 1.8 K from 0 to 90 kOe for the polycrystalline
NiNb,O¢ sample, which shows a noticeable slope change near
10.8 kOe as displayed in Fig. 8. Similar M vs H measurements
have been carried out up to 90 kOe for the temperatures
below Ty, and the slope change at various temperatures can
be noticed in the inset of Fig. 9 up to 14 kOe. Further, the
critical field corresponding to slope change can be accurately
determined by 0M/0H vs H plot, which yields a peak at
Hcp = 10.8 kOe for T = 1.8 K as shown in the right y scale
of Fig. 8. This value is in excellent agreement with H, = 10.5
kOe for H||c at T = 2 K reported in single crystals by Heid
et al. [20], and in concordance with our estimated value of
Hcp = 10.6 kOe at T = 1.7 K from the digitalized data of
Pefia et al. [19]. Similarly, for different T < Ty, the OM/OH
vs H plots are shown in Fig. 9, showing a decreasing trend of
Hc with increasing temperature.

In NiNb,Og, the Ni** ferromagnetic chains along the ¢
axis align antiferromagnetically with the neighbouring chains
resulting in an overall antiferromagnetic ordering. For H >
Hc, fraction of grains whose local easy axis (c axis) coincides
with the direction of applied field flip the spins of oppositely
oriented neighboring ferromagnetic chains to align along its
direction. This leads to a transition from AFM to spin-flip
phase as shown in the latter H-T phase diagram (Fig. 10).
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FIG. 9. Plots of computed dM/dH vs H using the data of isothermal M vs H curves for various temperatures (1.8 to 5.5 K) with the peaks
yielding spin-flip field, Hc;. Inset shows the clear change of slopes near Hc; in M vs H plots at different 7'.
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FIG. 10. H-T phase diagram of NiNb,O¢ sample for H parallel
to the a axis in (a) and H parallel to the ¢ axis yielding a triple point,
Trp(H, T) =(5 kOe, 5.50 K) in (b). Lines connecting the data points
are visual guides, and references to sources of the data points are
listed in the figure. The acronyms used for the magnetic phases are
as follows: PM, paramagnetic; AFM, antiferromagnetic; and IFM,
induced ferromagnetic.

Usually spin-flip transitions are first order with a finite
jump in magnetization and possess hysteresis loops, which
are observed in NiNb,Og¢ single crystal [20]. However, the
current sample being polycrystalline, we observe a continu-
ous change in magnetization, although Sarvezuk et al. [46]
reported a weak hysteresis loop even in a powder sample.
Since the a axis is an intermediate hard axis, as H exceeds
Hc; some fraction of grains have their a axis aligning with the
external field direction, which would yield another spin-flip
phase transition. The critical field Hcy could not be detected
for the current polycrystalline sample, likely because fewer
grains are oriented along the field direction, but Hey = H, =
27.8 kOe for H || a is reported in single-crystal studies [20].
Further increase in H at a specific field Hs(= Mg/ x,1 ) leads
to the induced ferromagnetic state (IFM), where all the spins
are forcibly brought to align parallel to the applied field
by overcoming the exchange-coupling field, Hg (= Hs). The
magnetic field Hs = 38 £2 kOe at T = 1.8 K is determined
from the linear extrapolation of 0M/OH vs H curve, which
is shown as dotted lines in Fig. 8 [43]. Since the b axis is
the hardest axis, hence this experimental value is in close
agreement with our estimated value H, = 37 £+ 2 kOe for
H || b axis at T =2 K from the digitalized data of Heid

et al. [20]. Similar estimation of Hg has been done for dif-
ferent temperatures up to 5 K, above which the system enters
the paramagnetic region as shown in the H-T phase diagram
(Fig. 10).

The saturation magnetization is determined from the M
vs 1/H plot at 1.8 K as shown in the inset of Fig. 8§;
the linear extrapolation of M in the limit of 1I/H — 0
yields Mg = 12720(8) emu mol~!. Further, using the relation
Ms = Na gup S at absolute zero and g = 2.3334 (obtained
from MCW law) with S =1 yields the calculated Ms =
13032 emumol~!. This calculated value is just 2.4% larger
than the experimental value, and this minute difference is
attributed to the decreasing nature of Mg with increasing
temperature, as we estimated Mg experimentally at 1.8 K
compared to the calculated value at O K. This good agreement
confirms the spin § =1 and g = 2.3334 for the magnetic
ground state of Ni*? in NiNb,Og sample. Next, from Hg =
Hs =38 kOe and Mg = 12720emumol~!, the equation
Ms = x(L)Hg [47] yields x(L)=0.34emumol~' Oe~!,
which is in excellent agreement with the peak value of x =
0.36emumol™! Oe™! at Tp = 6.5 K measured for H = 500
Oe [Fig. 5(a)]. Here, x(L) is the susceptibility measured
perpendicular to the easy axis in single crystals, which is
only weakly dependent on temperature below 7y and so it is
nearly equal to the peak value of x in AFM systems, similar to
the observations in NiNb,Og [25]. This consistency between
experimental and calculated x (L) provides the confirmation
of Hg in this columbite.

D. Magnetic field-temperature (H-T) phase diagram
and triple point

The magnetic field-temperature (H-T') phase diagram for
Hl|la and Hl||c axes is shown in Figs. 10(a) and 10(b), re-
spectively. For the H || a axis, we utilized the temperature
dependence of Cp data at various magnetic fields measured
on single crystal from Ref. [8], where the Ty reduces almost
to zero as H approaches the critical field, Hocp ~ 35 kOe.
Further increase of H > 35 kOe near 0 K results in growth
of quantum fluctuations and leads to quantum disorder phase.
Next, we included the spin-flip field H, for the H || a axis
from Ref. [20] and Ty = 5.59 + 0.02 K from the current Cp
data at H = 0 in Fig. 10(a).

Since Hc falls in the range of H, for H||c on single crystal
(from Ref. [20]), we used the temperature variation of Hc
and Hg determined from OM/OH vs H plots for the map-
ping of H-T phase diagram along the H||c axis [Fig. 10(b)].
Further, we included Ty vs H and T¢ vs H from the peaks
and inflection points in d(x7T)/dT vs T and oM /3T vs T
plots, respectively, at different H. Additionally, we added the
magnetic field H, determined from the digitalized data of
Ref. [20] at 2 K which lie in the range of Hs. Our estimation of
Hci vs T from the digitalized M vs H data of Pefia et al. [19]
at different temperatures follows the same trend as the Hc
vs T reported for the current sample as shown in Fig. 10(b).
Summarizing all the data points leads to four distinct magnetic
phases that include AFM, spin-flip, IFM, and PM phase with
a triple point at Ttp (H, T) =(5.0 kOe, 5.50 K), where AFM,
spin-flip, and PM phases coexist in the H-T phase diagram
mapped along the H||c axis [Fig. 10(b)]. This determination
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FIG. 11. Schematic diagram of NiNb,Og structure which shows only Ni atoms for brevity. (a) represents the zig-zag intrachain of Ni-
Ni atoms running along ¢ axis. Jél) and Jéz) denote the first and second NN intrachain interactions within each Ni-Ni chain, respectively.
(b) represents the hexagonal-like lattice of Ni-Ni ferromagnetic chains as viewed from the ¢ axis. J; and J, denote the interchain interaction
between the Ni-Ni ferromagnetic chains at the mean- field level. The estimated bond length for Jél), Jéz), Ji, and J, exchange interactions is
3.0, 5.0, 4.6, and 7.6 A, respectively. Fitting of the DFT + U energy values computed for various different collinear spin configurations in a
1 x 2 x 2 supercell, with our Hamiltonian for the (c) intrachain and (d) interchain spin models.

of the H-T phase diagram for NiNb,Og system is a significant
result of this work.

V. MAGNETIC STRUCTURE AND EXCHANGE
CONSTANTS

Since NiNb,O¢ possesses similar crystal structure and sim-
ilar magnetic moment alignment with tilt angle 31° to the
c axis as the CoNb,Og¢ system, it exhibits similar intrachain
ferromagnetic exchange interactions (Jy) along the ¢ axis and
the interchain antiferromagnetic exchange interactions with
constants J; and J, along the b axis and in the ab plane,
respectively [Figs. 11(a) and 11(b)]. To evaluate the exchange
constants for the present system, we used the same method
as in the CoNb,Og¢ system reported in Ref. [48]. For this we
solved the equations of energy eigenvalues from the proposed
Hamiltonian in Ref. [48] and obtained the following equations
forJ; and J; :

J1 = —gupcosa(2Her + Hs)/(6S), 3

and

Jy = —gupcosa (Hs — Hcy)/(6S cos 2w). “4)

Using the experimental values of Hc; = 10.8 kOe and
Hs = 38 kOe for H||c axis along with S = 1, « = 31°, and
g = 2.3334 (obtained from MCW law), Egs. (3) and (4) yield
Ji/kg = —1.335 K and J,/kg = —1.298 K, respectively. The
slightly higher magnitude of J; compared to J, indicates rel-
atively stronger AFM interactions along the b axis, which
is due to the relatively shorter bond distance along the b
axis (5.68 A) compared to the longer bond distance along the
diagonal (7.57 A) in the ab plane.

Next, by wusing the standard equation Jy/kg =
3Tc/[ZS(S 4+ 1)] from the molecular-field theory with
S =1, Tc =5.60 K (near the triple point, Trp above which
the spin-flip to PM transition occurs) and Z = 2 (nearest
neighbors along the ferromagnetic chain, i.e., ¢ axis) yields
Jo/ks = 4.20 K. The above estimated results are listed in
Table I along with the exchange constants reported in the
previous works [19,20,46].

The temperature variation of magnetic susceptibility for
the Heisenberg linear chain (HLC) is given by [49]

c/1+T
x=xO+7(L). 5)

1-T
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TABLE I. The intrachain ferromagnetic exchange constant, Jy, and the interchain antiferromagnetic exchange constants J; and J, are listed

from this work, Supplemental Material [26] and literature.

Jo/kg (K) Ji/ks Jr/ks Type of spin chain along the ¢ axis References
4.20 —1.335K —1.298 K Heisenberg This work
6.01 —-0.29K (J}) —-0.29K (J}) Ising This work [26]
9.86 —-1.07K —-043K Heisenberg [20]

6.0 —035K (J1) —0.35K (J1) Ising [46]

7.12 —029K (J1) —029K (J1) Ising [19]

In Eq. (5), T = coth(y)—(1/y) with y =2JS?/kgT and
we use S=1, xo =—2.28 x 107*emumol~! Oe~! and
C=1.36+0.02emuKmol~! Oe™' obtained from MCW.
In Fig. 5(a), the fit of the y vs T data of NiNb,Og to
Eq. (5) shows excellent fit of the data in the paramagnetic
region above 15 K yielding the total magnetic exchange
strength, J/kg = 7.00 K. Note that J/kg = Jo/ks + |J1/ks| +
|J2/kg| = 6.833 K, which is in decent agreement with J/kg =
7.00 K determined from the HLC model. This establishes the
accurate determination of exchange constants Jy, Ji, and J; in
NiNb;Og.

J

first NN

second NN

VI. DFT + U CALCULATIONS

To further elucidate the nature of the magnetic exchange in-
teractions in NiNb,Og, we performed first-principles DFT +
U calculations as described in Sec. II, Methods. Using the
DFT + U optimized primitive cell, we created a 1 x 2 x 2
supercell structure, i.e., 16 formula units of NiNb,Og con-
taining 4 chains of Ni-Ni atoms running along the c-axis, as
shown in Fig. 11(a). We systematically calculated the total
energy for all possible collinear spin configurations within the
supercell (see Supplemental Table S1 [26]) and mapped the
DFT+U calculated total energies onto the spin Hamiltonian
given below [50-52].

first NN second NN

H=E—J" Y $S;—J? > SSi—h Y. SSi—h Y. SiS;. (6)

(ij) (ij)

(ij) (ij)

Intrachain

Here, E, represents a rigid shift in total energy, and S; and
S; denote the spin ordering at different Ni sites. We used four
exchange interaction parameters which can be separated into
two parts (see Fig. 11): intrachain (Jél) and J, (2)) and interchain

(/1 and J,). The intrachain Jél) and J(gz) exchange interactions
correspond to the first- and second nearest-neighbor (NN) in-
teractions within a Ni-Ni chain, respectively. The interchain J|
and J, exchanges correspond to the first- (// to the b axis) and
second-NN (within the ab plane) interactions between the fer-
romagnetic chains of Ni. Note, in order to estimate J; and J,
at the mean-field level, we consider each Ni-Ni ferromagnetic
chain as one spin entity. The correspondlng bond distances for
the considered intrachain J, () and J ) interactions are 3 and
5 A, whereas for the 1ntercham Ji and J, interactions are 4.6
and 7.6 A, respectively.

Figures 11(c) and 11(d) show the fitting of the DFT + U
energies (AE = E — Ej) computed for different spin con-
figurations without considering spin-orbit coupling effects
and the corresponding fitting to our spin Hamiltonian for
the intrachain [Fig. 11(c)] and interchain [Fig. 11(d)] inter-
actions. The best fit of the data yields intrachain J D2 =
+1.02 meV, Jéz)S2 = —0.2 meV, and interchain J; 5 = —0.4
meV, J/,8? = —0.11 meV. The positive (negative) sign de-
notes FM (AFM) magnetic interactions. Considering § = 1,
we obtain J\" /kg = +11.8 K, J$* kg = —2.32 K, J /kg =
—4.64 K, and J,/kg = —1.28 K. These results imply that
the nearest-neighbor intrachain Jél) interaction is responsible

Interchain

(

for setting the ferromagnetic order within each Ni-Ni chain.
Interestingly, we also notice the presence of a relatively small
but significant (~20% of |J(§1) |) second-NN interchain inter-
action J(()z) having an AFM nature [Fig. 11(a)]. We argue that
this exchange interaction could play a pivotal role in setting
the canted magnetic moments of Ni2* ions in the ac plane,
as observed in experiments [20]. The interchain exchange
interactions, J; and J,, are both antiferromagnetic in nature
(JJ1] > |J2|), with smaller ma%nltudes compared to the domi-
nant intrachain interaction J , which are consistent with our
experimental observations (see Table I). It is worth noting that
our DFT 4 U calculated exchange parameters are overesti-
mated compared to the experimental results. This is primarily
because DFT + U calculations were performed for collinear
magnetic configurations without considering spin-orbit cou-
pling effects, i.e., no canting of moments was considered.
Furthermore, in our theoretical spin model, we consider two
distinct intrachain parameters: the nearest-neighbor J; (D and
the next-nearest neighbor J(() ) parameters. This approach al-
lows us to account for the competing second-neighbor AFM
intrachain exchange, which is ignored when using just one
parameter Jy in our experiments, as discussed above.

VII. SUMMARY AND CONCLUDING REMARKS

From the comprehensive experimental and theoretical
studies reported here on the nature of magnetism in

224430-10



MAGNETIC STRUCTURE AND FIELD-INDUCED ...

PHYSICAL REVIEW B 108, 224430 (2023)

NiNb,QOg, the following results are highlighted. First, the
fit of the paramagnetic susceptibility x(T) vs T data
to x = xo 4+ C/(T — 0) with xo = —2.28 x 10~*emumol !
Oe! yielded positive & = 10.5 K characteristic of dom-
inant ferromagnetic exchange coupling, and C = 1.36 &+
0.02emu K mol~'0e ™!, the latter yielding per = 3.30(2) up
per Ni%* ion with effective g = 2.3334. Second, results from
the magnetic field-induced transitions reported here along
with those from previous studied led to the important H-T
phase diagram shown in Fig. 10 for the easy and hard direc-
tions including the triple point Ttp (H, T') =(5.0 kOe, 5.50
K). Third, fit of the specific heat Cp vs T data near Ty to
Cp = A|T — In| ™% yielded the critical exponent @ = 0.349(2)
[0.349(D]for T > TN [T < Tn] with Ty = 5.59 £ 0.02 K, the
latter in close agreement with 7y = 5.85 = 0.07 K determined
from the peak in d(x7)/dT vs T plot. Fourth, using the mag-
netic data, the intrachain ferromagnetic exchange constant Jy
and the interchain antiferromagnetic exchange constants J;
and J, have been determined (see Table I). Further, the total
magnetic exchange interaction strength J obtained from the
HLC model confirm the Heisenberg linear chain magnetism
of NiNb,O¢. And fifth, the magnetic ground state of NiNb,Og¢
determined using DFT + U calculations report the intrachain
constants J§"/kg = 11.83 K and J”/kg = —2.32 K, and
interchain constants J; /kg = —4.64 K and J,/kg = —1.27
K. However, these exchange constants are somewhat over-
estimated due to the neglect of spin canting and spin-orbit
coupling in the calculations which require more extensive

computing power. Additional studies near the triple point may
also be quite fruitful.
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