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Quasi-one-dimensional magnetic properties of NiNb,_, V,O4 compounds synthesized at high
pressure in a nonstandard columbite-type structure
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We report on the low-dimensional magnetic behavior of the series of compounds NiNb,_, V.0 (0 < x < 2),
with a columbite-type crystal structure stabilized at high pressure and temperature. Based on susceptibility,
magnetization, and specific-heat measurements, the system is characterized as presenting quasi-one-dimensional
magnetism, with Ni*" magnetic moments that can be modeled as Ising spins, placed along zigzag chains in
the crystal structure. The low-temperature phase is found to consist of an antiferromagnetic arrangement of
ferromagnetic chains, and a metamagnetic transition to uniform ferromagnetic order is observed under magnetic
fields slightly above uoH = 1 T. We discuss the effects of substituting vanadium for niobium, maintaining the
same crystal structure along the whole series of samples. In particular, the long-range magnetic order, most
clearly seen for x = 0, tends to be suppressed as the vanadium content is increased. The exchange interactions
are quantified, revealing that the ferromagnetic intrachain interactions vary from about 7 K for NiNb,Og¢ to 2 K
for NiV,0g, remaining one order of magnitude larger than the mean antiferromagnetic interchain coupling.
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I. INTRODUCTION

The diversity of physical properties observed in com-
pounds of the AB,Og system is directly linked to the different
possible structures in which they crystallize. In this system, A
is a divalent metallic ion while B is a nonmagnetic pentavalent
metal of the fifth group. Subfamilies of the AB,Og compounds
are called tantalites, niobates, or vanadates when B = Ta,
Nb, or V, respectively. In general, the symmetry of the unit
cell in room-pressure synthesized compounds is reduced from
tetragonal in the tantalites to orthorhombic in the niobates, and
triclinic in the vanadates. However, the A cations also play
an important role in determining the structure of each spe-
cific compound. Concerning magnetic properties, long-range
magnetic ordering in tetragonal tantalites has been described
by two-dimensional models of Heisenberg spins with single-
ion anisotropy [1-3], while quasi-one-dimensional Ising-like
magnetism successfully models the orthorhombic niobates
[4-8]. The Ising model, as in all real systems, is a good
approximation in the presence of strong spin anisotropy of
the type DSZ, with the origin on the spin-orbit interaction
associated with quenching of the orbital angular momentum in
the crystal field. Here we focus on a description of magnetism
in the series of compounds NiNb,_, V,Og, which we obtain in
the orthorhombic columbite-type structure of the Pbcn space
group by synthesis in extreme conditions of pressure and
temperature.

In general, the transition metal niobates, ANb,QOg, crys-
tallize in the columbite-type structure, while the vanadates,
AV,0¢, may present several polymorphs depending on the A
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ion. For example, MnV,0Og is monoclinic and crystallizes in
the C2/m space group [9]. On the other hand, depending on
the temperature of synthesis, CoV,0¢ can be monoclinic («
phase) or triclinic (y phase) [10—12]. The structure is unequiv-
ocally triclinic when A = Ni,Cu. Here we use the niobate
NiNb,Og as the reference compound of the series.

NiNb,Og is formed by successive layers of oxygen octahe-
dra surrounding the Ni>* and Nb>* cations. The octahedra
around Ni** ions are distorted, and they are arranged in
zigzag edge-sharing chains parallel to the ¢ axis. Along the a
axis, NiOg and NbOg octahedra form an alternating sequence
NiNbNDNi...[13]. The magnetic moments of Ni** ions lie on
the ac plane, forming ferromagnetic (FM) zigzag chains, with
a spin easy axis canted by approximately 31° with respect to
the crystallographic ¢ axis [14]. The Ni** chains intercept
the ab plane at points arranged in an isosceles triangular
geometry. These chains are antiferromagnetically coupled in
the transverse directions. Such coupling would be frustrated in
a regular triangular geometry, but this is not so with isosceles
triangles, allowing for different spin patterns. Two coexist-
ing magnetically ordered phases, with propagation vectors
(0,1/2,0) and (1/2,1/2,0), have been reported [8,14,15].
Dislocations causing local strain or surface effects can favor
one or the other, producing magnetic domains of these phases
even in single crystals. In the analogous compound CoNb,Og,
the one-dimensional character of the Co*" chains dominates
the magnetic behavior. In that case, interchain interactions
yield a sequence of transitions, first to a three-dimensional
incommensurate antiferromagnetic (AF) ordering at a temper-
ature TI\?“C) ~ 2.9 K, and then, at Ty ~ 1.9 K, to a coexistence
of two AF phases with propagation vectors (0, 1/2, 0) and
(1/2, £1/2, 0), the first one being dominant (~80%) [7]. In
NiNb,Og, the larger orthorhombic distortion leads to weaker

©2021 American Physical Society


https://orcid.org/0000-0003-3800-5694
https://orcid.org/0000-0003-2007-1597
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.094409&domain=pdf&date_stamp=2021-03-04
https://doi.org/10.1103/PhysRevB.103.094409

J. PENA, M. A. GUSMAO, AND O. ISNARD

PHYSICAL REVIEW B 103, 094409 (2021)

competition of the interchain interactions, so that a transition
occurs, at Ty = 5.7 K, directly to the coexistence of the two
AF phases described above [8,14,15]. In all cases, the FM
superexchange intrachain interactions along the ¢ axis are the
strongest ones.

NiV;0g, at the other extreme of the series, when synthe-
sized at room pressure, crystallizes in a triclinic structure of
the P1 group, exhibiting a paramagnetic-antiferromagnetic
transition at Ty = 16.4 K [16]. As in the columbite structure,
in triclinic NiV,0Og the edge-connected NiOg octahedra also
give rise to chains along the ¢ axis, with FM interactions of
moderate strength, as revealed by a positive Ocw = 7.6 K.
In this case, the planes containing chains of NiOg-octahedra
are separated by two planes of alternated octahedral and tetra-
hedral arrangements of oxygen atoms around the V7 ions.
This structure also shows two-dimensional long-range anti-
ferromagnetism due to interactions between the Ni** chains.

Even though the AB,O¢ compounds have been known for
a long time, the fact that crystal structure is as important
as chemical composition to determine their physical prop-
erties allows for new characteristics to still be revealed in
these materials. For example, it was recently discovered that
the Pbcn-MnV,0Qg exhibits low-dimensional magnetism be-
low Ty = 4.7 K [9,17], while its monoclinic analog shows
three-dimensional ordering at temperatures that have been
reported between Ty = 17 K [18] and Ty = 24 K [19]. Apart
from magnetic properties, studies on NiV,0¢ proved it to
be a visible-light-active photoanode for photoelectrochemical
water oxidation [20]. It was also found that NiNb,Og has
potential as a photocatalyst under visible-light irradiation for
efficient production of H, from water splitting [21]. In ad-
dition, electrical resistivity changes have been predicted and
experimentally observed upon subtle changes in composition
or pressure-induced structures of different members of the
AB,Og family [22-24].

Motivated by this rich phenomenology, here we explore the
evolution of magnetic properties when vanadium is gradually
substituted for niobium in the series NiNb,_,V,Og (0 < x <
2), employing high-pressure-high-temperature (HPHT) syn-
thesis to stabilize the columbite-type structure in samples with
x > 0. Comparison of magnetic properties could thus be done
in a set of samples with the same crystal structure, which is
hard to find among the vanadates of the AV,0¢ family.

II. EXPERIMENTAL DETAILS

Samples of NiNb,_,V,0Os were obtained by submitting
stoichiometric mixes of powder PI-NiV,0q and Pbcn-
NiNb,Og to an external pressure of 5.9 GPa, and simultane-
ously to temperatures of 900 °C for 60 min (x > 1) or 1100 °C
for 20 min (x = 0.66). These syntheses were performed in
a CONAC-40 press. NiNb,Og was synthesized by anneal-
ing stoichiometric mixes of high-purity NiO and Nb,Os at
1300 °C for 48 h. The P1-NiV,04 powder was obtained from
a mixture of high-purity Ni-acetate (NiC4H;40g) and V;,0Os.
An excess of 7% in mass of the acetate with respect to the
stoichiometrically necessary quantity of V,0s was used in
order to avoid formation of an impurity phase of Ni,V,0;.
The thermal treatment was performed at 620°C for 48 h.
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FIG. 1. Refined XRD pattern for the sample NiV,O¢ recorded at
room temperature, showing the experimental data (black points), the
calculated curve from Rietveld refinement (red line), the difference
between data and fitting (blue line at the bottom), and the expected
positions of Bragg peaks for the Pbcn space group (green vertical
marks). The inset depicts a unit cell of the structure, showing oxygen
octahedra surrounding the cations.

Complete recipes for preparation of these samples can be
found in Ref. [25].

X-ray diffraction (XRD) patterns were acquired in the
Bragg-Brentano geometry, at room temperature, in a Bruker
D8 Endeavor diffractometer with a copper anode (A, =
1.5418 A). The diffraction patterns were refined by the Ri-
etveld method, using the FULLPROF software suite [26].

Measurements of magnetization and magnetic suscepti-
bility on powder samples were performed in a Quantum
Design® SQUID magnetometer and in a home-made extrac-
tion magnetometer [27]. The temperature and magnetic-field
ranges were 1.9-300 K and 5-10 mT.

Specific heat was measured in a Quantum Design® Phys-
ical Properties Measurement System, using a small pellet
of each sample (mass between 2.5 and 7 mg). Measure-
ments were performed in the range 1.9-300 K, employing
the temperature-relaxation method with a 2% increase of the
system temperature at each point.

III. RESULTS AND DISCUSSION

A. Crystal structure

Rietveld refinement of the XRD patterns indicates that all
samples of our NiNb,_,V,Og series crystallized in structures
of the Pbcn space group. Except for the sample with x = 0.66,
the Rietveld refinement was successfully achieved by taking
into account a single phase with nominal stoichiometry, which
indicates that these samples are formed by a single struc-
tural phase. An example of a refined pattern, for the sample
NiV;,0g, is shown in Fig. 1. Several attempts were made
to obtain a single phase with NiNb; sV(s5Og stoichiometry.
However, in all attempts it was necessary to allow for the pres-
ence of NiNb,Og in order to complete the refinement. The best
result was obtained for the sample identified here as x = 0.66,
in which the “impurity” phase (NiNb,Og) represents 27% of
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TABLE 1. Structural parameters derived from Rietveld refinements of XRD patterns at room temperature in the series of samples
NiNb,_,V,O¢. The unit-cell parameters are listed in the first four rows. The next five rows show the intrachain parameters, Ni-O-Ni angle
(), mean Ni-O distance ({dni.0)), and Ni-Ni distance along the ¢ axis, followed by the shortest interchain Ni-Ni distances, along the a axis
and away from the ¢ direction on the bc-plane. The last two rows present the agreement parameters of Rietveld refinement.

x 0 0.66 1 1.5 2
ad) 14.0229(2) 13.8158(4) 13.7013(3) 13.5013(4) 13.3518(2)
b(A) 5.6769(1) 5.6375(2) 5.6121(1) 5.5649(2) 5.5252(1)
¢ (A) 5.0184(1) 4.9611(1) 4.9253(1) 4.8639(1) 4.8145(1)
V (A% 399.51(1) 386.40(2) 378.72(1) 365.44(2) 355.166(8)
0 (deg) 100.1(4) 95.1(2) 95.1(5) 95.6(5) 90.5(4)
(dnio) (A) 1.990(4) 2.012(1) 2.073(4) 2.078(4) 2.077(4)
(Ni-Ni), (A) 3.106(3) 3.076(4) 3.081(4) 3.060(4) 2.957(3)
Rp (%) 9.07 7.16 6.72 7.13 9.71

Rwp (%) 115 9.24 9.30 9.77 124

the total mass. With this, we deduced that the main phase, with
a higher concentration of vanadium than initially intended,
corresponds to the chemical formula NiNb; 34V 660¢.

Structural information obtained by XRD on the series
NiNb,_,V,O¢ studied here is presented in Table I. As the
vanadium content increases from x = 0 to 2, the lattice pa-
rameters a, b, and ¢ of the Pbcn-NiNb,_,V,O¢ samples
are reduced by 4.8%, 2.7%, and 4.1%, respectively, as can
be seen in Table I. The same relative changes were found
in Refs. [9,17] for the lattice parameters of MnNb,Og and
MnV,0g. This indicates a remarkably anisotropic response of
the atomic arrangement to chemical substitution at the B-site
in both systems.

A noticeable distinction between NiNb,Og and its iso-
morph compound NiV,0¢ is the large difference in the
Ni-O-Ni angle in zigzag chains. This angle is close to 90°
in the pure vanadate, and it increases to around 95° in the
intermediate compounds, achieving 100° in the niobate. Thus,
it is clear that reduction of the bonding angle is a key feature
to adapt the Pbcn-columbite crystal structure to the specific
characteristics of the VT cation, like its smaller ionic radius
in comparison to Nb>*. This large angular change contrasts
with the regularly progressive evolution of the lattice pa-
rameters occurring along the NiNb,_,V,Og solid solution. A
comprehensive study of the structure and Raman spectrum of
this same series of samples is reported in Ref. [25].

B. Magnetic susceptibility

Magnetic susceptibility (x) as a function of temperature
was measured for all the samples, with an applied magnetic
field woH = 10 mT. As an example, the curve for sample x =
1.5 is shown in Fig. 2, where the inset shows the temperature
derivative of the product x7'. The maximum of d(x7)/dT,
which occurs below the peak-temperature (7,,) on the x versus
T diagram, is the actual location of the PM-AF transition,
where the Néel temperature 7y is defined. Both 7}, and Ty are
reported in Table II for all the studied samples. The x = 0.66
sample presents two peaks, both in the susceptibility and in the
derivative of x7. The higher-temperature peaks correspond
to the secondary phase of pure NiNb,Og, so that the lower-
temperature ones are deduced as being due to the main phase
NiNb; 34 V6606, and they are the only ones listed for this

composition in Table II. The Néel temperature in this case is
reduced by nearly 50% with respect to NiNb,Og, remaining
at this level, with small variations, for all samples with vana-
dium. A peak in the susceptibility is clearly visible in all cases,
but the one on the d(xT)/dT curve becomes quite rounded
out, to recover some sharpness only for NiV,0Og. From these
results, it is clear that the stability of the long-range magnetic
ordering is substantially reduced when even small quantities
of V atoms are substituted for Nb.

We also analyzed the high-temperature behavior of the
magnetic susceptibility, by fitting inverse-susceptibility data
to the Curie-Weiss law, X’l = C T — O¢w), in the region
T > 50 K, as shown in Fig. 3. The resulting values of Curie-
Weiss temperature (®cw) and Curie constant (C) for all the
samples are included in Table II. To enhance the signal in
the paramagnetic state, these measurements were performed
at a relatively high applied magnetic field, uoH = 2 T. Ex-
cept for the x = 0 sample, a linear behavior of the inverse
susceptibility at high temperatures was only obtained after
subtracting a very small temperature-independent magnetic
moment (of order 10~® emu) from the raw data. Interestingly,
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FIG. 2. Magnetic susceptibility as a function of temperature for
NiNby5V,50s with a measuring field puoH = 10 mT. The inset
shows the temperature derivative of the product 7 x, whose peak is
used to define Ty.
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TABLE II. Magnetic parameters obtained from the analy-
sis of magnetic susceptibility and magnetization of the Pbcn-
NiNb,_,V,O¢ samples studied here. The exchange constants J; and
J, are defined in the text in connection with Egs. (1) and (2). The
saturation magnetization M; is discussed in Sec. III C.

x 0 0.66 1 1.5 2
T, (K) 6.5 35 2.9 2.6 3.0
Tx (K) 5.7 2.9 2.4 2.1 25
Ocw (K) 12.5 6.9 4.1 2.3 2.3
C(emuK/molOe)  1.33 1.31 129 127 121
Letr (1 /NiZ) 329 324 320 318 3.1
Jo (K) 7.2 440 3.4 222 238
J1 (K) —029 -032 -036 -036 —0.40
M, (ug/f.u.) 22 187 193 208 17

this constant moment is positive, with its value depending
on the measuring field, which indicates the presence of Van
Vleck paramagnetism in the samples containing vanadium.
The role of vanadium is to change the crystal field acting on
Ni>* ions, which is responsible for the anisotropy and the Van
Vleck term. This is consistent with the observed increase of
Ni-O distance with increasing vanadium content (see Table I).
It should be noticed, both in Fig. 3 and in Table II, that ®cw is
positive, indicating a dominance of intrachain FM interactions
in the PM phase. However, the strong reduction of its value
in the substituted samples with respect to the pure-Nb one
reveals a weakening of these interactions as the vanadium
content increases.

The effective magnetic moment was calculated from the
Curie constant through the relation C = N 12 /3kg, where N/
is the appropriate density of magnetic moments (Avogadro’s
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FIG. 3. Inverse of the magnetic susceptibility as a function of the
temperature for all the samples of the series NiNb,_, V,Og. Symbols
represent experimental data taken at puoH = 2 T, while lines are
fittings to the Curie-Weiss law.
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FIG. 4. Left: Magnetic interchain exchange interactions (Ji, J;)
and unit-cell parameters on the ab-plane of the Pbcn columbite-type
structure. Blue spheres represent Ni*™ cations. Right: Schematic
representation of a chain of oxygen octahedra surrounding Ni ions
along the ¢ axis, indicating the Ni-O-Ni angle 6 quoted in Table 1.

number, for the susceptibility units used here). One should
note that the factor 1/3 in this relation between C and pieg
would not be expected for Ising spins. However, in a polycrys-
talline system we must take into account the field component
along the anisotropy axis, which may be denoted as Hcos6.
Then, the overall susceptibility involves the average (cos? )
over half of a solid angle, also yielding a factor 1/3. The value
et ~ 3.31up /Ni2+ found here agrees with that obtained in
Ref. [8] for NiNb,Og, and is very similar to the one reported
for P1-NiV,Og (3.24;LB/N12+) in Ref. [16]. We see in Table II
that u.¢ remains essentially the same along the whole series
of NiNb,_, V,O¢ samples. This indicates that the valence and
spin state of Ni’*-cations remain unchanged throughout the
series, but also that the g-factor does not vary significantly.
This value is quite large since the Ni spin should be S = 1. It
was verified in Ref. [17] that the effective magnetic moment
of Mn?* ions also remains unaltered when the structure passes
from monoclinic to orthorhombic. Thus we can conclude that
in general the local structural changes around A>* cations in
the AB,O¢ compounds do not affect the crystal field enough
to alter their effective magnetic moments.

To estimate values of exchange constants in the stud-
ied compounds, we employ a theoretical approach described
in Ref. [28]. It combines the exact susceptibility of a
one-dimensional Ising model to account for the intrachain
interactions Jy with a mean-field approximation to include an
interchain exchange J,. The latter is actually an average of
two couplings, J; and J,, due to the existence of two different
distances between chains, as schematically represented on the
left-hand side of Fig. 4. The magnetic susceptibility is then
given by

C
X=——=—"">> (H
Xo —zuJlL
where
Lot
= — 2
Xo T € 2)

is the exact per-spin susceptibility of an isolated Ising chain,
z4 = 6 is the number of neighboring chains, and the value
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S = 1 was explicitly taken for the spin of Ni** cations. The
values of Jy and J, (implicitly divided by Boltzmann’s con-
stant kz) were found by fitting the experimental susceptibility
data to Eq. (1). This was done enforcing the constraint ®cy =
(2Jo + z1J1)S?, which is easily obtained by expanding the
exponential in y, ! to first order, and using the Ocw values
found in our Curie-Weiss fittings of the susceptibility. The
temperature range for this fitting begins slightly above the
susceptibility maximum since the mean-field approximation
for the interchain interaction is not able to reproduce this
maximum nor the reduction to zero at lower temperatures.
We see in Egs. (1) and (2) that the interchain part cuts off
the divergence of xo as T — 0, stabilizing x at the limit
Clzi U1l

The results for Jy and J, are listed in Table II. It is worth
remarking that Jy is always at least one order of magnitude
larger than J, . Nevertheless, there is a reduction of Jy with
increasing vanadium content. This quantifies our previous dis-
cussion on the variation of the Curie-Weiss temperature as x
goes from O to 2 in the series NiNb,_, V,Og. We may interpret
the weakening of Jy in light of structural changes revealed by
the atomic distances quoted in Table 1. There we see that the
Ni-Ni distance along the chain (axis c) is reduced while the
Ni-O distance increases, both consistent with the observed
reduction of the Ni-O-Ni angle. These changes can be better
understood through the schematic representation of a Ni chain
shown on the right-hand side of Fig. 4. Ni-Ni coupling along
the chain occurs through oxygen ions located at the corners
of shared edges of the octahedra. Such a cation-anion-cation
superexchange is FM when the bond angle is about 90° [29],
as is the case here. Thus, the reduction of J, with vanadium
content may be attributed to the increase in Ni-O distance,
quoted in Table I as an average over all the oxygens surround-
ing a Ni ion.

Turning now to the interchain exchange, Table II shows
that the absolute value of J, increases as the vanadium content
goes from x = 0 to 2. Since this is the interaction ultimately
responsible for the establishment of an ordered state, we
should expect higher Néel temperatures in the vanadium-rich
compounds. However, this seems to be counterbalanced by
the weakening of the intrachain interaction, which reduces the
tendency to order in the chain, resulting in a reduction of the
Néel temperature. We may also expect frustration effects due
to a certain amount of disorder in the substitution of V for Nb.
Such a disorder due to inhomogeneous insertion of V atoms
in the NiNb,Og matrix is suggested by the evolution of the
Raman spectrum along this series of compounds [25]. It is
possible that disorder in the interchain interactions partially
compensates for the difference between J; and J;, (see Fig. 4),
nearly recovering a frustrated triangular network.

C. Isothermal magnetization

Isothermal magnetization curves at T = 1.8 K are plotted
for all the studied samples in the top panel of Fig. 5. Two dif-
ferent regimes are clearly visible in the magnetization curves
of the samples with x = 0, 0.66, and 2, with an initial linear
growth of M(H), followed by a marked upturn at critical
fields between poH =~ 1.2 and 1.6 T. This upturn yields peaks
in the derivative dM/dH, shown in the bottom panel of the

M (pp/fu.)

poH (T)

FIG. 5. Isothermal magnetization curves taken at 7 = 1.8 K
(top) and their numerical derivatives (bottom) for the indicated sam-
ples of the NiNb,_,V,0¢ compounds.

same figure. The peak for x = 0.66 is mainly due to the
pure niobium phase present in this sample, which has a well-
developed magnetization because it is substantially below its
Néel temperature. In contrast, the samples with x = 1 and
1.5 do not show more than a barely perceptible shoulder in
dM/H around poH 2 1 T. These samples have Ty’s closer to
the measuring temperature, besides being possibly affected by
composition disorder that may impair long-range order.

The above-described behavior of M (H ) can be interpreted
as indicative of spin-flip AF-FM transitions. Such transitions
were already observed in samples of Fe;_A;Nb,Ogs (A =
Co,Ni) and were interpreted as being produced when the AF
alignment of FM chains is overcome by the magnetic field
[8,28], flipping the ones that were oriented in the opposite
direction. It is interesting to note that the field necessary to
induce this metamagnetic transition in the x = 2 sample is
clearly larger than in the x = 0 one, even though the latter
has a higher Néel temperature. This apparent contradiction
can be understood by inspecting the values of transition tem-
peratures and exchange parameters quoted in Table II. We
see that a higher Jy favors the establishment of an ordered
state, but a higher J; makes it more difficult to overturn
one chain against the effective field of the neighboring ones.

094409-5



J. PENA, M. A. GUSMAO, AND O. ISNARD

PHYSICAL REVIEW B 103, 094409 (2021)

Finally, it is worth remarking that an ideal spin-flip transition
would involve a finite jump of the magnetization. However,
a continuous change, as observed here, should be expected
in polycrystalline and/or powder samples due to the random
orientation of the applied field with respect to local anisotropy
axes.

It is clear in Fig. 5 that only the x = O sample is close to
saturation at uoH = 5 T. To investigate the saturation magne-
tization (M;) of our samples, as well as temperature effects
on the magnetization curves, we extended the magnetic-field
range up to puoH = 10 T. M, values for all samples were
estimated as the extrapolated intersection of the high-field
data of M versus 1/H with the vertical axis [30]. These values
of M, are listed in Table II. Isothermal magnetization curves
at various temperatures are shown in Fig. 6 for the samples
with x = 0, 1, and 2. We see that even at these higher fields,
saturation is reached only in the x = 0 sample, with M, =~
2.2up/f.u. The other two show magnetizations still growing,
although clearly approaching a limit value close to one-half
of the effective moment obtained from the high-temperature
susceptibility. This also happens for x =1 and 1.5, and is
actually expected for randomly oriented grains in powder
samples [12]. The sample holder used in these measurements
consisted of a nonmagnetic cylinder that was filled with the
sample powder without any type of pressing. Thus, we expect
the orientation of the grains with respect to the magnetic field
to be random. The higher M; value for x = 0 seems to be
indicative of some degree of grain reorientation under strong
magnetic field. This is consistent with the stronger intrachain
exchange in this case, which should yield larger chain mo-
ments.

It is interesting to note in Fig. 6 that we can see upturns
of the magnetization curves at the fields corresponding to
the metamagnetic transition, but only for temperatures below
Ty, as expected. The change of slope occurs upto 7T =5 K
for NiNb,Og, and at T = 1.7 K but not at 3 K or above for
NiV;0g, in agreement with the respective Néel temperatures
of 5.7 and 2.5 K quoted in Table II. The field-induced transi-
tion is not visible in the isothermal magnetization curves for
NiVOeg, as already noted in Fig. 5.

D. Specific heat

Measurements of specific heat as a function of temperature
were performed for all the samples studied here. Raw data
for samples with x = 0 and 2 are presented in the top panel
of Fig. 7. A clear peak marking the magnetic transition only
appears for x = 0, and just a broad maximum is observed for
all the other samples, as seen for x = 2. The fact that these
curves depart so much from each other at intermediate to high
temperature makes it difficult to separate the magnetic contri-
bution by subtracting the data for a nonmagnetic compound
of the AB,O¢ family. Additionally, due to the structure’s
complexity (nine atoms per unit cell), the high-temperature
specific heat is dominated by a large number of optical modes,
which are expected to be frozen at low temperatures, so that
the acoustic modes are the ones that need to be subtracted
to extract the magnetic contribution, and these are better de-
scribed by the Debye model. We then resorted to a procedure
that consists in subtracting from the total specific heat curve a
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FIG. 6. Isothermal
(top), NiNbVOg (center), and NiV,0¢ (bottom), at the quoted
temperatures.

magnetization

Debye-model contribution, which is given by

T 3 ®p/T x4ex

where R is the gas constant, and ®p, is the Debye temperature.
This is the only adjustable parameter, which we choose so as
to have a touching point between the data and this curve. The
touching point of the curves, exemplified in the bottom panel
of Fig. 7, coincides with the inflection of the Debye curve,
where it starts to stabilize toward its high-temperature limit
of 3R, while the full specific heat continues to grow up to
its high-temperature limit of 27R. The values of ®p were
found to vary from slightly below 190 K to slightly above
220 K throughout the series of compounds. One should be
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FIG. 7. (a) Specific heat as a function of the temperature for sam-
ples x = 0 and 2. (b) Example of extraction of the magnetic specific
heat by subtracting a Debye-model contribution, as explained in the
text.

aware that this procedure is not rigorous, since we can see
in Fig. 7 that the magnetic contribution is being reduced, but
still present, when the lattice contribution already begins to
depart from a simple Debye model due to the large number of
optical-phonon branches.

With the magnetic specific heat (C,,) determined as de-
scribed above, Fig. 8 shows two representative plots of C,,/T
as a function of the temperature 7', together with the tempera-
ture integral of this ratio, which gives the change of magnetic
entropy AS across the integration interval. We also include the
theoretical specific heat of isolated Ising chains [31],

CNT) = R(JT—°)2 sechz(?), 4)

as well as the corresponding AS. We used the intrachain
exchange constant Jj obtained from the susceptibility analysis
(Table II). Clear indications of the presence of Ising chains
can be seen in the plots of Fig. 8, although it is also clear that
interchain interactions induce a longer tail of C,,(T") at higher
temperatures, with the corresponding reduction of height of
the peak that denotes the one-dimensional character of the
Ni-chains. We also see that the entropy, although reasonably
preserved for x = 1, is quite deficient for x = 0. In contrast,
the latter clearly shows a magnetic-transition peak, which is
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FIG. 8. Magnetic specific heat of the samples NiNb,Og (top) and
NiNbVOg (bottom), plotted as C,,/T vs T (crossed lines), and the
corresponding amount of entropy AS obtained from its numerical
integration (dashed lines). The theoretical specific heat (continuous
line) and entropy (dotted line) for isolated Ising chains are included
for comparison.

absent in the former, even though a magnetic transition was
clearly indicated by the susceptibility analysis. This is not
an unusual observation in specific-heat measurements. It is
possible that the full weight of the peak is missed due to
incomplete relaxation in the vicinity of the transition.

We wish to point out that the entropy limits shown in Fig. 8
are consistent with the expected value RIn?2 for a two-state
Ising-like spin. We found this to hold for NiNb,Og, NiV,Og,
and NiNbVOg. In contrast, for x = 0.66 and 1.5 the entropy
limit falls between RIn2 and R1n 3. For these two samples,
Nb and V ions cannot alternate regularly along a chain, so
that a certain amount of disorder in the occupation of the B
cation is expected. This affects the distortions of the oxygen
octahedra surrounding the magnetic ion in a way that reduces
the uniaxial spin anisotropy. Then, even if a full rotationally
invariant Heisenberg system were not recovered, the frozen
S, = 0 state could be thermally activated. This is an interest-
ing perspective because it would not invalidate our evaluation
of the exchange parameters using Eqs. (1) and (2), as Jy is
essentially determined by the low-temperature rise of x (7).

IV. CONCLUSIONS

We analyzed changes in the low-dimensional magnetism
of a family of compounds NiB,Og that are due to structural
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modifications promoted by chemical substitution on the B site.
The starting point was the successful synthesis of a series
of samples of NiNb,_,V,Og, varying the vanadium concen-
tration while maintaining the Pbcn crystal structure of the
niobate. For samples with x > 0, this structure was stabilized
under extreme HPHT conditions. We found that the unit-cell
volume is reduced by 11% when the vanadium content goes
from x = 0 to 2. However, this change is not isotropic, as
lattice parameters shrink sensibly less along the b axis than
along the a or ¢ axes.

With regard to intrinsic magnetic properties of these
compounds, our analysis reveals that FM intrachain superex-
change interactions are dominant, remaining one order of
magnitude larger than AF interchain couplings along the
whole series of NiNb,_,V,O¢ samples. Although the smaller
size and effective charge of vanadium with respect to niobium
induce structural changes in the local environment of Ni**
ions, this does not alter their magnetic moment along the
series. However, the increase of the Ni-O distance strongly
reduces FM interactions along the 1D chains, as deduced from
the drastic reduction of the intrachain exchange constant Jy.
In contrast, AF interchain interactions vary within a much
narrower range. Overall, this tends to lower the transition
temperature to long-range magnetic ordering as the vanadium
content increases.

Within the ordered phase, we observe a metamagnetic
transition at critical fields woH 2 1 T, which we interpret as
a spin-flip transition between antiferromagnetically oriented
FM chains to overall FM order. This transition is smoothed
out due to the polycrystalline nature of the samples, and it

becomes barely visible for intermediate composition due to
disorder in the occupation of the B site.

Finally, our specific-heat measurements, despite the dif-
ficulties in separating the magnetic contribution, have lent
support to the picture of weakly interacting Ising-like chains
that emerged from our analysis of susceptibility and magneti-
zation data. In particular, the most clearly defined peak in the
specific heat, occurring for NiNb,Og, coincides with the Néel
temperature previously determined from the magnetic suscep-
tibility. The estimated magnetic entropy is consistent with our
description of the Ni** magnetic moments as Ising spins. Fur-
thermore, the consistency of our interpretation is confirmed
by a comparison of the magnetic specific heat with theoretical
predictions for independent Ising chains with the same intra-
chain exchange values determined from the susceptibility.

Further measurements, with other techniques like neutron
diffraction, as well as synthesis of single crystals of the HPHT-
stabilized structure, are needed in order to control anisotropy
properties and further elucidate the nature of magnetic phases
along the series of NiNb,_, V,O¢ compounds.
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