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Abstract

Combining very low-temperature experiments such as neutron diffraction,
magnetometry, and specific-heat measurements, we report on the magnetic
properties of the FexCo1-«Nb20s series of compounds. This investigation
demonstrates that the ground state for x = 0.2, 0.4, and 0.6, previously reported
as totally frustrated, is composed of Ising-like ferromagnetic chains that are
antiferromagnetically ordered. Ordering at these compositions is observed to
occur below 2 K. The magnetic structure is obtained from neutron diffraction, and
susceptibility measurements allow us to estimate the values of intra- and
interchain exchange constants, the former being clearly dominant. Fe/Co cation
disorder reduces the average exchange strength within and between chains,
reflecting the tendency to suppress long-range magnetic order. The diffuse
magnetic signal observed by neutron diffraction slightly above the Néel
temperature is analyzed to extract information on short-range magnetic
correlations. Magnetization curves at 80 mK and specific-heat measurements
reveal that an external magnetic field easily breaks the antiferromagnetic order,
leading to a high magnetization due to the alignment of the ferromagnetic Ising
chains.
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1. Introduction

AB>06 compounds (4 = Fe, Co, Ni; B =Ta, Nb) have mainly
been investigated for their interesting structural and
magnetic properties. These compounds exhibit magnetic
ordering at low temperatures (typically below 10 K), with a
wide variety of magnetic phases, which can be classified as
antiferromagnetic (AF), but differ from a simple Néel
structure. One of the exciting characteristics of AB20¢is low-
dimensional magnetism. [1-12].

In particular, the tantalites ATa20¢ present weakly
coupled magnetic planes [1, 13], whereas the niobates
ANDb20s exhibit quasi-one-dimensional magnetism [7, 14,
15]. This difference is associated with their distinct crystal-
structure symmetries, respectively tetrahedral and
rhombohedral. The columbite-structure niobates have also
been investigated for their interesting optical and dielectric
properties [16-20], with possible technological applications.

In the columbite (Pbcn) structure of ANb20s, the A2+ and
Nb5+ cations are located at the 4c and 8d positions,
respectively, while the oxygen ions sit on three
nonequivalent positions, forming octahedra surrounding the
cations. These oxygen octahedra are distorted and
alternatingly tilted along the c-axis (Fig. 1), forming zig-zag
chains also characteristic of the a-PbOz2 structure [21, 22].
CoNb206 undergoes a transition from the paramagnetic
phase to an ordered spin structure [14] at 2.95 K. Based on
powder and single crystal neutron diffraction, Scharf et al.
[23] investigated its magnetic phase diagram, later followed
by Heid et al. [14, 24] and Kobayashi et al. [15, 17] with
studies of magnetic properties. Later on, Sarvezuk et al. [25]
reported neutron diffraction and susceptibility results
confirming the presence of two magnetic transitions at 2.9
and 1.95 K. At an intermediate temperature of 2.5 K, a
magnetic structure described by the propagation vector (0,
0.4, 0) was observed, whereas at 1.4 K two magnetic phases
coexist, with propagation vectors (0,1/2,0) and (1/2,1/2,0),
as revealed by neutron diffraction. Experimental
observations of quantum criticality and exotic excitations in
CoNb206[26] triggered a renewed interest in this compound
and its original magnetic properties [27-32].

FeNb20¢ was also found to show interesting magnetic
properties. A collinear ordering with propagation vector
(0,1/2,0) was first reported [33], and a noncollinear canted
structure was deduced from magnetization measurements
and group-theory analysis [34, 35]. Combining magnetic
measurements and neutron diffraction, Heid and coworkers
have observed a coexistence of phases with (0,1/2,0) and
(1/2,1/2,0) propagation vectors in FeNb20s [7].

A detailed study of the FexCo1-xNb20s series of
compounds, for x=0, 0.2, 0.4, 0.6, 0.8, and 1, was undertaken
some time ago [36]. X-ray and neutron diffraction (ND)
showed that the orthorhombic crystal structure is stable
throughout the series. Furthermore, ND and magnetic
measurements showed that magnetic order is preserved in
the Fe-rich region (x = 0.8). In contrast, no long-range order
was observed down to 2 K for x= 0.2, 0.4, and 0.6, despite the
observation of short-range magnetic correlations. The low
strength of magnetism in (Fe,Co)Nb20s compounds was
interpreted as originating from cation disorder, which tends
to randomize interchain interactions, thus favoring
geometrical frustration due to the triangular arrangement of
the chains concerning the transverse ab plane of the lattice
(Fig. 1).

We revisit here the FexCo1-xNb20s series, with a focus on
the Fe concentrations x = 0.2, 0.4, and 0.6, which do not show
magnetic ordering down to 2 K, performing a detailed
investigation (on powder samples) of magnetic properties at
very low temperatures. The present study aims to determine
the intrinsic properties of the system in this composition
range, particularly whether only short-range correlations
exist due to frustration or a long-range magnetic order
develops below 2K. Our results confirm the latter scenario.
We found that magnetic transitions occur at or slightly below
2 K, although well-developed magnetic moments are only
observable at still lower temperatures.
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Figure 1: (Color online) Left: a sketch of the FexCo1-xNb20s crystal structure
in the bc plane showing the zig-zag chains of (Fe,Co) cations running along
the c axis; black lines show the unit cell. Right: schematic representation of
the magnetic exchange interactions between zig-zag cation chains. Different
interchain exchange constants, /1and /2, are indicated. Their average value is
referred to as /. in Sec. 3.4.

The following section describes the experimental
conditions and techniques employed, after which we present
and discuss our results. Magnetic measurements are
discussed in Sec. 3.1, specific-heat measurements at very low
temperatures are shown in Sec. 3.2, the neutron-diffraction
investigation is presented in Sec. 3.3, and a model evaluation
of exchange constants is discussed in Sec. 3.4. Finally, Sec. 4
contains a summary of our results and conclusions.



2. Experimental

Powder samples of FeNb20s and CoNb20s were prepared
as described in Ref. [36]. Magnetic measurements were
undertaken on these samples in a wide temperature range -
from 1.7 K to 300 K, using the extraction method with an
experimental setup described elsewhere [37]. Both
isothermal magnetization, M(H), and susceptibility as a
function of temperature, y(T), were measured. For the latter,
a magnetic field poH = 0.5 T was employed. At the same time,
M(H) curves were recorded for magnetic fields in the range
uoH = 0-10 T. Additionally, magnetization and susceptibility
measurements were made at very low temperatures, down
to approximately 80 mK. Two SQUID-based magnetometers
were used, designed, and built at the Néel Institute
(Grenoble, France). One is dedicated to studies in high fields
(up to 8 T). The other has higher sensitivity for low-field
measurements. Both are equipped with miniature 3He/*He
dilution refrigerators. Moreover, data can be obtained by the
extraction method, allowing us to measure the absolute
values of the magnetization.

Specific heat was measured by the pulsed relaxation
method, down to 0.3 K and in the field range from 0 to 5 T,
using a dedicated 3He insert implemented in a commercial
setup (Quantum Design PPMS).

Neutron-diffraction patterns were recorded on the D1B
powder diffractometer operated by the CNRS at the Institut
Laue Langevin (ILL) in Grenoble, France. A wavelength of
2.52 A was used, with 400 cells multidetector covering an
angular 26 range of 5° to 85°, with a scan step of 0.2°.
Diffractograms from room temperature down to 1.8 K used
a standard orange cryostat, the powder sample being
mounted in a cylindrical vanadium sample holder. For
measurements at lower temperatures, a 3He refrigerator
was employed, enabling to carry out of experiments from 20
K down to 0.4 K. Crystallographic and magnetic parameters
were refined using the FullProf program [38].

3. Results and discussion

We will mainly focus on results for the compositions with Fe
content x = 0.2, 0.4, and 0.6, which do not show magnetic
order above 2 K [36].

3.1. Magnetization measurements

Magnetization isotherms recorded at 80 mK are plotted
in Fig. 2 for x = 0.2, 0.4, and 0.6. One can see that they
resemble large-moment paramagnetic curves. A noticeable
feature in Fig. 2 is the incomplete saturation of the
magnetization even at fields as high as poH = 8 T. This should
be expected, as we are dealing with strong spin anisotropy
and polycrystalline samples so that only the regions where

the easy axis is nearly aligned with the applied field will
substantially contribute to the overall magnetization. It is
worth remarking that the high-field magnetization is most
significant for x = 0.6, and decreases as the Fe content is
reduced, which can be attributed to the larger moment of
FeZ* (S = 2) in comparison to Co2* (S = 3/2), both in high-spin
configuration.

3.2. Specific-heat measurements at low temperature

Specific-heat data collected in the low-temperature
range, down to 300 mK, are plotted for the x = 0.2 sample in
Fig. 3, both at zero magnetic fields and for three different
intensities of the applied field. Similar curves are obtained
for x = 0.4 and 0.6. It is interesting to notice that increasing
the magnetic field shifts the broad bump of magnetic origin
towards higher temperatures and significantly increases the
specific-heat values above the bump.
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Figure 2: Comparison of the magnetization curves recorded at 80 mK for the
FexCo1-xNb20s compounds with x=0.2, 0.4, and 0.6.

The overall behavior of the curves in Fig. 3 can be
qualitatively reproduced by the exact specific heat of
independent ferromagnetic Ising chains (adding a smooth
power-law term to account for the lattice contribution). This
agrees with a weak inter-chain coupling deduced from the
magnetic measurements (Sec. 3.1).

3.3. Neutron diffraction

Rietveld refinement of our neutron-diffraction data,
including experiments at very low temperatures, indicates
that the orthorhombic structure of the FexCo1-xNb20s
samples is preserved down to 0.4 K. The unit cell



parameters, the positional parameters, and the R factors of
the Rietveld refinements are listed in Table 1.

Table 1: Structural parameters derived from refinements of the neutron
diffraction patterns recorded at 2 K for FexCo1-Nb20s powder samples (x =
0.2, 0.4, 0.6). The site occupancies for the Nb and O atoms were fixed at
100%. The atomic displacement parameters were not refined, and a fixed
value of 0.05 A2 was used.

Atom x=0.2 0.4 0.6
x 0 0 0
Fe/Co 016304 0.1161(4) 0.1255(4)
z 025 0.25 0.25
X 0.1481(5) 0.1623(5) 0.1634(5)
Nb y  04550(12)  0.3053(12)  0.3165(11)
z  0.8047(4) 0.7394(3) 0.7337(3)
X 0.0524(3) 0.0967(3) 0.0889(3)
01 Yy 0.3046(5) 0.3539(8) 0.3581(9)
z  05363(3) 04261(11)  0.3822(12)
X 0.0946(3) 0.0838(2) 0.0889(3)
02 Yy 0.1196(9) 0.1453(9) 0.1397(9)
z  09774(1) 0.9256(11)  0.9517(11)
X 02156(5) 0.2574(4) 0.2619(6)
03 vy 0.1937(8) 0.0734(9) 0.0089(9)
z  06571(13)  0.5353(11)  0.5718(1)
a(A) 14.1007(2)  14.1590(12) 14.1842(4)
b (A) 5.6630(2) 5.7121(2) 5.7123(3)
c(A) 5.0507(1) 5.0359(1) 5.0288(1)
Volume (%) 403.3(1) 407.2(2) 407.5(2)
e Fe 17(1) 44(1) 58(1)
(%) Co g31) 56(1) 42(1)
Run (%) 7.8 55 5.1
Rs (%) 8.3 6.3 7.0

3.3.1. Short-range order at low temperature

In our previous investigation [36], carried out at around
2 K or higher temperatures, no Bragg peaks characteristic of
long-range magnetic order were observed for x = 0.2, 0.4,
and 0.6. However, a careful look at the difference plot
between patterns recorded at 20 K (in the paramagnetic
state) and 1.8 K revealed a broad signal around 26 = 11.5°.
Although this can be attributed to short-range magnetic
correlations, their origin was unclear since they could
indicate an approach to an ordered state setting in at still
lower temperatures. Still, it could also be due to the
suppression of long-range order by frustration of the
exchange interactions.

The short-range order (SRO) bump observed at 1.8 K is
centered at a wavevector of module g = 0.5 A-1, and its half-
width is much larger than the experimental resolution. To
extract information from this SRO diffuse signal, we fit the
experimental data considering a description of the magnetic
scattering due to short-range spin-spin correlations.
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Figure 3: Typical Low-temperature behavior of the specific heat of

FexCo1-xNb20¢ samples, here shown for x = 0.2 and a few different applied
magnetic fields.

In this framework, the signal intensity is described [39-42]
by an expression of the type

1 1)
Z sin qR; (
(q) Cl L Rl

i=1

Where the summation is over coordination shells of radii Ri
surrounding a reference atom, ciis the number of magnetic
ions in the i-th shell, the coefficients I'iis proportional to the
average spin correlations at each distance, and B is a
background-correcting constant.

We restrict summation to distances up to 10 A for the
present calculation. We use data obtained by subtracting the
paramagnetic-state signal at 20 K from that recorded at 1.8
K, with I':and B as adjustable parameters. An example fitting
is given in Fig. 4. Similar fittings for all the studied
compositions allowed us to obtain relative spin-spin
correlations averaged over each coordination shell,
summarized in Table 2. It is seen that ferromagnetic
correlations exist within the zigzag chains, that is, between
cations at about 3.0 and 4.97 A from the reference one
(nearest neighbors and next-nearest neighbors,
respectively). The correlations between magnetic cations of
different chains, corresponding to the shortest interchain
distances 5.03, 5.7, and 7.6 A, are found to be
antiferromagnetic for all compositions. These results are
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Figure 4: Fitting of the diffuse magnetic signal (points) obtained from the
difference between neutron-diffraction patterns recorded at 20 K and 2K
(close to the Néel temperature) for FeosCo04Nb20s using Eq.1.

Table 2: Composition dependence of magnetic correlations for increasing
atomic distances in the lattice, as derived from fittings of the low-
temperature neutron diffuse scattering signal of magnetic origin. The values
are normalized to nearest-neighbor correlations.

Fe fraction Relative spin-spin correlation

0.2 1 -0.51 0.79 -0.59 -0.10
0.4 1 -0.60 0.93 -0.69 -0.12
0.6 1 -0.65 0.83 -0.51 -0.16
Typical distance (&) 3.0 5.03 4.97 5.7 7.6
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Figure 5: Refinement of the neutron diffraction pattern of Feo.sC004Nb20s
recorded at 400 mK after the nuclear contribution from the paramagnetic
state was subtracted.

In good agreement with the magnetic structure observed at
very low temperatures, as will be discussed next, the
observed SRO is a precursor to a truly ordered state.

3.3.2. Neutron diffraction down to 400 mK

To check for possible magnetic ordering of the
FexCo1-xNb20s compounds at very low temperatures, we
recorded neutron powder-diffraction patterns down to 400
mK. The obtained results are exemplified in Fig. 5 for the x =
0.6 composition. It is clear that Bragg reflections appear
upon cooling, thus ruling out the hypothesis of complete
frustration with the magnetic interactions for this
compound. Similar conclusions are reached for the other two
compositions, x = 0.2 and 0.4.

Analysis of the diffraction patterns recorded between 0.4
and 1.6 K indicate that the magnetic reflections can be
indexed with the propagation vector (0,1/2,0) in this
temperature range. A summary of the Rietveld refinement
results is given in Table 3. The thermal evolution of the
different patterns is shown in Fig. 6, corresponding to
decreasing magnetic moments with temperature, as listed in
Table 4. The most considerable magnetic moment, obtained
for x=0.6 at 0.4 K, was 2.57 upper magnetic cation, falling to
about 60% of this value at 1.6 K. As a general trend, the
refined magnetic moments approach saturation below 0.8 K
and are no longer observable at 2 K.

Table 3: Structural parameters derived from Rietveld refinement of the
neutron-diffraction pattern recorded at 400 mK for Feo2Co008Nb20s powder
sample using (0,1/2,0) as propagation vector. The average Fe/Co magnetic
moment was determined to be 2.57us, and the fitting control parameters
were Rwpy=4.5%, Rp= 3.3%, and R = 26.7%.

a(A) b (&) c(h)
14.082(3) 5.684(4)  5.009(5)

Atom X y z

Fe/Co 0 0.1450(4) 0.25
Nb 0.1633(2) 0.3581(2) 0.7337(4)
01 0.0889(2) 0.3725(3) 0.3833(3)
02 0.0852(3) 0.1397(5) 0.9517(1)
03 0.2620(0) 0.0889(1) 0.5718(2)

Table 4: Magnetic moments obtained from Rietveld refinement of the
neutron-diffraction patterns of FexCo1-sNb20s compounds (x = 0.20, 0.4, 0.6),
recorded at the indicated temperatures.

Sample Fe/Co moments (us)

Feo.2C008Nb20¢ 228 234 235 2.08 143
Fe0.4C00.6Nb20s 1.77 184 1.69 142 1.15
Feo0.6C00.4Nb206 257 247 226 196 1.48
Temperature (K) 0.4 0.70 1.00 130 1.60
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Figure 6: Temperature dependence of the magnetic part of neutron
diffraction patterns recorded at the indicated temperatures for
Feo.6C00.4Nb20s.

3.4. Determination of the exchange constants

Ordering temperatures of the FexCo1-xNb20s compounds
with x = 0.20, 0.4, and 0.6 were estimated from the thermal
variation of the neutron diffraction pattern. They appear in
Table 5, together with Tn values for the other samples
(x = 1.0, 0.2, and 0.0) and values of the Curie-Weiss
temperature Ow for the whole series, already reported in Ref.
[36]. As can be seen, Tn is substantially smaller than 6w,
indicating the presence of significant frustration in the
system. This can be understood considering the existence of
a triangular network of Ising chains in this structure, as
shown in Fig. 1. The frustration ratio 6w/Ty is close to 1.3 at
both pure limits but grows to about 2.3 for x = 0.2 and 0.4.

It has been demonstrated elsewhere [36] that, in the
scenario of weakly interacting Ising chains, the intrachain Jo,
and interchain /1 exchange interactions can be derived from
known (measured) values of Tv and 6w through the relations

Ow = (2)o +2,J1)S? (2)
211J11S% = Tye?*o/Tw (3)

Where S represents the average spin of the cations and?1 is
an adequate number of nearest-neighbor chains, we use 2=
2 because four of the six interchain interactions tend to
cancel each other in the observed ordered phases (see Fig.
1).

The exchange constants obtained here for x = 0.20, 0.4,
and 0.6 are listed in Table 5, which also includes, for
comparison, the values previously reported [36] for x = 0,
0.8, and 1. Itis worth remarking that the intrachain exchange

constant Jois at least one order of magnitude larger than the
average interchain coupling /.. This reflects the relatively
strong ferromagnetic coupling between cations within the
Ising zig-zag chains. The values of /1 are much smaller (by a
factor of 2 to 5) for the intermediate concentrations
compared with the end members of the series, x = 0 and 1.
These remarkably weak values of /. undoubtedly contribute
to the observed lowering of the ordering temperature for x =
0.20, 0.4, and 0.6, also confirming the scenario of weakly
interacting Ising chains.

4. Conclusions

Unlike the (Ni,Fe)Nb20s system [42], which does not order
down to 400 mK forx=0.2, 0.4, 0.6, 0.8, we demonstrate here
that the FexCo1-«Nb20s series of compounds do order below
or near 2 K. According to neutron diffraction experiments,
these compounds exhibit long-range magnetic order at very
low temperature, but only short-range correlations are
observed around 2 K. The diffuse magnetic scattering has
been fitted to estimate relative values of spin-spin
correlations. This measurement led us to conclude that
interchain correlations are dominantly antiferromagnetic,
while stronger positive spin-spin correlations exist within
the zig-zag cation chains, indicating antiferromagnetic
intrachain exchange. Thermal dependence of Fe/Co
magnetic moments has been determined down to 400mK.
The largest value is obtained for x = 0.6, with an average
magnetic moment of 2.57 usper Fe/Co cation.

Table 5: Néel temperature, Curie-Weiss temperature, and paramagnetic
parameters of the FexCo1-xNb20s series of compounds, the intra Ising chain
Jo and the inter Ising chain exchange constants derived from the above
values are also listed for all the studied compositions.

Sample  Tn(K) Ow() oK) (K
1 4.9 6.6 112 -0.098
0.80 2.4 33 061  -0.052
0.60 2.0 3.4 064  -0.039
0.40 1.9 4.2 0.81 -0.02
0.20 1.8 4.2 090  -0.027
0 2.9 3.9 118  -0.104

The antiferromagnetic coupling between chains and
their triangular topological arrangement are common
ingredients of a frustrated system. This frustration is
probably enhanced by cation disorder due to substitutions,
which tend to average the different intrachain couplings /1
and J2 (see Fig. 1) to a single effective J.. This is most probably
at the origin of the very low ordering temperatures observed
in the FexCo1-xNb20s series of compounds. In the weakly



interacting Ising chains hypothesis, we added a mean-field
treatment of the interchain coupling to accurately describe
isolated ferromagnetic Ising chains. This allowed the
determination of both exchange constants from
experimental values of transition temperatures and
magnetic susceptibilities. The calculated intrachain
interaction is about one order of magnitude larger than the
interchain one, in agreement with the starting assumption.
Further confirmation of this scenario of weakly interacting
Ising chains comes from magnetization curves at 80 K as well
as specific-heat measurements, both revealing that the
antiferromagnetic order is easily broken by an applied
magnetic field, leading to a ferromagnetic alignment of the
chains.

Interesting possible developments of the work reported
here could include a study of magnetic excitations in the
FexCo1-xNb20s series. In particular, this would permit
exploring the complex phase diagram for varying
temperatures and magnetic field that has been theoretically
predicted by Lee et al. [27] for the reference compound
CoNb20s. Furthermore, experimental investigations in single
crystals would allow us to analyze the quantum behavior of
a transverse field Ising system [26-28], including the
presence of disorder and frustration effects.
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Highlights

Exploring AB,Os Compounds: Investigating the structural and magnetic properties of
AB,Os compounds (A = Fe, Co, Ni; B = Ta, Nb) with magnetic ordering at low
temperatures and diverse magnetic phases.

Unveiling Low-Dimensional Magnetism: AB,Os compounds reveal intriguing low-
dimensional magnetism, driven by distinct crystal structure symmetries of niobates.

Crystal Structure Insights: ANb,O¢'s columbite structure showcases alternatingly tilted
oxygen octahedra, forming distinctive zig-zag chains within the lattice.

Probing CoNb.Os and FeNb,Os transitions and magnetic characteristics: Investigating
CoNb,0¢'s transition from paramagnetic to ordered spin structure at 2.95 K using a
combination of neutron diffraction and magnetic measurements. Understanding the
magnetic properties of FeNb,Og, highlighting collinear and noncollinear magnetic
ordering phases, including the coexistence of different magnetic structures.

Detailed FexCo1-xNb,0s Study: In-depth analysis of Fe,Co1-«Nb,0s compounds at varying
Fe concentrations (x = 0.2, 0.4, 0.6) revealing magnetic ordering phenomena below 2 K.

Deciphering Short-Range Order: Identifying short-range magnetic correlations through
neutron diffraction signals provides insights into the precursor states leading to ordered
magnetic arrangements.

Unraveling Exchange Constants: Determination of intrachain and interchain exchange
constants, emphasizing the dominance of intrachain interactions due to ferromagnetic
coupling within zig-zag chains.
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