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Ferrimagnetism in Fe-rich NbFe2
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We report a study of the spin moment in single crystal Nb(1−y)Fe(2+y) with y = 0.015 using spin-dependent
Compton scattering in conjunction with ab initio electronic structure calculations. From the experiment, we
find that the total spin moment is 0.245 ± 0.004μB . Comparison of the measured spin density with theoretical
results from linearized muffin-tin orbital calculations determines there to be a ferrimagnetic arrangement of Fe
moments, with the 2a Fe site aligned antiparallel to the bulk moment. There is a small moment on the Nb site,
also antiparallel to the net moment. The orbital moment has been determined to be 0.02 ± 0.02μB .
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I. INTRODUCTION

Nb(1−y)Fe(2+y) displays a rich phase diagram at low
temperature, with three distinct phases accessible across a
narrow compositional range,1–6 as depicted in Fig. 1. Iron-rich
samples (y > 0.01), exhibit remanent magnetization at low
temperature, and have therefore been labeled as ferromagnetic.
As the iron excess is reduced, this evolves into an ordered state
without remanent magnetization, which is usually interpreted
as spin density wave order (SDW). The SDW state persists
into the niobium-rich compositions, for y up to ∼ −0.015. A
second ferromagnetic state emerges in very niobium-rich sam-
ples (y < −0.02). The threshold of SDW order at y = −0.015
may represent a quantum critical point, which is reflected
in rather unusual non-Fermi liquid temperature dependencies
of the electrical resistivity and of the heat capacity.5 These
anomalies, observed over a range of compositions about the
critical point, suggest the presence of both ferromagnetic and
significant antiferromagnetic fluctuations.6

The hexagonal C14 Laves structure of NbFe2, characterized
by a double layer of kagome lattice sheets formed by the
6h Fe sites, motivated early suggestions that frustration may
be behind the quantum criticality (QC) exhibited by this
system.7 The transport and thermodynamic properties of
Nb(1−y)Fe(2+y) as a function of its stoichiometry have recently
been clarified.8 However, the underlying magnetic structure in
both the proposed SDW phase and the ferromagnetic phases
remains unclear. In the SDW phase standard techniques such
as neutron diffraction show no signature of long-range order,9

although evidence of such order has been inferred from NMR
experiments.2,10 It has been proposed that the system may be
ordered, but that a long-range modulation is present which has
not yet been observed. The lack of magnetic structural and
dynamic information means that very little is actually known
about the spin density in Nb(1−y)Fe(2+y).

Asano and Ishida11 were the first to report the possible
magnetic ground states of NbFe2 through electronic structure
calculation. They found a number of different magnetic

orderings with similar energies, of which the lowest energy
state proved to be the same antiferromagnetic state as in
TiFe2.12 Recently there has been a renewed theoretical interest
in NbFe2. Subedi and Singh13 reported a comprehensive
study of different possible collinear magnetic states, and also
investigated the possibility of frustration due to the kagome
lattice. They argued that as the antiferromagnetic nearest-
neighbor interactions are weak and the electronic structure
quite three dimensional, geometric frustration in the 6h plane
was unlikely to be the main cause of the QC. They suggest
that the QC may be a result of a number of nearly degenerate
states arising from competition between the 6h plane and the
2a Fe sites. Contrary to Ref. 11 they found the state with
lowest energy to possess a ferrimagnetic ordering of the site
moments.

A study by Tompsett et al.14 made the case that nonrigid
band effects due to disorder are the cause of the diverse
phase diagram of NbFe2. They also suggested that Fermi
surface nesting may be behind some of the non-FL behavior
(although they found no peak in the real part of the static
susceptibility). They also found a different ground state
from Ref. 13, an antiferromagnetic solution which had not
previously been considered.15 More recently Neal et al.16 have
published a study on the electronic structure of NbFe2, finding
a ferrimagnetic solution to have the lowest energy. They argued
that an unconventional band critical point (uBCP), a special
kind of van-Hove singularity, is the source of the critical
fluctuations in NbFe2. Most recently Alam and Johnson17 were
able to treat the effects of disorder accurately by using the
coherent potential approximation within the Korringa, Kohn
and Rostoker (KKR), and showed that this uBCP crossed
the Fermi level at the critical level of Nb excess. While
posing different mechanisms for the QC, these studies agree
that the energy differences between the possible magnetic
ground states are very small, and the question of whether an
experimental measurement is able to resolve the true magnetic
ground state adopted by Nb(1−y)Fe(2+y) remains open.
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FIG. 1. (Color online) Phase diagram of Nb1−yFe2+y , adapted
from.8 The × marks the composition and temperature for the
experimental measurement reported in this paper.

Determining the magnetic structure of NbFe2 is central to
understanding its behavior, motivating numerous experimental
investigations. An NMR study by Yamada and Sakata2 was
able to resolve weak antiferromagnetic order with a TN of
∼10K for near stoichiometric samples; prior to this NbFe2 was
thought to be paramagnetic.18 More recently a ferromagnetic
component was also observed by Turtelli et al. at 4.2K.19

This evidence of both antiferromagnetic and ferromagnetic
fluctuations led to their suggestion that a spin density wave
(SDW) state was being exhibited. Samples further from
stoichiometry adopt a state with ferromagnetic (or possibly
ferrimagnetic) order.2

In this paper, we report the results of spin-dependent
Compton scattering measurements on a single crystal of
Nb0.985Fe2.015, believed to possess ferromagnetic ordering at
low temperature, with the aim of experimentally determining
its true magnetic ground state.

II. EXPERIMENTAL DETAILS

Magnetic Compton scattering is an ideal technique for
the study of spin moments.20,21 The quantity measured in a
Compton scattering experiment, the so-called Compton pro-
file, is defined as a one-dimensional (1D) projection onto the
scattering vector of the electron momentum distribution.22,23

The spin dependence may then be isolated by either flipping
the direction of magnetization within the sample or the photon
helicity between parallel and antiparallel with respect to the
scattering vector, and computing the difference between these
quantities.24 The integrated area of this magnetic Compton
profile (MCP) is proportional to the total spin moment per
formula unit of the sample.25 Comparison with a reference
sample (Ni) in which the spin moment is well known allows
the determination of the spin moment of the sample. The
orbital moment is not observed,26 allowing its value to be
determined by comparing the Compton measurement with
a bulk magnetization measurement. The incoherent nature
of Compton scattering means that all local and itinerant
contributions to the spin moment are observed. Also, the high
x-ray energies used in the experiments, typically well above
100 keV, mean that the bulk electronic structure is measured.

FIG. 2. (Color online) Bulk dc magnetization of the Nb0.985Fe2.015

single crystal at 13 K. The inset shows the zero-field ac susceptibility.

The spin-polarized Compton profile presented here was
measured on beamline BL08W at the SPring-8 synchrotron.
The measurements were made in an applied magnetic field
of 2.5 T, using a superconducting solenoid, and which was
reversed every 60 s in order to measure the difference profile.
An incident energy of 175 keV was used. The energy spectrum
of the scattered flux was measured using a 10-element Ge
detector at a mean scattering angle of 173◦. The momentum
resolution of the magnetic Compton spectrometer, taken as
the full width at half maximum (FWHM) of the instrument
response function, was 0.45 a.u. of momentum (where 1 a.u.=
1.99 × 10−24 kg m s−1). The data were corrected for energy-
dependent detector efficiency, sample absorption, and the
relativistic scattering cross section. The profiles were then
corrected for multiple scattering using the technique described
by Felsteiner.27

Our Nb0.985Fe2.015 single crystal was grown using the
floating zone method in a UHV compatible four-mirror optical
image furnace,28 which is capable of heating samples to
2200 ◦C, and which may be evacuated to avoid oxidation. Seed
and feed rods were prepared at Royal Holloway, University of
London from high purity niobium and iron, and which were
then counter-rotated during the floating zone growing process.
Rectangular samples of size 3 × 3 × 1 mm were cut and aligned
to have the hexagonal c axis perpendicular to the sample face.
Both x-ray and neutron scattering confirmed that the samples
were high quality single crystals. Neutron depolarization along
with ac susceptibility measurements revealed well-defined
homogeneous magnetic phase transitions, with TC =∼ 33 K
and T ∗ =∼ 37 K. dc magnetization measurements revealed
a low temperature saturation moment equal to 0.27 ± 0.02μB

per formula unit. The magnetic susceptibility data are shown
in Fig. 2.

III. ELECTRONIC STRUCTURE CALCULATIONS

Understanding the distribution of magnetic electrons ob-
served in a MCP may be aided by complementary electronic
structure calculations. Computing the equivalent electron
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FIG. 3. (Color online) C14 Laves phase of NbFe2 in the ferrimag-
netic state predicted by our LMTO calculation. The arrows on the
atomic sites indicate the relative sizes and directions of the respective
moments.

momentum density (EMD) from an ab initio electronic
structure calculation allows the underlying magnetic state
observed in the measurement to be determined.

The electronic structure of NbFe2 was computed using
the linear muffin-tin orbital (LMTO) method within the
atomic sphere approximation (ASA) with combined correction
terms,29 using the local spin density approximation (LSDA)
to the exchange correlation functional.30 The LMTO method
expresses the ground-state electronic structure in terms of
atomiclike muffin-tin orbitals. In order to compute the EMD
measured in a Compton scattering experiment these orbitals
are expanded onto plane waves before Fourier transforming
to momentum space. To obtain the Compton profile, this
three-dimensional (3D) EMD is then integrated down the
directions orthogonal to the experimental scattering vector.
In order to compute the magnetic Compton profile (MCP), the
EMDs for the spin-up and spin-down electrons are computed
separately, the magnetic EMD being the difference between
these two quantities.

The hexagonal C14 Laves phase of NbFe2 has two
inequivalent Fe sites (2a and 6h), and one Nb site (4f ),
as indicated in Fig. 3. The calculations were converged on
624 k points within the irreducible Brillioun zone, using the
experimental lattice constant of a = 4.838 Å, with c/a =
1.63. The effects of doping were incorporated using the
virtual crystal approximation (VCA). Our paramagnetic band
structure for the stoichiometric compound was found to be in
excellent agreement with that of Ref. 13.

We found the lowest energy state to be ferrimagnetic,
similar to that found in,13 with the same orientation of
site moments, albeit with slightly different magnitudes. In
particular we find a larger antiparallel moment on the Nb 4f
site, possibly due to the different partitioning of space in the
ASA scheme. A ferromagnetic state with both Fe sites aligned
was also stabilized (though it was found to be metastable with

TABLE I. Details of the different sizes and orientations of the
ferrimagnetic and ferromagnetic magnetic moments of NbFe2 in the
ferro- and ferrimagnetic states.

Site Ferri Ferro

Fe 2a (μB per site) −0.997 0.222
Fe 6h (μB per site) 0.711 1.29
Nb 4f (μB per site) − 0.161 −0.233
Total (μB per f.u.) 0.407 1.83

respect to the ferrimagnetic solution). The sizes of the moments
comprising the two states are summarized in Table I.

Our approach was to reproduce the various possible states
which have already been investigated theoretically.13,14,16 By
computing the EMD corresponding to each magnetic state
we were able to directly compare to the MCP measured
in the experiment and see which are compatible with our
measurement. Nb(1−y)Fe(2+y) with y = 0.015 is known to
possess a net magnetic spin moment,10 and therefore only
the ferrimagnetic and ferromagnetic states were considered as
candidates for the electronic structure of our sample.

The MCPs produced from the ferrimagnetic and ferromag-
netic states are shown in Fig. 4. It is possible to decompose
the different contributions to the MCP from each atomic site,
along with an interference term between sites. This enables one
to determine to which components of the electronic structure
the measurement is sensitive. For both states the increase in
real space delocalization of the Nb 4d electrons relative to
the Fe 3d electronic states is observable as an increase of the
localization of Nb 4d contribution in momentum space.

(a)

(b)

FIG. 4. (Color online) MCPs produced from the LMTO calcula-
tion for (a) the ferrimagnetic and (b) the ferromagnetic states of NbFe2

with the scattering vector along the c axis. The different contributions
to the MCPs have been resolved onto each inequivalent atomic site,
and also the interference term between sites.
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FIG. 5. (Color online) Experimental Nb0.985Fe2.015 magnetic spin
momentum density (black points) projected along the [0001] crystal
direction, plotted together with LMTO ferrimagnetic calculation (red
dashed line) and ferromagnetic calculation (blue solid line). Both the
calculated LMTO profiles have been normalized to the same total spin
moment (area). The inset shows difference plots for the experimental
data minus each theoretical profile, again with the ferrimagnetic
(ferromagnetic) case plotted as red squares (blue points).

IV. RESULTS

The spin moment of the sample, determined from the
area under the MCP, was found to be 0.245 ± 0.004μB .
Comparing this with the dc susceptibility measurement shown
in Fig. 2 indicates the orbital moment of our sample to be
0.02 ± 0.02μB . The MCP was measured along the c axis of
the crystal, as it had been determined that the contrast between
the possible DFT magnetic states was greatest when the EMDs
were viewed down this direction. The magnetic field was
applied parallel to the scattering vector of the x rays and thus
along the c axis of the crystal. The measured MCP is shown in
Fig. 5, plotted with the LMTO prediction for a ferromagnetic
and a ferrimagnetic state.

Both calculations substantially overestimate the saturation
spin moment, as they fail to fully describe spin fluctuations.31

Our analysis therefore considers just the shape of the profiles,
not their area. The agreement between the ferrimagnetic
solution and the measured profile is far superior to that of the
ferromagnetic state. In terms of the shapes of the two calculated
profiles, the main difference occurs at momentum values below
≈2 a.u., with both profiles exhibiting similar Fe 3d character
at higher momentum. We note that the level of discrepancy at
low momentum in the ferromagnetic model could be reduced if

the amount of itinerant moment has been underestimated. The
levels of agreement between the two different models shown
and the experimental data were assessed through a χ2 test
in which the ferromagnetic state yielded a reduced χ2 of 4.2
compared to just 1.3 for the ferrimagnetic state. This strongly
suggests that the ferrimagnetic solution originally predicted by
Subedi and Singh is the ground state of NbFe2 for samples with
an iron excess of 0.015. Furthermore, the agreement between
the ferrimagnetic calculation and experiment requires that the
ratios of the predicted site moments obtained from calculation
are largely accurate; the renormalization of the total moment
caused by spin fluctuations appears not to significantly alter
the relative sizes of each site moment. This can be seen from
Fig. 4(a), in which the shape of the profile below ∼1.7 a.u. is
sensitive to the relative contributions of all the site moments.
This implies that the renormalized site moments observed in
the experimental MCP are of the order 0.4μB for the Fe 6h

site, −0.6μB for the Fe 2a site, and −0.1μB for the Nb 4f

site. Our results find the magnetic structure of Nb0.985Fe2.015

to be consistent with that predicted by electronic structure
calculations, albeit renormalized by a factor of 0.6.

In summary, we present the spin-dependent momentum
density of Fe-rich NbFe2, the interpretation of which has been
facilitated by electronic structure calculations. We demonstrate
that the shape of the experimental profile is consistent with
a ferrimagnetic ground state in which the two inequivalent
Fe sites order antiparrallel to one another. Our calculations
clearly show that a ferromagnetic ground state is unable
to account for the measured spin density. Therefore our
measurement resolves the magnetic structure of the state
previously supposed to be ferromagnetic on the iron-rich side
of the Nb(1−y)Fe(2+y) phase diagram, the state from which
QC emerges as the iron content is reduced. Furthermore these
results highlight the interesting observation that incoherent
Compton scattering can be used to unambiguously resolve,
from a highly degenerate manifold, the magnetic ground
state and structure. This suggests that it may be possible to
measure the magnetic structure of NbFe2 over a wide range of
stoichiometry.
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