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Spin-density wave of ferrimagnetic building blocks masking the ferromagnetic
quantum critical point in NbFe,
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In the metallic magnet NbFe,, the low temperature threshold of ferromagnetism can be investigated by
varying the Fe concentration within a narrow homogeneity range. NbFe, is one of a number of compounds
where modulated order is found to mask the ferromagnetic quantum critical point. However, here we report the
rare case where the masking modulated magnetic order has been fully refined. Spherical neutron polarimetry
and high-intensity single-crystal neutron diffraction reveal the first case of a longitudinal spin-density wave
masking the ferromagnetic quantum critical point. The spin-density wave is characterized by a large-wavelength
incommensurate modulation of its low average moment. It is formed from ferrimagnetic building blocks with
antiparallel ferromagnetic sheets. The existence of ferromagnetic sheets and compensation of the magnetization

only over mesoscopic length scales show local similarity between the spin-density wave and the ferromagnetic
parent phase and indicate the spin-density wave’s unconventional nature as emerging from underlying ferromag-

netic quantum criticality.

DOI: 10.1103/lcrw-ptwv

I. INTRODUCTION

The exploration of ferromagnetic (FM) quantum phase
transitions in metals has motivated numerous theoretical and
experimental studies [1], which have led to the discovery
of non-Fermi liquid states [2,3] and of unconventional su-
perconductivity (e.g., Refs. [4-6]). The underlying question,
however, whether an FM quantum critical point (QCP) can ex-
ist in clean band magnets, remains controversial. Fundamental
considerations [7-9] suggest that the FM QCP is avoided
in clean systems by one of two scenarios: either the transi-
tion into the FM state becomes discontinuous (first order),
or the nature of the low temperature ordered state changes
altogether, for instance into nematic or long-wavelength spin
density wave (SDW) order [8,9]. Examples for the first sce-
nario, include ZrZn, [2,10], NizAl [3] and UGe, [4,11].
Examples for the transition into a modulated state include:
(i) the masking of the field-tuned quantum-critical end point
of the continuous metamagnetic transition of Sr3Ru,O; by
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two SDW orders [12] with enhanced spin fluctuations in
the ordered states [13] and the field-induced suppression
of FM and replacement with a modulated fan state in the
local moment system PrPtAl [14,15], (ii) modulated order in
the heavy-fermion system YbRh,Si, that is adjacent to FM
under Co doping [16,17], features a high Wilson ratio [18]
and the evolution of FM fluctuations into long-wavelength
SDW fluctuations upon cooling [19] and hosts a candidate
for odd-parity superconductivity boosted by an electronuclear
SDW [20-22], (iii) and at the border of pressure-tuned FM
the appearance of modulated magnetic order in CeRuPO [23]
and helical magnetic order terminating in superconductivity
in MnP [24-27], while pressure-induced short-range FM clus-
ters are reported at the border of long-range FM in LaCrGes
[28,29].

An incommensurate SDW masking the border of itiner-
ant FM at zero temperature, field, and pressure is found in
Nb;_,Fe,,,. The border of FM is located near stoichiometric
NbFe, [32], where it is masked by modulated order. FM
order can be induced at low temperature by growing Fe-rich
Nb;_,Fe,., with y as small as 1% (Fig. 1 [31]). The SDW na-
ture of the modulated order at the border of FM was indicated
by nuclear magnetic resonance [33], electron spin resonance,
muon spin resonance (uSR), and MoBbauer spectroscopy
[34]. Neutron scattering revealed a long-wavelength SDW
with associated ordering wave vector qspw = (0, 0, Ispw).
Ispw is of the order 0.1 r.l.u but found to depend substan-
tially on y and T, decreasing as the FM state is approached

Published by the American Physical Society
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FIG. 1. Phase diagram of Nb,_,Fe,, with results for bulk T¢
(squares) and 7y (diamonds) from previous single-crystal (filled
symbols) [30] and polycrystal (empty symbols) [31] studies. Vertical
solid lines indicate the 7 range of previous cold neutron diffraction
measurements. A and B denote samples also studied with thermal
neutron diffraction reported here. Of the two ferromagnetic (FM)
phases, the one on the more Fe-rich side is separated from the
paramagnetic (PM) state by a /SDW at low temperatures, where
NFL behavior is found as well. 7y, the FM phase boundary buried
by the SDW phase (dashed line) is an extrapolation of 7; values
(circles) measured or calculated for the single crystals. The inset
shows the relevant reciprocal-space region, which was accessible
during previous neutron diffraction experiments. Circles show the
presence and crosses the absence of SDW peaks.

but staying finite at the first-order SDW-FM phase transi-
tion [30]. Non-Fermi-liquid (NFL) forms of resistivity and
low temperature heat capacity have been observed in slightly
Nb-rich NbFe, in the vicinity of the SDW phase [35]. The
SDW’s structure factor and therefore its microscopic details
within the NbFe; unit cell including the effective moment
size and orientation at the individual magnetic sites have been
unknown so far.

Here we present the full magnetic structure of the spin-
density-wave phase. Spherical neutron polarimetry (SNP)
excluded spiral order and transverse SDW order as reported
for other compounds [12,14]. High-intensity single-crystal
neutron diffraction (ND) in particular has allowed full re-
finement despite a low average moment of 0.039 pp/atom.
A longitudinal spin-density wave with a large-wavelength
incommensurate modulation along the magnetic easy caxis
is formed from ferrimagnetic unit-cell building blocks with
antiparallel ferromagnetic sheets stacked along the caxis. In
particular, this excludes the possibility of a compensation of
the magnetization within the NbFe, unit cell. The compen-
sation of the magnetization only over length scales of 50-90
A indicates the spin-density wave’s unconventional nature as
emerging from underlying ferromagnetic quantum criticality.

II. EXPERIMENTAL DETAILS

Large single crystals of C14 Laves phase NbFe, (lattice
constants a ~ 4.84 A and ¢~ 7.89 A) with compositions
chosen across the iron-rich side of the homogeneity range

have been grown in a UHV-compatible optical floating zone
furnace from polycrystals prepared by induction melting [36].
The single crystals have been characterized extensively by
resistivity, susceptibility, and magnetization measurements,
as well as by x-ray diffraction and neutron depolarization
[37-39], the latter showing homogeneity in structure and
chemical composition.

Here, two samples that were already used to measure
the SDW ordering wave vector [30] have been studied: (i)
sample A is almost stoichiometric (y = +0.003) with Ty
at 15.3 K (revisited from the value reported in Ref. [30]
based on more detailed low-T measurements as described
in Supplemental Material [40]) and an SDW ordering vector
gspw =(0 0 0.156); (ii) sample B is slightly Fe rich (y =
+0.015) with Ty and T at 32.5 K and 19 K, respectively, and
4qspw =(0 0 010)

The set of polycrystals and single crystals (including the
samples of this study) [31,39] on which the phase diagram
in Fig. 1 is based have residual resistivities in the range of
5-19 u2 cm. According to theoretical studies of the disor-
der dependence of FM quantum phase transitions [41,42]
this would place them at the lower end of the intermediate
regime (several to hundreds of u€2 cm) for which a FM QCP
is predicted. However, those predictions are rough order-of-
magnitude estimates, which means that the observation of
the the phase diagram in Fig. 1 that matches the prediction
for the clean limit does not represent a clear contradiction
with theory.

For the neutron scattering experiments the samples were
mounted on Al holders. The nature of magnetic order was
determined with SNP using Cryopad at the polarized hot
neutron diffractometer POLI (MLZ) [43,44]. The beamline
set-up included polarized 3He spin filters as both polarizers
and analyzers, and a Cu crystal monochromator set to select
a neutron wavelength of A = 0.9 A. The sample was mounted
on a standard closed-cycle cryostat.

The full magnetic structure was obtained through unpo-
larized single-crystal ND at four-circle diffractometer D10+
(ILL) [45]. The monochromator was set to A = 2.363 A. A
pyrolytic graphite filter suppressed higher-order harmonics.
An analyzer to reduce the quasielastic background was essen-
tial to detect the SDW Bragg peak signals that were collected
with a single-counter 3He detector. The sample was cooled
with a Joule-Thomson displex. A few magnetic peaks have
additionally been measured with time-of-flight spectrometer
WISH at ISIS [40].

III. RESULTS

SNP was done on slightly Fe-rich Sample B at T = 25K
in the SDW state. Background measurements at 7 = 50K
confirmed the paramagnetic (PM) phase. The full set of 36
channels was obtained at the two strong magnetic Bragg
peaks, Q = (221.1) and Q = (223.1). Scattering factors at
25 K have been obtained from two independent analysis meth-
ods: a numerical method (Table I) and an analytical method
(see Supplemental Material [40]), which agree within the er-
TOor.

The scattering factors in Table I reveal that the SDW phase
is formed by collinear magnetic moments along the easy
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TABLE I. Scattering factors of nuclear (N) and magnetic (M)
scattering obtained from least-squares fitting of the results at 25 K
for all 36 SNP channels. The coordinates are defined as x||Q, y L x
and in the (h0l) scattering plane, and z L x, y.

Scattering factors Q= (221.1) Q= (223.1)

NN* 0.025 £ 0.011 0.002 £ 0.000
MM 7.559 £ 0.455 2.450 £0.176
MzM? 0.019 £0.018 0.014 £0.014
M x M?) —0.340 £+ 0.020 0.090 £ 0.100
Re(M,M) —0.150 £ 0.300 —0.140 £ 0.109
Re(NM) 0.299 £0.139 0.014 £ 0.039
Re(NM;*) —0.003 £0.019 —0.003 £ 0.006
Im(NM) —0.250 £0.025 0.150 £ 0.099
Im(NM'Z*) 0.014 +£0.016 —0.013+£0.013

¢ axis. The only positive signals substantially larger than
the error range at both investigated magnetic Bragg peaks
are found for MyM7. In particular, the M M signal of z
components in the hexagonal ab plane (Table I) is within
the noise. Given the hexagonal symmetry of the Nb;_,Fe,,
crystal structure, magnetic order is often expected to preserve
or respect the abplane symmetry. A zero M. M signal is only
possible if the SDW moments have their spins predommantly
oriented on the ¢ axis. This and the previously reported or-
dering wave vector qspw = (0, 0, Ispw) [30] means that the
SDW in Nb;_,Fe,, is longitudinal. This conclusion is also in
agreement with the previously reported absence of magnetic
diffraction peaks at q = (00! £ Ispw) with [ =1,2,3 [30]
when taking into account the relevant neutron selection rule.
Candidates for the SDW’s irreducible representations were
identified with the SARAh Refine program [46] based on the
NbFe, crystal structure and its SDW propagation vector. Four
possible irreducible representations were found for the Fe,,
site, six for Fegy, and the same four as for Fe,, for each of
the two Nb sites that separate into two distinct magnetic sites
(Nb; and Nb,) within the P63 /mmc space group. Two further
constraints are: (i) the SNP result described above that the
SDW is formed of magnetic moments along the ¢ axis, and
(ii) the SDW phase is separated from PM by a single critical
temperature, which points to a single common irreducible
representation for all magnetic sites [47]. Only two such rep-
resentations out of the six satisfy these further constraints:
one candidate is the I', representation where the magnetic
moments on symmetry-equivalent sites are ferromagnetically
aligned. The other candidate is I'y with antiferromagnetic
alignment between symmetry-equivalent sites. Both represen-
tations include, for the Fe atoms on the 64 Wyckoff position
the potential for in-plane (ab) components. These in-plane
components would cause three Fe atoms of kagome triangle
to orient in all-in or all-out configurations. Those do not
contribute to the unit-cell’s net magnetization, which for I',
and 'y can therefore only be collinear with the easy ¢ axis.
Unpolarized ND was collected on almost stoichiometric
(y = 40.003) Sample A ata 7' = 4K in the SDW state. SDW
peaks at 104 different positions falling into 23 sets of sym-
metrically independent reflections were measured to enable
full structure refinement. The magnetic peaks were fitted with
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FIG. 2. Refinement of SDW Bragg peaks from unpolarized ND
by the I'; representation that leads to the best agreement (see fit
parameters in Table II).

Gaussian functions. Magnetic intensities were corrected for
two effects (see Supplemental Material [40]): (i) amplitude
reduction of strong nuclear peaks by detector saturation and
(ii) a single-counter-detector induced reduction of the peak
width beyond the ¢ dependent instrument resolution.
Corrected SDW peak intensities were used for structural
refinement with FullProf. The I', representation that meets
all constraints discussed above from crystal symmetry, SNP
results and the phase diagram can be brought into excellent
agreement with the data, as shown in Fig. 2. All basis vectors
permitted by the I', representation were refined simultane-
ously and the goodness of fit parameters are presented in
Table II. Despite the relatively weak magnetic intensities and
moments, refinement results with R values <15% are quite
robust. Figure 3 depicts the magnetic-moment arrangement in
a crystal-lattice unit cell that acts as a building block for the

TABLE II. Refined amplitudes of the spin-density-wave (SDW)
magnetic moments (in wp) along the crystallographic a, b, and ¢
axes. The amplitude of the net unit-cell magnetic moment is M,y =
,]7| >, Sil. The average magnitude of the net unit-cell magnetic
moment is 77,y = - Nce Ze“" > "1 Sjl.- Uncertainties reflect the
propagation of errors from the FullProf basis-vector refinements.
Goodness-of-fit parameters are listed below.

Site Sa (1g) Sp (1p) Se (1p)

Fe,, 0 0 0.0439 + 0.0021
Feg), 0 0 —0.0849 £+ 0.0016
Nb; 0 0 —0.0135 £ 0.0202
Nb, 0 0 —0.0097 + 0.0066

0.0390 £ 0.0062
0.0249 +£ 0.0062

mamp (#B/atom)
Mgy (pep/atom)

Rp2 8.306
Rp2, 13.11
Rr 8.875
x> 1.583
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FIG. 3. Six-unit-cell SDW structure with highlighted region
(left) and zoomed-in single-unit-cell model (right), including Carte-
sian axes, of the ferrimagnetic building block of the incommensurate
long-wavelength SDW structure of NbFe, from refinement of unpo-
larized ND data. Fe atoms (orange) and Nb atoms (blue) each form
ferrimagnetic sublattices.

SDW structure with its longer-range incommensurate modu-
lation. Within such a building block the I', representation is
characterized by parallel arrangement of magnetic moments
at a given type of magnetic site. This creates ferromagnetic
layers parallel to the ab plane. Neighboring Fe layers are
aligned antiparallel with different moment sizes, creating a
ferrimagnetic arrangement within the building block. The Nb
sublattice also carries magnetic order with the net moment
pointing in the same direction as the net moment of the Fe
lattice. Models based on other representations including those
where moments exclusively have ab plane components were
also tested. None provided a satisfactory fit to the data, with
refinement of I'y as the next best representation leading to at
least an order of magnitude larger goodness-of-fit values.

IV. DISCUSSION

The magnetic-moment amplitudes obtained from the re-
finement of unpolarised ND intensities (Table II) result
in an amplitude of the net unit-cell magnetic moment of
Mamp = ~| 311 Sil = 0.0390 =+ 0.0062 115 /atom where n is
the number of atoms. Due to the long-range modulation
of the unit-cell structure the average magnitude of the net

unit-cell magnetic moment is 7,y = #cel ZQI:'I‘ | Z?zl Sl =
0.0249 £ 0.0062 g /atom, where S; is the magnetic moment
of the spin i, n is the number of atoms in a unit cell, and N,
is the number of unit cells, in excellent agreement with ©SR
measurements [48] that reported 0.03 up per Fe atom. The
minimal size of magnetic-moment components in the ab plane
agrees with the SNP results reported above.

The presence of FM sheets in the ab plane has also been
seen in TiFe, [49]. This is another Laves phase compound
whose magnetic order is sensitive to stoichiometry, with the
bulk of the magnetic moments parallel to the ¢ axis and
concentrated on the Feg, iron sheets, which are coupled fer-
romagnetically. However, in contrast to TiFe,, for NbFe,, the
assumption of no magnetic moments on the Fe,, sites leads
to poor refinement of the ND data although the magnetic
moments on those sites in NbFe, are very small. For other
Laves phase compounds, their absence has been related to
topological frustration [49] although the role of frustration in
itinerant magnets tends to be reduced.

A main consequence of the emergence of the longitudinal
incommensurate SDW in NbFe, is that the formation of the
FM QCP is prevented. To the authors’ knowledge, this is the
first observation of a longitudinal SDW emerging from the
border of FM, but fanlike SDW order is reported to mask a
magnetic-field tuned QCP in PrPtAl [15] and transverse SDW
order is reported to mask a magnetic-field tuned metamagnetic
quantum-critical endpoint in Sr3Ru,O; [12]. Furthermore,
helical magnetic order appears to mask a FM QCP in MnP
under pressure [25-27]. These examples support theories that
predict the intrinsic instability of QCPs in clean ferromagnets
and their replacement by modulated magnetic phases [8,9,50].
The latter phases are stabilized by offering increased phase
space for electronic low-energy particle-hole excitations, a
mechanism known as quantum order by disorder [51,52].
NbFe, as a band magnet hosting this scenario at zero field
will allow to test those theories in their most basic form.

The ferrimagnetic stacking of FM layers along the caxis
means that there is a finite net magnetization within the
crystal-lattice unit-cell building block, in contrast to, e.g.,
antiferromagnetic stacking. The local finite net magnetization
in NbFe, is therefore only compensated over the mesoscopic
length scales of the incommensurate SDW modulation of
50-90 A and the SDW mimics FM at microscopic length
scales. Similar length scales for magnetization compensation
are observed for for the modulated component in PrPtAl
(~30 A), for Sr3Ru,07 (~25 A) and for MnP (~15 A), which
suggests that this could be a generic feature of modulated
order emerging at the border of FM.

The ferrimagnetic moment configuration in the SDW
building blocks suggests that the magnetic parent phase
of NbFe; is not FM, but ferrimagnetic as well. Density
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functional theory studies have suggested ferrimagnetism as a
possible ground state of NbFe, among a number of candidate
magnetic ground states with very small energy differences
between them [53-55]. The calculations overestimate the
magnetic site moment magnitudes, as is often the case for
systems with enhanced magnetic fluctuations. Compton scat-
tering results on the Fe-rich side of the phase diagram have
also been analyzed by assuming ferrimagnetism as the ground
state [56]. Because of the location of the stopping site, ©SR
data [48] could not distinguish between FM and ferrimagnetic
order. MoBbauer results have been interpreted as indication of
FM order [34].

If one assumed ferrimagnetic order for the parent phase,
it would be intuitive to imagine it to simply be the SDW
order without the long-wavelength modulation, which would
have a net magnetization of approximately 0.0390 up/atom.
If one assumes FM order for the parent state, the natural guess
would be a parallel alignment of all moments listed in Table II.
This results in an average magnetization of 0.0536 wp/atom.
Magnetization measurements in the parent phase in Fe-rich
samples phase [57] detect an average magnetization of ap-
proximately 0.06 wp per atom. While this comparison leans
more to the parent phase being ferromagnetic, a conclusive
answer will likely require a direct observation of the magnetic
parent-phase structure by polarized neutron diffraction.

V. CONCLUSION

This work shows that the emerging modulated structure
of the itinerant ferromagnet NbFe, is an incommensurate
long-wavelength SDW formed from ferrimagnetic blocks of
FM planes stacked along the easy c axis. The existence of

ferromagnetic sheets and compensation of the magnetization
only over substantial length scales indicates the spin-density
wave’s unconventional nature as emerging from underlying
ferromagnetic quantum criticality.
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