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In the metallic magnet Nb,_,Fe, , ,, the low temperature threshold of ferromagnetism can be investigated
by varying the Fe excess y within a narrow homogeneity range. We use elastic neutron scattering to track
the evolution of magnetic order from Fe-rich, ferromagnetic Nby og;Fe, 19 to approximately stoichiometric
NbFe,, in which we can, for the first time, characterize a long-wavelength spin density wave state burying a
ferromagnetic quantum critical point. The associated ordering wave vector qspw = (0, 0, Ispw ) is found to
depend significantly on y and T, staying finite but decreasing as the ferromagnetic state is approached. The
phase diagram follows a two-order-parameter Landau theory, for which all of the coefficients can now be
determined. Our findings suggest that the emergence of spin density wave order cannot be attributed to
band structure effects alone. They indicate a common microscopic origin of both types of magnetic order
and provide strong constraints on related theoretical scenarios based on, e.g., quantum order by disorder.
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The exploration of ferromagnetic quantum phase tran-
sitions 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 super-
conductivity (e.g., Refs. [4-6]). The underlying question,
however—whether a ferromagnetic quantum critical point
(QCP) can exist in clean band magnets—remains contro-
versial. Fundamental considerations [7-9] suggest that the
ferromagnetic QCP is avoided in clean systems by one of
two scenarios: either the transition into the ferromagnetic
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]. Whereas there are many examples
for the first scenario, including ZrZn, [2], NizAl [3], and
UGe, [4], the transition into a modulated state on the border
of band ferromagnetism has proven to be more challenging
to investigate. Recent reports show that this scenario may
apply more widely beyond the comparatively simple band
ferromagnets for which it was first discussed: (i) the
masking of the field-tuned quantum critical end point of
the continuous metamagnetic transition of SrzRu,O; by
two SDW phases [10], (ii) the evolution of ferromagnetic
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(FM) into long-wavelength SDW fluctuations in the heavy-
fermion system YbRh,Si, [11], which displays a high
Wilson ratio [12] and becomes FM under Co doping [13],
(iii) the emergence at finite temperature of SDW order in
the ferromagnetic local moment system PrPtAl [14], and
the appearance of modulated magnetic order at the border
of pressure-tuned FM systems CeRuPO [15], MnP [16], or
LaCrGe; [17].

The band magnet NbFe, is a particularly promising
candidate for investigating the SDW scenario in a clean
itinerant system because it is located near the border
of ferromagnetism at ambient pressure [18], enabling
multiprobe studies and, in particular, neutron scattering.
Ferromagnetic order can be induced at low temperatures
by growing Fe-rich Nb;_,Fe,,, with y as small as 1%
(Fig. 1 [19]). Compton scattering results on the Fe-rich side
of the phase diagram have been analyzed by assuming
ferrimagnetism as the ground state [20], but more direct
probes of the local fields by Mdssbauer spectroscopy point
to ferromagnetism as the ground state [21]. The precise
low temperature state for y = 0 has remained unidenti-
fied since early NMR studies first suggested that stoichio-
metric NbFe, may display low-moment SDW order [22].
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FIG. 1. Phase diagram of Nb,_,Fe, ., with results for bulk 7'¢
(squares) and Ty (diamonds) from single-crystal neutron dif-
fraction (filled symbols) embedded in previous results from
polycrystals (empty symbols) [19]. Vertical solid lines indicate
the T range of neutron diffraction measurements. Of the two
ferromagnetic (FM) phases, the one on the more Fe-rich side is
separated from the paramagnetic (PM) state by a spin-density
wave (SDW) at low temperatures, where non-Fermi liquid (NFL)
behavior is found as well. 7;, the FM phase boundary buried by
the SDW phase (dashed line) is an extrapolation of T, values
(circles) measured or calculated for the single crystals [24].
(Inset) The relevant reciprocal-space region, which was acces-
sible during the neutron diffraction experiments. Circles show the
presence and crosses the absence of SDW peaks. The SDW peak
pattern is consistent with moments pointing along the ¢ axis.

Repeated attempts to detect the SDW order in neutron
scattering were unsuccessful, but recent results from ESR,
muon spin relaxation, and Mdossbauer spectroscopy also
point strongly toward SDW order [21]. Non-Fermi liquid
forms of resistivity and low temperature heat capacity have
been observed in slightly Nb-rich NbFe, [23].

Here, we present the outcomes of a neutron diffraction
study, which for the first time demonstrates unambiguously
the existence of a long-wavelength modulated magnetic
state (SDW) forming on the border of ferromagnetic order
at low temperatures in stoichiometric single crystals of
NbFe,. We track its evolution with temperature and
composition and probe the underlying ferromagnetic order.
We find that the SDW state indeed displays a very small
ordered moment u, < 0.1uz/(Featom), which explains
why previous neutron scattering experiments failed to
detect it. Our data confirm the second-order nature of
the PM-SDW phase transition and a temperature hysteresis
in the SDW ordering wave vector suggests that the SDW-
FM phase transition is first order. The observed character-
istics of the SDW order including the evolution of its
ordering wave vector, which we find decreases on
approaching the FM transition, as well as our theoretical
analysis of the resulting phase diagram suggest that the
occurrence of long-wavelength SDW order on the border of
FM in NbFe, is not coincidental but rather emerges from

the proximity to a FM quantum critical point, which is
buried within the SDW dome.

Experimental.—Large single crystals of hexagonal
MgZn, (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 [25]. The
single crystals have been characterized extensively by
resistivity, susceptibility, and magnetization measurements,
as well as by x-ray diffraction and neutron depolarization
[26-28], the latter showing homogeneity in structure and
chemical composition. In this Letter, three samples have
been measured: (i) sample A, which is almost stoichio-
metric (y = 4+0.003); (i1) sample B, which is slightly Fe
rich (y = +0.015); and (iii) sample C, which is more Fe
rich still (y = +0.020) [24].

For the neutron scattering experiments, the samples were
mounted on Al holders and oriented with (h0/) as the
horizontal scattering plane. In order to enhance the signal to
background ratio neutron diffraction was carried out with
two cold triple-axis spectrometers in elastic mode: Panda at
the Heinz Maier-Leibnitz Zentrum (MLZ) [29] and 4F2 at
the Laboratoire Léon Brillouin (LLB). Panda was run with
neutron wave vectors k; = ky = 1.57 A=, and 4F2 was
used with k; = k; = 1.30 A™' [24].

Results.—The principal discovery of SDW Bragg reflec-
tions in the Nb;_Fe, , , system is presented in Fig. 2, which
focuses on the reflection (101)* at Q = (1,0, 1) + qspw
with qspw = (0,0, lspw). SDW Bragg reflections corre-
sponding to an ordering wave vector (gpw have been
confirmed for all samples in this Letter. /spyw shows a
significant y and 7 dependence, which will be discussed
further below. We have also established the SDW’s long-
range character [24]. In addition to the data of the (101)"
reflection discussed above, the vicinity of nuclear Bragg
reflections has been scanned for further SDW satellite
peaks. SDW satellite peaks are present at Q = (1,0, 1) +
qspw and Q = (1,0,2) £ qspw, but they are absent at
Q=(1,0,0) £ qspw and at Q = (0,0,]) £ qspw With
[ =1, 2, 3 (see the inset of Fig. 1). This distribution of
allowed, and forbidden satellite Bragg peaks are consistent
with moment orientation along the ¢ axis, suggesting a
linearly polarized SDW state rather than spiral order. Based
on ac susceptibility and torque magnetometry data, the ¢
direction has been determined to be the magnetic easy axis
independent of the chemical composition [30,31].

Magnetic neutron scattering from the FM order has been
observed at the position of the weak nuclear Bragg point
(102). Figure 3(a) shows the T dependence of the inten-
sities of the FM (102) Bragg reflections normalized by
the intensities of the nuclear (102) reflections at T for all
three compositions. Conversion to FM ordered moments
ey has been obtained as described in Ref. [24]. In the
Fe-rich samples B and C, FM order is observed at low
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FIG. 2. Neutron diffraction at Q = (1,0, 1 4 Igpw) of Nb;, Fe,_, samples A (y = +0.003), B (y = 40.015), and C (y = +0.020).
The figures contain selected /4 and / scans across the SDW Bragg peak demonstrating its 7 dependence in each sample. Gaussian fits of
the data are shown as solid lines. [gpy has significant y and T dependence and is located in the range 0.083(1) < Ispw < 0.164(3) in the
explored samples. The scans selected for this figure have been measured in sequences going down in 7. The whole collected dataset (not
all data shown) contains & and [ scans from sequences going up and down in 7 for all samples.

temperatures. The measurements of the FM (102) signals
[Fig. 3(a)] and peaks of the SDW signals [Fig. 3(b); see
below] reveal onset temperatures at 7 = 24.5 K in sample
B and T = 34 K in sample C.

The T dependences of the SDW ordered moments y, for
all samples are shown in Fig. 3(b). u, has been obtained
from integrated intensities at Q = (1,0, 1 + Ispw) and a
comparison with nuclear and FM (102) intensities as
described in Ref. [24]. In the almost stoichiometric sample
A, SDW order emerges below 7Ty = 14.5 K and is present
down to the lowest measured temperature of 1.4 K. In the
slightly Fe-rich sample B SDW order appears below
T =323 K and is fully suppressed below 7 = 18.5 K.
Finally, in the most Fe-rich sample C, SDW order appears
below 7 =383 K and is fully suppressed below
T =305 K. The small size of the SDW moments
(4, < 0.1up/(Fe atom)] explains the difficulties in observing
the SDW order in previous neutron diffraction experiments.

In all three samples, the SDW intensity rises continu-
ously below the onset temperature 7, suggesting a
second-order PM-SDW transition. The peak SDW intensity
coincides with the FM onset temperature 7' in samples B
and C, and there is a T range below T'¢, in which SDW and
FM orders appear to coexist. This overlap can be attributed
to a distribution of transition temperatures within the
sample, giving bulk 7Ty = 30.1 K, T = 21.5 K, (sample
B) and Ty =37.1 K, and T, =32.2 K (sample C), in
good agreement with the bulk magnetic response [24].

The SDW ordering wave vector qspw = (0,0, lspw)
is found to depend significantly on composition and
temperature [Fig. 3(c)]: (i) the c-axis pitch number shifts
from Ispw(7y) = 0.157(1) in sample A to Ispw(Ty) =
0.095(1) in sample C (corresponding to an incommensu-
rate modulation along the ¢ axis with a pitch in the range
Aspw & 50-100 A); (ii) in samples B and C Igpy shows a
significant 7" dependence, decreasing by about 20% with
decreasing T (iii) lspw(T) stays finite at the SDW-FM
transition, so there is a discontinuous change in the
magnitude of the magnetic ordering wave vectors there
from finite (ggpyw) to zero (gry); and (iv) in samples B and
C Ispw(T) reproducibly displays significant thermal hys-
teresis with lower Igpy values when warming into the SDW
phase from the FM state. (i) and (ii) mean that Igpyy is being
reduced upon approaching FM, and (iii) and (iv) point to
the first-order nature of the SDW-FM transition.

Discussion.—The delicate SDW state of the Nb,;_,Fe,
system occurs in a narrow composition and temperature
range attached to the threshold of FM order (Fig. 1).
Because the SDW-FM transition is first order, the emer-
gence of the SDW state masks the FM QCP and buries it
inside a SDW dome. Our neutron diffraction results have
revealed the following main characteristics of the SDW
state: (i) an incommensurate ordering wave vector qspw
with its striking dependence on y and 7', (ii) the long-range
nature in contrast to what would be expected for a spin
glass [32], and (iii) a small linearly polarized ordered
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FIG. 3. T dependences of normalized FM intensities and FM
ordered moments ppy;, SDW ordered moments y,, and of SDW
ordering wave vector values qgpy of Nb;_,Fe,, , obtained from
measurement sequences going down (downward triangles) and
up (upward triangles) in 7 for samples A (y = +0.003, black,
gray), B (y = +0.015, dark blue, light blue), and C (y = +0.020,
red, orange). Each sample has been investigated in two separate
experiments (empty and filled symbols, respectively), demon-
strating the reproducibility of the results. Lines are guides for the
eye. (a) FM (102) intensities have been normalized by the nuclear
(102) intensities at 7. The nuclear (102) intensities have been
subtracted. Conversion to FM ordered moments ppy; has been
obtained as described in the Supplemental Material [24].
(b) SDW ordered moments g, have been obtained from integrated
intensities at Q = (1,0, 1 + lgpw) and comparison with nuclear
and FM (102) intensities [24]. Lines to the right of the maxima
are fits described in Ref. [24]. Lines to the left of the maxima are
guides for the eye. (c) For all studied samples qspw has the form
(0,0,/spw) in the whole T range. A thermal hysteresis is observed
in Igpw of samples B and C, which contain a SDW-FM phase
transition.

moment. The small ordered moments, which contrast with
the large fluctuating moments p; = 1upg derived from the
temperature dependence of the magnetic susceptibility, and
the linearly polarized rather than helical order suggest that
the SDW state should be understood within a band picture,

not a local moment picture. However, the y and T
dependent values of qgpw cannot be explained based on
the electronic band structure alone.

Within density functional theory, the implications of the
electronic band structure for magnetic order have been
examined in detail. Direct total energy calculations for
different ordering patterns [33-35] suggest that energy
differences between a number of magnetic ground states

are very small. Moreover, the wave vector dependence

of the bare band structure derived susceptibility ;(((10) or

Lindhard function [33,34] is not consistent with the long-
wavelength SDW order reported here, as it does not feature
a significant enhancement near the measured qgpw range,
suggesting that SDW order in NbFe, has a more subtle
origin. The observed dependence of ggpw [Fig. 3(c)],
which decreases as the FM state is approached, indicates
that y, is strongly modified by order-parameter fluctuations
on the threshold of FM.

The close connection between modulated and uniform
magnetic order in NbFe, is striking. It can be modeled
effectively with the help of a Landau expansion of the free
energy in terms of the two order parameters M (for FM) and
P (for SDW order) [36], which in zero field reduces to

Ay b @ By Mo

F/,uo—zM +4M —|—2P +4P +2PM. (1)
The use of this model is corroborated in this Letter by the
observation that ggpyw does not go to zero but stays finite at
the SDW-FM transition. While the parameters a and b
can be obtained from magnetization measurements, this is
not possible for the parameters «, f, and 5. They can,
however, be determined from the SDW ordered moment P
observed in our neutron scattering study. We make use of
the Landau theory results that P> = —a/f and that within
the SDW phase the intercept a* and slope b* of the Arrott
plot H/M vs M?, which can be determined in bulk
magnetization measurements, become a* = a— an/p
and b* = b—n*/p [36]. Writing a =a,(T —T,) and
a = ay(T — Ty), we find that the parameters characterizing
the SDW order vary slowly with composition and are of
similar magnitude as those characterizing the FM order,
a;/a=~p/b~2 =+ 1, and that the coupling parameter 5 ~ f3
[24]. This implies that the ratio #/+/Bb > 1 throughout,
which rules out phase coexistence within the two-parameter
Landau theory, in agreement with experimental observa-
tions. Most importantly, the parameter values point toward
a common microscopic origin for both types of magnetic
order and put strong constraints on a microscopic theory of
magnetism in NbFe,.

A number of theoretical studies [1,8,9,37] have noted
that the FM quantum critical point is unlikely to be
observed in clean, 3D ferromagnets, and it will instead
either be avoided by a change of the magnetic transition
from second order to first order or masked by the
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emergence of long-wavelength SDW. Both scenarios can be
attributed to nonanalytic terms in the free energy associated
with soft modes. These contribute a singular ¢ dependence
of the form ¢”In g to ;(;1 and thereby produce an intrinsic
tendency toward long-wavelength modulated order as the
FM QCP is approached. An alternative approach [38] arrived
at similar conclusions by considering the contribution of
order-parameter fluctuations to the free energy, when differ-
ent ordered states were imposed, causing differences in the
phase space available to critical fluctuations of FM and
modulated magnetic order. Helical order in the local moment
system PrPtAl [14] has recently been presented as a likely
manifestation of this scenario, but a demonstration in a band
magnet is still outstanding.

New neutron data demonstrate that SDW order emerges
near the border of ferromagnetism in the C14 Laves phase
system Nb;_,Fe, ,, burying an underlying FM QCP. This
suggests that the SDW order in Nb;_Fe, , , is caused by an
intrinsic instability of a ferromagnetic quantum critical
point to modulated magnetic order, which has been
postulated on the basis of fundamental considerations
but has not before been detected in a band magnet.

The underlying data supporting this publication can be
accessed through Ref. [39].
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