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The metallic compound FeP belongs to the class of materials that feature a complex noncollinear spin order
driven by magnetic frustration. While its double-helix magnetic structure with a period A ~ 5c¢, where c is
the lattice constant, was previously well determined, the relevant spin-spin interactions that lead to that ground

state remain unknown. By performing extensive inelastic neutron scattering measurements, we obtained the
spin-excitation spectra in a large part of the momentum-energy space. The spectra show that the magnons are
gapped with a gap energy of ~5meV. Despite the 3D crystal structure, the magnon modes display strongly
anisotropic dispersions, revealing a quasi-one-dimensional character of the magnetic interactions in FeP. The

physics of the material, however, is not determined by the dominating exchange, which is ferromagnetic. Instead,
the weaker two-dimensional antiferromagnetic interactions between the rigid ferromagnetic spin chains drive
the magnetic frustration. Using linear spin-wave theory, we were able to construct an effective Heisenberg
Hamiltonian with an anisotropy term capable of reproducing the observed spectra. This enabled us to quantify
the exchange interactions in FeP and determine the mechanism of its magnetic frustration.

DOI: 10.1103/PhysRevB.105.134424

I. INTRODUCTION

A. General motivation

The orthorhombic compound FeP (space group Pnma) be-
longs to the group of frustration-driven helimagnets. Unlike
the noncentrosymmetric materials that exhibit a chiral (either
left- or right-handed) spin-spiral magnetic order of the same
handedness in the entire volume due to the antisymmetric
spin-orbit-coupling dependent Dzyaloshinskii-Moriya inter-
action (DMI) [1-5], the frustration-driven helimagnets retain
the degeneracy between the left- and right-handed spin spirals
[6-10]. In other words, competing exchange interactions be-
tween neighboring spins in the crystal lattice of a material set
the period of the spin helix but not its handedness. The latter
leads to nucleation of domains with the opposite chirality
in a macroscopic sample. The fundamental difference in the
underlying mechanisms of the formation of spin spirals in
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chiral and achiral materials manifests itself in their excitation
spectrum.

Whilst the excitations of the chiral (DMI-based) helimag-
nets were broadly discussed in recent studies [11-14], the
magnon spectrum of the centrosymmetric (achiral) spin-spiral
materials remains less studied [15-17]. Chiral helimagnets
usually feature long spiral periods (much greater than the
unit-cell parameter), which is dictated by the smallness of
the DMI as compared to the isotropic Heisenberg exchange.
This allows for an effective continuous theory to be applied,
which yields generalized results applicable for a wide range
of real materials [18,19]. In contrast, the frustrated exchange
interactions responsible for the spin-spiral ground state are
typically of the same magnitude and lead to relatively short
spiral pitches (of only a few unit cells). This requires that case-
specific microscopic models be constructed for a particular
material.

In this paper, we study the helimagnon spectrum of FeP
by means of inelastic neutron scattering (INS) and pro-
pose a relevant spin-spin interaction model that explains the
ground-state magnetic structure of the compound as well as
its spin excitation spectrum. The paper is organized as fol-
lows. In Sec. I B, we briefly overview the previously reported

©2022 American Physical Society
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FIG. 1. (a) The double-helix magnetic structure of FeP reported in [20] (only Fe atoms are shown). The chosen enumeration of the Fe sites
in the unit cell is shown beside the spins. (b) The same as in (a) but viewed from the ¢ axis. The spin angles are defined via the parameters k
and o (see text) as shown. (c) The Fe sublattice with the bonds between the nearest-neighbor sites shown as solid lines. A trapezoidal structural
motif formed by four Fe sites in the unit cell is highlighted in magenta. (d) A schematic of the magnetic interactions induced within the
trapezoid illustrating the magnetic frustration. (e) The classical phase diagram of the J,;-J.;-J.» model (the frustrated trapezoid, see text), HM
and CM stand for the helimagnet and collinear magnet, respectively. FeP is placed on the phase diagram as suggested by [35]. (f) The absolute
value of the lowest-energy propagation vector k as a function of the exchange constants within the discussed model. (g) The lowest-energy
canting angle « as a function of the exchange constants. The green-solid lines show k and « of FeP.

magnetic structure of FeP. In Sec. I C, we review and discuss
the spin model that was previously proposed as the candidate
model for FeP. Section II summarizes the results of sample
characterization and the experimental details of the performed
neutron measurements. The results of the time-of-flight (TOF)
INS measurements are presented in Sec. III along with the
comparison to the model of Sec. IC. In Sec. IV, we present
an alternative spin-interaction model for FeP and demonstrate
its applicability by comparison to detailed neutron triple-axis
spectroscopy (TAS) measurements. We discuss the obtained
results and summarize the main findings of our study in
Secs. V and VI, respectively.

B. Magnetic structure of FeP

The early neutron powder diffraction studies on FeP re-
vealed that its magnetic structure below Ty = 120K is not a
simple spin spiral but a combination of two helices coupled
nearly antiparallel to each other [20]. Such a type of magnetic
structure was therefore named the double helix. The helices
were found to propagate along the crystallographic ¢ axis
(in the standard Pnma setting), and the period of the spiral
amounted to 29.2 A, which is close to the distance of 5 unit
cells along c, yielding the propagation vector k = (00 0.2)
reciprocal-lattice units (r.L.u.), which are defined as 27 /a,

27 /b, and 27 /c, where a, b, and ¢ are the real-space lat-
tice parameters. The Fe ions were reported to host a weak
magnetic moment of ~0.4up [20]. A similar double-helical
magnetic structure was found in the isostuctural compounds
FeAs [21-23], MnP [24-26], and CrAs [27-29].

The unit cell of FeP has the lattice parameters a = 5.197,
b =3.099, and ¢ = 5.794 A at room temperature, and con-
tains four Fe ions at the Wyckoff site 4c. Their respective
coordinates are (x, 1/4,2) (1), (x+ 1/2,1/4, —z 4+ 1/2) (2),
(=x+1/2,3/4,z4+1/2) (3), and (—x, 3/4, —z) (4), where
x = 0.002 and z = 0.200. The P atoms also occupy the 4c po-
sition with the free parameters x = 0.191, z = 0.569 [20]. If
all the Fe atoms are projected onto the ¢ axis, their respective
Fe-Fe distances along c are 0.1c¢ for the pairs Fe(1)-Fe(2) and
Fe(3)-Fe(4), and 0.4c¢ for the pair Fe(2)-Fe(3). Consequently,
the distances Fe(1)-Fe(3) and Fe(2)-Fe(4) along the ¢ axis,
which is the direction in which the spin spiral propagates,
amount to 0.5c¢.

The chosen enumeration of the four Fe ions in the unit cell
of FeP is illustrated in Fig. 1(a) along with its double helical
magnetic structure. If the magnetic structure was a simple
spin spiral, the propagation vector k = (00 0.2) would imply
a spin rotation by 2wk x 0.5 = 36° as one goes from Fe(1)
to Fe(3), or from Fe(3) to Fe(l) in the next unit cell along
the ¢ axis [colored as the red sublattice in Fig. 1(a)], as well
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as on the spins running along the sequence Fe(2)-Fe(4)-Fe(2)
[colored as the blue sublattice in Fig. 1(a)]. The angle between
the spins on the Fe(1) and Fe(2) sites would then be defined
as 2wk x 0.1 = 7.2° in a simple spin spiral. It was, however,
found by Felcher et al. [20] that the neutron diffraction data on
FeP cannot be satisfactorily described without introducing a
dephasing angle A¢ between the two sublattices. The nonzero
dephasing angle means that in the rotating coordinate frame
of the spin spiral, the spins on the two Fe sublattices are not
parallel but disposed at an angle A¢ to each other. The neutron
diffraction study of Ref. [20] provided A¢ = 168.8°. This
corresponds to the relative angle of 176° between the spins
on the Fe(1)-Fe(2) bond in the basis of the unit cell. As we
show in Fig. 1(b), it is convenient to introduce an angle « that
measures the spin canting of the two sublattices away from
the antiparallel orientation to describe the magnetic structure
of FeP, where o = 4°.

The details of the magnetic structure, including the value
of the angle «, were used in a number of studies to interpret
the results of 3’ Fe Massbauer spectroscopy [30,31], >'P NMR
spectroscopy [31,32], and the de Haas—van Alphen effect [33]
measurements. Particularly, the authors of [32] showed that all
the obtained ' P NMR spectra can be well reproduced theoret-
ically when the parameter @ = 4° of the magnetic structure is
taken into account, which further supports the neutron diffrac-
tion results [20]. The canting angle might play an important
role in the unusual magnetotransport properties of FeP [34],
though the relation between the observed strongly anisotropic
magnetoresistance and the distortions of the magnetic struc-
ture is rather complex and remains to be understood.

C. Model of a frustrated trapezoid

It is most important to understand how the double-helical
magnetic structure of FeP is stabilized on the microscopic
level. Figure 1(c) shows the crystal sublattice formed by the
magnetic Fe ions (the P ions are omitted for clarity). The four
Fe ions of the unit cell form a trapezoid that can be consid-
ered as a structural motif. The trapezoid has two equivalent
nearest-neighbor bonds that are oriented in the ac plane close
to the a axis and two bonds of slightly different length along
the ¢ axis. We refer to the exchange interaction associated
with the bond along a as J,;. Correspondingly, the two other
exchanges are referred to as J;; and J.;. As can be readily
seen, if the two exchanges along c are of the opposite sign, i.e.,
Je1Jer < 0, and in addition the spins are coupled along a by a
finite exchange (of any sign), then bond frustration is induced
for spins residing on the vertices of the trapezoid. This relation
is schematically shown in Fig. 1(d).

The model of the three nearest-neighbor Heisenberg ex-
change interactions in application to FeP and its related
materials was first considered in the paper of Kallel ez al. [35].
The results of their findings can be summarized as follows.
The spin spiral with a propagation vector along ¢ mini-
mizes the energy when the conditions 4J;1J» /Jaz1 + Je1/Ja1 +
Joo/Ja < 0and —4J61J02/Jazl + Je1/Ja1 + Je2/Ja1 < O are sat-
isfied. The spiral pitch is then determined by the equation

1 Jal Jal
k=—|—+—). 1
Ccos T 4<Jc1 + 7 ) (1)

Otherwise, the collinear state is the ground state. The resulting
phase diagram in the coordinates (J.; /J,1, Je2/Ja1) is shown in
Fig. 1(e). Each point on the phase diagram within the helical
phase determines not only the magnitude of the propagation
vector of the double spiral but also the canting angle o be-
tween the two spirals. It can be shown that the exchange
parameters needed to minimize the spiral energy for the given
values of k and « can be expressed as [35]

Joo 1 sin o
Ja  2sin(a — wk)’
. 2
Jo _ 1 sina
Ja  2sin(a +7k)’

That means, the case of FeP (k=0.2, a =4°) in this
exchange model corresponds to J.; = 0.066J,; and J, =
—0.055J,, as highlighted in Fig. 1(e).

It should be noted that there exists a set of points on
the (Je1/Ja1, Je2/Ja1) plane that minimize the energy with
respect to the same propagation vector (for any «). This set
of points forms a continuous curve on the phase diagram as
demonstrated in Fig. 1(f). The same takes place for the energy
minima for a fixed o [Fig. 1(g)], as there is a curve on the
phase diagram corresponding to each stable «. As can be
seen, the curves intersect in only one point, which uniquely
determines the ratio of the exchange parameters required for
the double-spiral spin structure on the lattice built by the
trapezoid motif.

In this paper, we closely examine the previously pro-
posed model of a frustrated trapezoid and test its relevance
to FeP. The model predicts that the exchange interactions in
FeP should satisfy certain relations. This directly affects the
magnon dispersions that can be probed by means of inelastic
neutron scattering. A comparison between the observed and
simulated spin-excitation spectra allows one to build an ef-
fective spin-interaction Hamiltonian capable of describing the
material.

II. SAMPLE CHARACTERIZATION
AND EXPERIMENTAL DETAILS

A. Sample description and characterization

Single crystals of FeP of high quality were grown us-
ing chemical vapor transport with an iodine transport agent
[36]. The optimized temperature regime, reported in detail in
Ref. [36], allowed us to grow large (up to 0.5 g in mass) single
crystals suitable for inelastic neutron scattering (INS) exper-
iments. The grown crystals were extensively characterized
to confirm their composition, crystal symmetry, unit cell pa-
rameters, and magnetic and transport properties in the earlier
study [36]. The elemental analysis and chemical characteriza-
tion, done by means of energy-dispersive x-ray spectroscopy
(EDX), revealed iron and phosphorus in 1:1 proportion corre-
sponding to the FeP stoichiometric composition.

The single crystals used in the present study were also
characterized by magnetization, dilatometry, and heat capac-
ity measurements, as shown in Figs. 2(a)-2(d).

The magnetic transition in FeP can be characterized by
measurements of the anisotropic thermal expansion coeffi-
cient « (see Supplemental Material [37] for the definition of
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FIG. 2. (a) Thermal expansion measurements of single-crystal
FeP along the principal crystallographic directions in zero and ap-
plied magnetic fields. The blue line shows the average of three
zero-field curves, which represents volume expansion. (b) Magneti-
zation as a function of temperature for a magnetic field applied along
the principal crystallographic directions. (c) Magnetization curves
at T = 2K. (d) Specific heat measurements in zero field, with the
transition region enlarged in the inset.

o and details of the dilatometry measurements). Figure 2(a)
shows a(T') from 2 to 200 K for all principal crystallographic
directions. The magnetic transition is manifested by a sharp
peak in « for the expansion along [010] and [100], and a dip
for the expansion along [001]. Thus, the onset of the magnetic
order leads to a pronounced anisotropic spontaneous magne-
tostriction. Below Ty, the unit cell of FeP is rapidly contracted
in the ab plane and expanded along the ¢ axis, such that the
unit cell volume preserves a smooth change, as can be seen in
the averaged thermal expansion curve plotted in Fig. 2(a). The
examination of «(7") in a magnetic field of 9 T applied along
AL/L did not reveal any noticeable induced magnetostriction,
as also demonstrated in Fig. 2(a). The anisotropy of the spon-
taneous magnetostriction with respect to the crystallographic
(001) plane matches the orientation of the spin spiral.

Figure 2(b) presents the magnetization in a fieldof 1 T as a
function of the sample temperature measured on cooling from
300 K down to 2 K. The magnetization shows a very weak
temperature dependence for the magnetic field applied along
the three principle crystallographic directions until ~120K,
where a clear downturn takes place, which indicates the onset
of the antiferromagnetic ordering temperature 7y. The down-
turn in the M(T) data is more apparent when the field is
directed along either the [100] or [010] axis, whereas the field
along [001] causes only a minor step in the magnetization at
Tx. The following relation holds for the magnetization in the
whole temperature range. The magnetization is higher for H ||

[001] and lower for H || [010]. It takes intermediate values
when the field is applied along [100]. This is found to be in
full agreement with previous reports [36,38].

The M(H) measurements are shown in Fig. 2(c). The
magnetization at 7 = 2K exhibits a linear behavior in ap-
plied magnetic fields up to at least 7 T, which is typical for
an antiferromagnet. The slope of the M(H) curve for H ||
[001] is nearly two times steeper than for H || [100] and
H || [010]. As can be seen, the magnetic structure of FeP is
mainly anisotropic with respect to the (001) plane, which is
the spin-rotation plane of the helical structure. The magnetic
measurements agree with the previous report [38].

Figure 2(d) shows the specific heat measurements in zero
field. The Néel temperature is evidenced by a peak at ~118 K,
in agreement with the previous report [33].

B. Experimental configurations

The time-of-flight (TOF) INS experiments were performed
at the MERLIN spectrometer at ISIS, UK [39]. A single crys-
tal of FeP with a mass ~0.5 g was mounted in the top-loading
closed-cycle cryostat with its a axis vertical, providing the
(OK L) scattering plane. We collected the data at the base
temperature of 7.5 K using neutrons with incoming energies
E; = 27, 40, 60, and 108 meV. All the data processing was
done using HORACE software package [40].

Thermal-neutron TAS-measurements were performed at
the IN8 (ILL, Grenoble) [41,42] and PUMA (MLZ, Munich)
[43] spectrometers. All the TAS experiments were performed
on a mosaic of FeP single crystals with a total mass ~1g,
coaligned with a backscattering x-ray Laue camera. During
the IN8 measurements, the sample was mounted inside an
“orange”-type cryostat in either the (H H L) or (0 K L) scat-
tering plane. The experimental configuration with pyrolytic
graphite (PG) filter and fixed final neutron wavenumber k; =
2.662 A~ was used to achieve a sufficient resolution for the
measurements up to 35 meV energy transfer. To reach higher
energies, we used kg set to 4.1 A-1. Measurements were done
at the base temperature of 2 K.

In the PUMA experiment, the sample was mounted in the
standard closed-cycle cryostat with its b axis vertical, giving
access to the (H 0 L) scattering plane. The measurements were
performed at the temperature of 3.5 K. To reach a compromise
between intensity and resolution, the instrument was oper-
ated with the PG(002) monochromator and analyzer in the
double-focusing mode. Measurements were performed with
fixed kf = 2.662 A~! up to 15 and 12 meV for L and H
scans, respectively. To obtain sufficient momentum coverage
for higher energies, we changed k¢ to 4.1 A~ , which naturally
entails lower resolution.

III. TOF SPECTROSCOPY

A. Observed spectra

In order to discuss the general characteristics of the mag-
netic excitations in FeP, we begin with a presentation of the
low-temperature TOF data that covers a large part of the
4D momentum-energy space. Such an approach allows one
to identify the reciprocal-lattice planes at which the signif-
icant magnon spectral weight can be observed by thorough
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FIG. 3. Time-of-flight neutron spectroscopy data at 7 = 7.5 K. [(a)—(c)] The momentum-energy slice through the data for the H (a), K
(b), and L (c) reciprocal-space directions across the magnetic satellites of the (110) point. The data obtained with four different incident
neutron energies E; were combined in a single plot as labeled. The data were integrated over a finite range in the perpendicular momenta (see
Supplemental Material [37] for the integration range that corresponds to each slice). The white arrows show phonon modes. (d) The elastic
scattering in the (H 1L) plane. The dotted lines show the direction of the momentum cuts for (a) and (c). (e) The INS intensity as a function of
energy transfer for the momenta that correspond to the magnetic satellites of (101) and (110).

analysis of the individual slices through the collected dataset.
Moreover, the momentum-energy (Q-E) slices for different
crystallographic directions reveal the magnon-disperion band-
width along all the high-symmetry paths in the first Brillouin
zone (BZ). Note that the magnetic sublattice of iron atoms in
FeP has a higher symmetry than the lattice itself, therefore
spin-wave dispersions can be described in either the folded
or unfolded BZ notation, as explained in the Supplemental
Material [37].

Figures 3(a)-3(c) summarize the main features of the mag-
netic spectra of FeP at a temperature of 7.5 K. The previous
neutron diffraction measurements on single crystals [20,36],
as well as our powder neutron diffraction data shown in the
Supplemental Material [37] showed that the helical magnetic
structure yields pairs of strong magnetic satellites at the mo-
menta (110)+k and (101) &k, where k = (00 0.2) r.L.u.
The elastic (E = 0) slice through the dataset in the vicinity
of the momentum transfer Q = (110), which is a forbid-
den Bragg reflection for the nuclear structure, is shown in
Fig. 3(d). The magnetic Bragg peaks are observed at (11 +
0.2), which yields k = (00 0.2) in agreement with the pre-
vious reports [20,36]. Figures 3(a)-3(c) present the (Q-E)
slices in a wide range of energy transfer up to 60 meV for the
reciprocal-space directions H, K, and L, respectively, all inter-
secting the magnetic Bragg peak [as illustrated in Fig. 3(d)].
The covered energy range (= 700 K ~ 67y) significantly
exceeds the energy scale set by the magnetic ordering tem-

perature. The data were collected at different energies of the
incident neutrons E; to combine a large accessible energy-
transfer range at higher E; with an improved resolution at
lower incident energies. The resulting datasets were composed
in Figs. 3(a)-3(c) for completeness.

As can be seen, the magnon dispersion along L [Fig. 3(c)]
consists of two V-shaped branches stemming from the mo-
mentum that corresponds to the two magnetic satellites. The
dispersions intersect at Q = (110), which is the center of
the BZ (the I point), at ~15meV forming a characteristic
W-shaped spectrum.

The magnon dispersion reaches an energy of ~25 meV at
the BZ boundary at Q = (11 +0.5), where a weakly dispers-
ing intense optic-phonon mode is observed above the magnon
band. The phonon mode disperses weakly also for the H direc-
tion, but has a pronounced dispersion down to ~15 meV along
K. The assessment of the phonon mode as an optic phonon is
based on the previous detailed study of the lattice vibrations
in FeP [44]. The fact that the magnon bandwidth along the
L direction in momentum space is bounded by E = 25 meV
is confirmed by the absence of any INS intensity at higher
energies at least up to ~55meV covered in the collected
dataset.

The magnetic dispersion along the orthogonal H direction
is shown in Fig. 3(a), where the INS intensity is plotted for the
momenta (H 10.2) in a wide energy range. The magnon dis-
persion, approximately linear in the vicinity of the magnetic
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Bragg peak, also reaches up to ~25meV at the BZ boundary.
Thus, the magnon bandwidths for the dispersions along L and
H are the same within our experimental resolution. Similarly
to the (Q-F) slice along L, the data above E = 25 meV along
H did not reveal any additional intensity.

Remarkably, the spin-wave dispersion of FeP along the
reciprocal-space direction K exhibits a striking difference to
that of the H and L directions. As can be seen in Fig. 3(b),
the linear dispersion already acquires an energy of 50 meV
at nearly 0.075 r.l.u. from (1 1 0.2) and far away from the
BZ boundary [(1 1£0.5 0.2)]. This yields a spin-wave stiff-
ness nearly ten times higher along K than in the H and L
directions. Such a large anisotropy in the magnetic exchange
energies along different crystallographic directions is unusual
for a structurally 3D material, as it is more common for com-
pounds with isolated chains of magnetic ions (typically with
the atomic distance within the chains being much smaller than
the distance between the adjacent chains) [45-48]. A crude
extrapolation of the magnon dispersion along K above the
measured energy range suggests that the energy scale of the
exchange interactions along the b axis in FeP exceeds Ty by a
factor of ~30, which explains why magnetic correlations are
seen in the magnetic susceptibility measurements up to 500 K
[38] [also supported by the broad maximum in our data up to
300 K in Fig. 2(b)].

The TOF data shown in Figs. 3(a)-3(c) reveal also that
the magnetic excitations in FeP are gapped. This means that
there exists a non-negligible single-ion magnetic anisotropy,
which should be taken into account when constructing a rel-
evant magnetic Hamiltonian capable of describing the spin
dynamics of FeP. To further illustrate this, we plotted the INS
intensity as a function of energy at the magnetic Bragg peak
positions, (110 =+0.2), and at (10 1£0.2) [Fig. 3(e)]. For
this, the data for the +k cuts were averaged to increase the
statistics. The intensity profiles in Fig. 3(e) show a clear mini-
mum at ~4.5 meV, labeled as E,, at both equivalent momenta.
The value of Eg, however, is not directly equal to the magnon
gap, as the position of the minimum in the intensity profile
is affected by finite resolution effects for the out-of-plane
momenta.

It should be noted that the spectra in Figs. 3(a) and 3(c)
are not seen as sharp modes but rather appear as a continuous
intensity distribution that fills energies above the magnon
branches. This can be explained by the finite momentum
resolution in the K direction. Because the dispersion along
K is very steep, it visibly smears the spectra for H and L. This
should be taken into account when the experimental spectra
are compared to the simulated ones.

B. Comparison to the J,1-Jc1-Je2 model

Having observed the magnon dispersions along all the
high-symmetry directions in reciprocal space, we can now
compare them to the predicted excitation spectra of the frus-
trated trapezoid model [35]. To be more specific, only spectra
for the H and L directions become important for this com-
parison, whereas the dispersion along K does not depend on
the parameters of the discussed model and can be omitted in
the analysis. Indeed, the frustrated exchange interactions J,;,
Je1, and J, link the neighboring spins within the ac plane of

the crystal structure, which corresponds to the (HOL) plane
in reciprocal space. The magnon dispersion along K, in turn,
is solely driven by the exchange interaction that couples the
spins exactly along the b axis, which can be labeled as J,,.

The ground state of FeP clearly suggests that J,, is ferro-
magnetic (FM). Furthermore, as one can conclude from the
very steep magnon dispersion along K, J, must be much larger
in absolute value than the AFM or FM exchanges along a and
¢, |Jp| > Jac. In other words, the magnetic structure of FeP
can be viewed as strongly-coupled FM chains running along
the crystallographic b axis. The chains are coupled in the
perpendicular ac plane with weaker AFM or FM interactions.
The double-helical spin structure of FeP is thus stabilized on
a relatively low energy scale.

Figures 4(a) and 4(b) show the simulated dispersion along
L and H, respectively. The simulations were performed within
the linear spin-wave theory as implemented in SPINW [49].
The exchange parameters used for these simulations corre-
sponds to the ratio of J.;/J, and Jep/Ja that stabilize the
magnitude of the propagation vector k = 0.2 and the canting
angle o = 4° as previously reported [20]. Figure 4(c) demon-
strates the calculated exchanges as a function of «, as defined
by Eq. (2), for the fixed value of kK = 0.2. It is easy to see that
the simulated spectra along L [Fig. 4(a)] drastically disagree
with the experimental observations [Fig. 3(c)]. Whilst the sim-
ulated dispersion along H can be brought into agreement with
the experimental data by tuning J,; to the observed bandwidth
of ~25meV, the dispersion along L appears to be completely
flat. This result is not surprising, as J./Ja and Jep/Jy for
o = 4° are fixed to very small values of 0.066 and —0.055,
respectively. To simulate the spectra in Figs. 4(a) and 4(b),
we also added a finite single-ion anisotropy in the ab plane to
reproduce the observed spin gap for a better comparison.

To further examine the previously proposed model of the
frustrated trapezoid, one can investigate how the simulated
spectra depend on the canting angle « for the same propa-
gation vector. It should be noted that, in principle, o only
affects the relative intensities of the magnetic Bragg peaks
in a neutron diffraction pattern. Thus it cannot always be
experimentally extracted with a high confidence. This is in
contrast to the propagation vector, which affects the position
of the peaks and can therefore be well resolved.

As can be seen from Eq. (2), the model predicts the limiting
value of « at which the helical solution no longer exists, a <
mk, which becomes o < 36° in the case of FeP. According
to Eq. (2), the ratio of J.»/J, changes rapidly as « increases
[Fig. 4(c)]. The exchange J., becomes equal to J,; at o ~ 25°.
At o = 30°, J» has already become twice larger than the
exchange along a, and it then diverges as one approaches the
maximal value of «.

In order to test if the J,;-J.;-J.» model can describe the
experimental data for a different ratio between the exchange
interactions along a and ¢, we simulated the spectra for a
significantly larger o and plotted them in Figs. 4(d) and 4(e)
for the reciprocal L and H directions, respectively. Because
at o = 30° the exchange interactions along a and c are of the
same order, the magnon dispersion along L acquires a band-
width that is comparable to the bandwidth along H. While
in this aspect the simulated spectra become reminiscent to the
observed ones, the spectrum in Fig. 4(d) is still much different
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FIG. 4. The simulated magnon spectra for FeP within the model of frustrated trapezoid along the L [(a),(d)] and H [(b),(e)] reciprocal-space
directions for the parameter o« = 4° [(a),(b)] and a = 30° [(d),(e)]. (c) The ratios of the exchange interactions J.; /J,; and J.,/J,; as a function

of the angle « highlighting the case of @ = 4° and o = 30°.

from the data in Fig. 3(c) in other aspects. The simulated
spectrum also consists of two V-shaped branches separated by
4k, but they cross at a much lower energy of only ~7 meV.
The simulated spectrum also predicts the lower intense mode
to reach an energy of ~15meV at the BZ boundary, whereas
the experimental data suggests that the lower mode along L
disperses up to 25 meV. A closer examination of the model
shows that the magnon bandwidth along L and H for the most
intense lower band cannot be equalized for any « up to the
maximal value of 36°. Therefore, one can conclude that the
model proposed in [35] is not applicable for FeP.

IV. MODEL OF FRUSTRATED CHAINS

A. Exchange scheme

Since the model of a frustrated trapezoid [35] turns out
to contradict the experimental data, we should consider an
alternative mechanism capable of stabilizing the spin spiral
in FeP. One such mechanism is the frustration between the
nearest-neighbor and the next nearest-neighbor spins along
the propagation direction of the spiral. Indeed, this type of
frustration was discussed as the origin of the helical magnetic
structure in a number of materials, for example in Fe;Gay
[50], MnAu, [51,52], and YMngSng [53], to name a few.

Figure 5(a) displays the exchange interaction scheme that
we refer to as the model of frustrated chains, where the frus-
trating interactions are along the ¢ axis. We note that the term
“chains” in this context is not to be confused with the rigid
FM spin chains along the b axis, which are confined by the
dominating exchange as was discussed in Sec. III A. Because

this extremely strong exchange along b effectively turns ev-
ery FM chain into one large classical magnetic moment, the
magnetic model becomes effectively 2D, confined to the ac
plane. We then use the term chains in a broad sense to refer
to the spins connected by the bonds running along c [in the
sequences 1-4-1 and 2-3-2 according to Fig. 1(a)].

The frustration in this case can be explained as follows.
Let the spins along ¢ axis couple by the same AFM exchange

FIG. 5. (a) The exchange interaction scheme of the model of
frustrated AFM chains. The crystal-structure sublattice of Fe atoms
is shown in the ac plane. The magenta trapezoid highlights the struc-
tural motif formed by the four Fe atoms in the unit cell of FeP. (b) The
schematics of the frustrated zigzag spin chains, which represent the
same model as in (a) when the difference between the J;; and J,
bonds is neglected.
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interaction, J.; = Jo» = Jo > 0. Without any further interac-
tion, the ground state is an AFM order of the alternating
up-down-up spins along c. If another AFM interaction, J.3 >
0, is introduced between the spins that are second neighbors
along ¢, then an AFM collinear order twists into an AFM
spiral. The AFM spirals on the adjacent spin chains running
along the ¢ axis can be further coupled in an AFM fashion
along a by J,; and ferromagnetically along b by J,. The main
difference of this model, as compared to the model of [35],
is that J,; no longer influences the spiral propagation vector,
thus can be chosen independently from J.; and Ji,. It can be
easily shown, that the spiral propagation vector is given by the
simple relation:

JcO
4J3"

cos(wk) = — 3)
It is obvious that the exchange interaction along b remains
decoupled from the other exchange interactions in this model
as it was in the model of the frustrated trapezoid. The apparent
drawback of the model of frustrated chains (also referred to
as the Jy-J.3 model) is that the canting angle between the
adjacent spin spirals « always remains zero and cannot be
driven away from that value. This, however, can be considered
as a minor approximation, as the reported o = 4° [20] is very
small.

The model in which the spins are frustrated by the com-
petition of the nearest- and the next-nearest-neighbor AFM
exchange interactions is also known as the zigzag spin chain
model, which was widely studied in the quantum limit [54].
Figure 5(b) illustrates the analogy between the zigzag chains
defined by the Jo and J.3 interaction and the original struc-
tural motif of the Fe sublattice in FeP. We note that we
consider the model only in the classical limit.

B. TAS measurements

The TOF data presented above enabled us to understand
the main aspects of the spin excitation spectra of FeP. For a
thorough comparison with the relevant exchange interaction
model, however, fine details of the spectra for the reciprocal H
and L directions are essential. This was achieved by perform-
ing triple-axis spectroscopy measurements. We mapped out
the magnon dispersions by performing constant-energy scans
for the selected directions in momentum space, namely along
L atthe (110), (101), and (002) zones and along H at the (101)
zone. The measurements in the (110) zone thus reproduce
the results obtained with TOF but with significantly better
statistics, yet with a similar energy resolution. As a result of
these measurements, subtle details of the excitation spectra
were revealed.

Before further discussing the magnon dispersions along H
and L, we verify that the magnon dispersion is very steep
along K beyond the energy transfer range covered in our
TOF data (Sec. III). Performing TAS measurements in the
(0K L) scattering plane along K at (OOL) with L =2,2.5,3
with tight collimation to improve momentum resolution, we
could resolve pairs of peaks along the K direction up to an
energy of 70 meV, as shown in Fig. 6. At the maximal energy
transfer of 70 meV, the peaks are centered at approximately
40.1 r.l.u., which confirms that the magnon bandwidth along

25001
=
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0.2 0.0 02
K (rl.u.)

FIG. 6. TAS constant-energy data (symbols) for the measure-
ments along the K direction in the (0KL) plane shown for different
energies and different values of L. The solid lines are fits by a sum of
two Gaussian functions. The data were offset for clarity.

the b direction must be one order of magnitude larger than
along a and c.

Figures 7(a) and 7(b) show the measurements along L
performed in the vicinity of the equivalent reciprocal-space
points (110) and (101). The observed spectra look very similar
in terms of the resolved magnon dispersions, while the spec-
tral weight inherits the intensities of the underlying magnetic
Bragg peaks that are equal for (110) &k by symmetry but
differ for (101) & k due to the structure factor. It should be
noted that the weakly-dispersing mode at £ ~ 27 meV in the
(11L) data corresponds to an optic phonon, which was also
identified in the TOF data discussed above.

Figure 7(c) demonstrates the measurements done with lon-
gitudinal scans along L in the (002) zone covered up to a
lower energy cut-off of E = 15meV. It is nevertheless very
useful to compare it to the data at the (110) and (101) zones.
Again, here the structure factor leads to different intensities
of the spin-wave branches emanating from the nonequivalent
magnetic Bragg peaks. The (002) data differ from those taken
in the other two zones in one important aspect. As one can
see from the transverse or mixed scans in Figs. 7(a) and 7(b),
the INS intensity at the I" point appears at ~10 meV, which
is much lower than the energy at which the two V-shaped
modes apparently cross (~18 meV). This indicates that there
is a low-energy mode that connects the two minima at +k
via a N-shaped dispersion. The absence of INS intensity up
to ~15meV in Fig. 7(c) suggest that this mode has zero or
nearly vanishing spectral weight at the (002) zone. This, in
turn, implies that the N-shaped branch corresponds to spin
fluctuations polarized along the c axis, as these would vanish
along (O0L) due to the neutron polarization factor.

The TAS data for the H direction are shown in Fig. 7(d).
They clearly reveal the dispersion of the lowest magnon
branch by a relatively sharp onset of the INS intensity. Above
this boundary line, the intensity looks continuous due to a
finite momentum resolution in the K direction orthogonal to
the (HOL) scattering plane, in which the magnon dispersion
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FIG. 7. [(a)—(d)] The TAS measurements of FeP for the momenta along the reciprocal directions (11L) at 7 = 2K (a), (10L)at T =3.5K
(b), (O0L) at T = 2K (c), and (H 00.8) at T = 3.5K (d). The horizontal red dotted lines separate the data collected with different k;. The
sharp streak of intensity in the ~5-20 meV range in (a) is a measurement artefact due to neutrons that scattered at the (111) Bragg peak of the
sample and further scattered incoherently off the analyser. The spectrally-sharp weakly dispersing mode at ~25 meV is an optic phonon [44].
[(e)—(h)] The linear spin-wave theory simulations of the magnon spectra (colormap) in FeP within the model of Eq. (4). To account for the
energy-momentum resolution in the TAS measurements, all the simulated spectra were broadened by 3 meV in energy and integrated in the
perpendicular momenta over £0.06 r.l.u. in H and +0.04 r.l.u. in X in [(e)—(g)], and £0.07 r.L.u. in L and £0.04 r.L.u. in K in (h). The solid
lines show the simulated dispersion relations (only the modes that show a significant INS intensity are drawn, for the full set of dispersions see
Supplemental Material [37]). Vertical dashed white lines mark the orthorhombic BZ boundary.

along K is very steep [see Figs. 3(b) and 6]. The maximal INS
intensity at the zone boundary along H is found at ~25 meV,
in agreement with the TOF measurements [Fig. 3(a)].

C. Comparison to the J.-J.;; model

We now can compare the observed TAS spectra with the
magnon spectra simulated within the J.y-J.3 model (the model
of frustrated chains or zigzag chains). The full Hamiltonian
used for the simulations can be written as

H= Z Sijk (Stir1yjkdar + Stiv2yjkJa2 + Sigj+1ykSo+
ijk

+ Sijtk+119c0 + Sijirr23de3 +ASii), 4)

where the indexes i, j, and k enumerate the spins along the
crystal-lattice a, b, and ¢ axes, respectively. The single-ion
anisotropy matrix A describes the orientation of the easy
plane and is essential for the model to reproduce the observed
spin-wave gap. The helical magnetic structure of FeP twists
the spins within the ab plane. Owing to the orthorhombic
symmetry, the anisotropy matrix is allowed to have different
components along the a and b axes within the ab plane,
which defines an anisotropy ellipse. The matrix A then has the

components:

0 O
A= 0 0 0], 4)
0 0 D
where D is the anisotropy constant.

The ratio J.3/Jc0 is fixed to reproduce the experimental k
of 0.2 r.1.u. According to Eq. (3), this requires J.3 & 0.618J.
Although J;, does not directly influence the simulated spectra
for the momenta along H and L, it becomes important for the
resolution effects. To simulate the TAS spectra, we assumed
that J, = 10J9, which is justified based on the steep disper-
sion of Fig. 3(b). Furthermore, we found that it is necessary to
include one additional interaction in the minimal model. The
second-neighbor exchange along a, Jy,, is not needed to sta-
bilize the magnetic structure of FeP but required to correctly
reproduce the spectrum in the vicinity of the BZ boundary
along H.

Figures 7(e)-7(h) show the side by side comparison of
the simulated spectra to the TAS data of Figs. 7(a)-7(d).
The calculated INS intensity (the magnon spectral weight)
taking into account the resolution broadening in the energy
and the two perpendicular momenta is shown as color maps.
On top of the simulated INS intensity, the calculated magnon
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dispersions €(q) are shown as solid lines (only modes that
have a significant spectral weight are shown for clarity).

First, one can notice that the relative intensities of the low-
energy excitations at the spiral propagation vector are well
captured in our simulations for all the compared reciprocal-
lattice points. While the INS intensity is altered between the
(11L), (10L), and (O0L) momenta, the calculated dispersions
are identical, as expected for the equivalent momentum direc-
tions.

The spin-wave dispersions obtained for our model Hamil-
tonian in Eq. 4 within the linear spin-wave theory can be
classified as follows. The magnetic helical structure of FeP
yields three sets of modes. These are the dispersions e(f"’o
that are the exact replica modes shifted along L by +k with
respect to the zone center. This is depicted by different colors
of the solid lines in Figs. 7(e)-7(g). Within each set, there
are four modes: two “acoustic” modes labeled as A; and By,
and two “optic” modes, which we denote as A; and B, (see
Supplemental Material [37]). The modes A, and B, [omitted
in Figs. 7(e)-7(g) because of their vanishing spectral weight]
can be viewed as the replicas of the A; and B dispersions
shifted in momentum space along L by +1 if one considers
the unfolded BZ [37]. Thus, the solution of our Hamiltonian,
in fact, consists of only two irreducible magnon modes.

The intensity distribution in our experimental spectra can
be then readily interpreted. The low-energy part of the mode
B, gains its highest spectral weight at the ¢ = O replica at the
(110) and (101) zones. Thus the N-shaped mode around the I"
point is associated with the BY branch. The high-energy sector
of the B| mode is predicted to exhibit high spectral weight at
the B* and B;* replicas in the (002) zone [Fig. 7(g)]. How-
ever, because of kinematic constraints no experimental data
are available for £ > 15 meV at (002) for a direct comparison.
In contrast to the B; mode, the mode A; becomes bright at the
q = =Lk replicas and has a vanishing intensity at the ¢ =0
replica. Thus, the Afk modes are responsible for the overall
W shape of the two crossing V-shaped modes seen in our INS
data.

The simulated spectra for the H direction are shown in
Fig. 7(h). As was seen from the dispersions along L, three
modes exhibit high spectral weight at the momentum that
corresponds to the spiral propagation vector in the (101) zone.
The modes B? and A]’k have very similar upward dispersions
along H and reach the energy of ~25 and 30 meV at the
reduced momentum g = 0.5. The upper mode, Afk, disperses
upward from the energy of ~27meV at the zone center to
~33meV at g = 0.5. All the modes disperse downward for
the reduced momenta g > 0.5 forming a local minimum at
g = 1. The latter minimum is solely driven by the J,, ex-
change interaction in our model, which makes it important for
a correct reproduction of the observed spectra along H.

V. DISCUSSION

The magnon spectrum of FeP revealed in our INS measure-
ments showed a very pronounced anisotropy of the spin-wave
stiffness with respect to the main crystallographic axes. The
magnon dispersion features a steep slope along the K direction
and is much softer and isotropic with respect to the other two
reciprocal-space directions, H and L. Thus, the surface of con-

TABLE I. The free parameters and the parameters that were as-
sumed as fixed of the model Hamiltonian in Eq. (4) used to reproduce
the observed magnon spectra for the momenta along H and L, in
meV.

Free Fixed
JooS DS Js Jo

JuS JS

2.25 —1.125 11.25 0.05 0.618 Joo 10 Joo

stant magnon energy at low energies takes a shape of a very
oblate spheroid in three-dimensional momentum space, which
points to an apparent quasi-one-dimensional character of the
magnetic interactions in FeP. The observed excitations along
K in the vicinity of the zone center can be extrapolated to the
entire BZ within our model. Such an extrapolation predicts the
overall magnon bandwidth of ~500 meV (see Supplemental
Material [37]).

On the one hand, the reduced dimensionality rarely
emerges from the magnetic subsystem that is formed by
a structurally three-dimensional network of magnetic ions,
though such a phenomenon is observed here not for the first
time [55,56]. On the other hand, the spin model proposed in
the paper of Kallel er al. [35] indeed predicts a negligible
exchange interaction for the ions coupled along the crystallo-
graphic c axis (J, > J.). Because the spin-spiral ground state
is independent from the spin-spin coupling along b in this
model, the model cannot predict if the magnetic interactions
in FeP are one- or two-dimensional. The former would take
place if the exchange along b was comparably small to that
along ¢ (Jy = J.), whereas the latter would correspond to the
case Jp >~ J,.

Surprisingly, the reduced dimensionality of magnetic in-
teractions in FeP turns out to occur along a different route.
As our experiments show, it is composed of FM spin chains
along b instead of the AFM spin chains along a predicted
by Ref. [35]. Consequently, the magnetic susceptibility of
FeP should exhibit the behavior typical for one-dimensional
Heisenberg ferromagnets at temperatures comparable to the
dominating exchange J,. Our crude extrapolations made by
the low-energy part of the magnon spectra along the K direc-
tion yield J, ~ 112.5meV &1300 K, which is so high that it
is close to the melting temperature of the compound.

The extracted free parameters of our model Hamiltonian
[Eq. (4)] are listed in Table I. The best agreement between the
simulations and the data was achieved when the dominating
exchange interaction in the ac plane is an AFM coupling of
the nearest-neighbor sites, SJ,o = 11.25meV. The nearest-
neighbor exchange along a is found to be five times smaller,
Ja1 = 0.2 Jo, whereas the next-nearest interaction along a,
Jao, s ferromagnetic and twice smaller than J,;. The single-ion
anisotropy constant D is much smaller than the exchange
energy and amounts to 0.05 meV/S, which is typical for 3d
metals.

It is instructive to compare our results on FeP with the ex-
isting data available on its related compound FeAs. The latter
crystallizes into the same space group with similar crystal-
lattice parameters but a noticeably (~20%) larger unit-cell
volume due to the proportional expansion of all the lattice
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constants [22]. The double-helical structure of FeAs has a
larger propagation vector of 0.395 r.l.u., also oriented along
c. The angle between the two spirals o becomes larger in
the case of FeAs and amounts to 26° [21]. The INS studies
on FeAs [57] showed that the spin excitations are nearly
isotropic in the ac plane with the bandwidth of ~35meV at
low temperature. Because this closely resembles the results of
our findings on FeP, one can expect that the spin model of FeP
might be applicable also for FeAs. However, the lack of data
on the magnon spectra along the K direction in FeAs does
not allow one to conclude if the spin excitations in FeAs are
also low-dimensional, as in FeP, or in essence 3D in contrast
to it.

Furthermore, it was shown in Ref. [57] that FeAs exhibits
soft excitations for momenta along H at elevated tempera-
tures just above Ty, such that the magnon spectra become
one-dimensional with respect to the (HOL) plane in reciprocal
space. This indirectly suggests that in FeAs the exchange
interaction along a is much weaker than that along ¢, which
further indicates that FeAs and FeP are very similar materials
with respect to their spin subsystem. The applicability of the
spin model discussed in our paper to the other members of
the double-helix magnets, namely, MnP and CrAs, can be
addressed in future studies.

VI. CONCLUSION

To conclude, we conducted comprehensive inelastic neu-
tron scattering measurements of the double-spiral helimagnet
FeP in a broad range of momentum and energy transfer. The
collected data revealed spin-wave excitations, which were
resolved in the entire BZ along the main high-symmetry crys-
tallographic directions. The typical magnon bandwidths are
nearly isotropic in the reciprocal (HOL) plane showing that
the relevant exchange interactions between the neighboring
spins along a and c are of the same order of magnitude.

Surprisingly, the magnon dispersion along the b axis demon-
strates a much larger stiffness, making the whole spectrum
strongly anisotropic. The apparent one-dimensional character
of the magnon spectrum in FeP is rather surprising due to the
apparent 3D crystal structure of the compound. Because the
dominating exchange interaction along the b axis is FM, the
magnetic subsystem of FeP can be described as the FM spin
chains with a weak AFM interchain coupling.

The key feature of the spin subsystem of FeP is the mag-
netic frustration that leads to stabilization of the spin-spiral
order. The obtained spectra allowed us to closely examine
the applicability of the spin interaction model that was pro-
posed in the previous studies [35]. While this model is able
to correctly predict the ground state, it fails to reproduce the
observed excitations. In order to describe the experimental
spectra, we proposed an effective model that is based on a
different frustration mechanism. The spin-wave simulation
within the new model showed excellent agreement with the
INS data, enabling us to quantify the most important exchange
interactions that couple the spins along a and ¢. Our model can
be used in future studies of the similar double-helix magnets,
such as FeAs, CrAs, and MnP.
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