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Acoustic lattice instabilities at the magnetostructural transition in Fe, o577y Te
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Fe os77)Te undergoes a first-order structural transition from a high temperature tetragonal phase to a low
temperature monoclinic phase at Tg ~ 70 K, breaking the fourfold C, high temperature lattice symmetry. At the
same temperature, time reversal symmetry is broken with magnetic iron ions ordering in a commensurate (with
the nuclear lattice) bicollinear arrangement. The low-energy magnetic dynamics proximate to this magnetostruc-
tural transition are, however, incommensurate and have been reported on previously [Stock et al., Phys. Rev. B
95, 144407 (2017)]. In this current work, we investigate the soft acoustic lattice dynamics near this combined
magnetostructural transition. We apply spherically neutron polarimetry to study the static magnetism near this
transition, characterized with x-ray powder diffraction, and find no evidence of static incommensurate magnetic
correlations near the onset of monoclinic and bicollinear antiferromagnetic order. This fixes the position of our
single crystal sample in the Fe,,,Te phase diagram in the magnetic bicollinear region and illustrates that our
sample statically undergoes a transition from a paramagnetic phase to a low-temperature bicollinear phase. We
then apply neutron spectroscopy to study the acoustic phonons, related to elastic deformations of the lattice.
We find a temperature dependent soft acoustic branch for phonons propagating along [010] and polarized along
[100]. The slope of this acoustic phonon branch is sensitive to the elastic constant Cg¢ and the shear modulus. The
temperature dependence of this branch displays a softening with a minimum near the magnetostructural transition
of Ts ~ 70 K and a recovery within the magnetically ordered low temperature phase. Soft acoustic instabilities
are present in the collinear phases of the chalcogenides Fe,, Te, while nematic order found in Fe,sSe is absent.
We speculate, based on localized single-ion magnetism, that the relative energy scale of magnetic spin-orbital
coupling on the Fe?" transition metal ion is important for the presence of a nematicity in the chalcogenides.

DOI: 10.1103/PhysRevB.108.214411

I. INTRODUCTION

The unexpected discovery of high-temperature supercon-
ductivity in a family of materials based on iron in 2008 [1,2]
resulted in an intense research effort in the structural and
magnetic properties of iron based chalcogenide and pnictide
materials [3—13]. The iron based compounds display strong
magnetostructural coupling, and materials proximate to super-
conductivity [14,15] undergo both a structural transition (from
high temperature tetragonal to low temperature orthorhombic
phases) and the formation of a low temperature spin-density
wave phase. Many such compounds display a high tempera-
ture region where the fourfold C; symmetry is broken through
either a structural transition or an electronic [16] instabil-
ity; however, no magnetic order is present, preserving time
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reversal symmetry [17,18]. The breaking of the fourfold
symmetry is further illustrated through transport measure-
ments of the resistivity [19]. This unusual intermediate phase,
which lacks an ordered magnetic moment, has been termed a
“nematic” phase [20,21] in analogy to a similar symmetry
broken phase present in liquid crystals, and its close proximity
to superconductivity [22] has made it the focus of many inves-
tigations. Important for the formation of the “nematic” phase
is the softening of a shear modulus, which can be measured
through the slope of acoustic phonons with scattering tech-
niques. In this report, we investigate the soft acoustic lattice
dynamics in Fey o57(7yTe, a compound parent to chalcogenide
unconventional superconductivity.

Arguably, the simplest of all iron pnictide and chalco-
genide based compounds is the single-layer Fe;,,Te [23,24],
which has not been reported to display superconductivity.
However, it is parent to superconductivity as anion sub-
stitution on the tellurium site with, for example, sulfur or
selenium results in superconductivity [25-29]. The chalco-
genide Fe;,,Te does not display an observable nematic
phase, like its pnictide counterparts, with both the high
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FIG. 1. High temperature tetragonal crystal structure of Fe, ., Te:
interstitial iron (in white and brown) located between weakly bonded
layers of FeTe, tetrahedra. Figure made using VESTA [38].

temperature C4 structural and magnetic time reversal sym-
metry being broken simultaneously at a common magne-
tostructural transition temperature [30]. However, the closely
related Fe,,5Se does display nematic order [31-33] with a
breaking of the C, tetragonal symmetry at 90 K [34] without
the formation of spatially long ranged [35] magnetic order.
Despite many differences in the structural properties and mag-
netism in chalcogenides and pnictides, the electronics have
been suggested to be quite similar with comparable Fermi
surfaces [36], and nematic orders [37] making the study of
the dynamics driving this combined magneto-structural tran-
sition relevant. In this paper, we investigate the soft acoustic
phonon dynamics associated with this structural transition in
bicollinear antiferromagnetically ordered Fe, o57(7)Te, finding
a softening of the Cgg elastic constant on the THz timescale
sampled with thermal neutron spectroscopy.

The structure of Fe,,Te and its anion substituted coun-
terparts is deceptively simple, being based on single layers
(Fig. 1). However, the physical properties are extremely sen-
sitive to small amounts of interstitial iron that reside between
the van der Waals layers as outlined in a number of stud-
ies [39-48]. For small interstitial iron concentrations (x <
0.12), a high temperature tetragonal P4/nmm structure (space
group No. 129) undergoes a first-order transition to a P2, /m
(space group No. 11) monoclinic unit cell with the magnetic
moments carried by the iron sites ordering in a bicollinear
structure at the same temperature as shown in Fig. 2(a). Inter-
estingly, scanning tunneling microscopy measurements find
that, near the physical crystal surface of a sample displaying
this bicollinear magnetic structure, the spin arrangement is
canted along the ¢ axis, displayed schematically in Fig. 2(b)
[49]. This magnetostructural transition also has implications
for the electronic transport properties, with resistivity dis-
playing a transition from a semimetallic (or poorly metallic)
response to a metallic one below the transition [50]. This oc-
curs at the same temperature at which an energetic gap opens
in the spin excitation spectrum, measured with neutrons. This
temperature dependent spin gap has been related to the pre-
cipitous drop in resistivity at the magnetostructural transition,

(a) Bicollinear AFM

(c) Helical

FIG. 2. Reported magnetic ground states for Fe,,,Te: (a) bi-
collinear antiferromagnetism (AFM) found in low x < 0.12 com-
pounds, (b) canted AFM [in the (bc) plane] measured on the surface
layer of Fe,,Te samples, (c) helical incommensurate order found in
high x > 0.12 compounds, (d) collinear spin-density wave order at
intermediate x ~ (.12 iron concentration. Only moments near z = 0
are shown for clarity. Figures made using MAG2POL [57].

given the consequential removal of charge scattering channels
at low energies.

For large concentrations of interstitial iron, x > 0.12, the
low temperature magnetic structure is helical [Fig. 2(c)], and
magnetic order also occurs at the same temperature at which
a Pmmm (space group No. 59) orthorhombic unit cell re-
places the high temperature tetragonal unit cell (P4/nmm).
Resistivity measurements do not show a dramatic change at
the transition temperature, displaying semimetallic (or poorly
metallic) responses at both high and low temperatures on
either side of the magnetostructural transition [50,51]. The
magnetic excitation spectrum remains energetically gapless,
within experiment resolution dictated by neutron scattering,
in both high and low temperature phases. Analogous to the
effects of interstitial iron on the resistivity in Fe,,Te, an-
ion substituted and superconducting Fe;,Tep7Seq s displays
a gradual suppression of superconductivity and a magnetic
resonance peak in the neutron response, with increased in-
terstitial iron doping [52,53]. We note that the magnetically
ordered bicollinear and spiral phases are separated by a region
near x ~ 0.12 where the magnetic structure is defined by
a collinear spin-density wave phase [54-56], schematically
illustrated in Fig. 2(d).

In this paper, motivated by recent work investigating acous-
tic instabilities that drive the structural transitions from a
tetragonal to an orthorhombic unit cell in the pnictides, and
corresponding intermediate nematic phases, we investigate
the acoustic fluctuations corresponding to homogeneous de-
formations of the structural lattice in Fej ¢s7¢7yTe. We choose
this concentration as it corresponds to a magnetostructural
transition to bicollinear order in the magnetism and, in
terms of the electronics, is where the resistivity displays a
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concomitant transition from semimetallic (or poorly metal-
lic) to metallic. However, in contrast to the pnictides, this
concentration is not superconducting and the low temperature
structural unit cell is monoclinic, not orthorhombic. However,
we do find a softening of an acoustic branch corresponding
to the Cgs shear modulus. We compare the results and spec-
ulate on the differences in terms of orbital magnetism in the
conclusions and discussion.

II. EXPERIMENTAL DETAILS

Materials. The sample studied here was the exact same
crystal of Fej gs7¢7yTe previously investigated by us using a
number of scattering and transport techniques. Structural stud-
ies using neutron diffraction found that this sample underwent
a structural transition from a high temperature tetragonal to
a low temperature monoclinic unit cell at 75 ~ 70 K [39].
Simultaneously, the formation of bulk bicollinear magnetic
order occurs with the magnetic moments oriented in the
a-b plane [49]. This magnetostructural transition also coin-
cides with a transition from semimetallic at high temperatures
to metallic at low temperatures [50]. Details on the single
crystal growth conditions are described in Ref. [58].

X-ray diffraction. To characterize the structural distortion
in our powder sample and confirm it correlates with the
magnetic transition, temperature dependent x-ray diffraction
was performed using a Rigaku Smartlab diffractometer com-
bined with a PheniX Displex from Oxford Cryosystems. This
system allowed the measurement of powder diffraction pat-
terns from platelike samples using Bragg-Brentano geometry
over temperatures ranging 7 = 12-300 K. An x-ray wave-
length of A = 1.54 A was monochromated using a Johansson
Monochromator.

Neutron diffraction. Spherical neutron polarimetry exper-
iments were performed using CRYOPAD [59,60] on the
hot neutron diffractometer D3, at the Institut Laue-Langevin
(ILL) using a wavelength of 1 = 0.85 A selected by the (111)
reflection of a Cu,MnAI Heusler monochromator. The sample
was a cylindrical single crystal of approximate height 4 mm
and diameter 7 mm, mounted in the (HOL) scattering plane cut
from the same crystal used for neutron spectroscopy in this
paper and previously by us and described above. The b axis
of the crystal (referenced in the high temperature tetragonal
structure) is the vertical axis in the local laboratory coordi-
nates of the diffractometer. As shown in Fig. 3, magnetic
scattering is only sensitive to the component of the mag-
netic structure factor perpendicular to the scattering vector
following selection rules of magnetic neutron diffraction. In
the case of collinear magnetic structures such as bicollinear
commensurate [Fig. 2(a)] or incommensurate antiferromag-
netism [Fig. 2(d)], the magnetic structure factor lies on the z
axis, so that |Fy, | = |Fv, |. Any presence of magnetic mo-
ments apart from the b axis would result in a nonzero Fy,
component (depending on the measured magnetic reflection),
giving |Fy, .| < |Fay, |. This could be a sign of helical ordering
[Fig. 2(c)] or canted AFM [Fig. 2(b)].

Neutron spectroscopy. Neutron spectroscopy measure-
ments to investigate acoustic lattice instabilities were

FIG. 3. Polarimetry local coordinates for Fe;,,Te. The scattering
vector Q lies in the (HOL) scattering plane, and the vertical axis is
along b.

performed on the EIGER thermal triple-axis spectrome-
ter [Paul Scherrer Institut (PSI), Switzerland] [61]. The
Fe 0s7¢7yTe single crystal was oriented such that Bragg reflec-
tions of the form (HKO) lay within the horizontal scattering
plane. For all measurements, the final energy was fixed to
E; = 14.7TmeV using a pyrolytic graphite (002) horizontally
focused analyzer crystal, and the incident energy was varied
using a vertically and horizontally focused graphite (002)
monochromator. This spectrometer configuration defined the
energy transfer as £ = E; — E. Higher harmonics present in
the neutron beam were suppressed using a graphite filter on
the scattered side. Counting times were determined by an in-
cident beam monitor with a low counting efficiency and were
corrected for higher harmonic contamination of this detector
from the monochromator [62].

III. RESULTS

In this section, we outline the experimental results. Given
the complexity of the static magnetism in Fe;;,Te and the
presence of a collinear spin-density wave phase, for interstitial
iron concentrations of x ~ (.12, it is important to establish the
magnetism near the critical temperature in our single crystal,
in particular if there is a presence of collinear spin-density
wave order that differs from the low temperature bicollinear
magnetic order. We first study the structural transition using
temperature dependent x-ray diffraction and then apply spher-
ical neutron polarimetry to investigate the static magnetism
near the magnetostructural transition. The combination of this
structural x-ray study and magnetic neutron investigations
shows a magnetostructural transition from a high temperature
paramagnetic tetragonal phase to a low-temperature mono-
clinic bicollinear phase. We do not observe evidence of an
intermediate spin-density wave phase (as reported in larger
iron concentrations) nor an intermediate phase where the
tetragonal C; symmetry is broken while time reversal is not.
This fixes our single crystal in the Fe;,,Te phase diagram
within the magnetic bicollinear ordered phase and not where
static incommensurate or spin-density wave order is reported
in concentrations near x ~ 0.12. After characterizing the
magnetostructural transition, we then apply neutron spec-
troscopy to observe a softening and recovery of the acoustic
phonon branch sensitive to the Cg shear modulus.
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FIG. 4. Monochromatic x-ray diffraction (Rigaku Smartlab) data
characterizing the structural transition through scanning the § =
(200) Bragg peak. (a) illustrates the temperature dependence of
peaks from a high temperature tetragonal to a low temperature
monoclinic phase, evidenced by the peak splitting at the transition
temperature. (b)—(d) show the representative peaks fitted in both high
temperature and low temperature structural phases.

A. Structural distortion

We first analyze the structural distortion in Fej s7(7)Te
using powder x-ray diffraction off a finely ground powder
taken from a piece of our single crystal used for neutron
spectroscopy discussed below. In Fig. 4, we track the tem-
perature dependence of the (200) nuclear Bragg peak with
peak positions plotted in Fig. 4(a) based on fits to a double
Lorentzian, with illustrative fits shown in Figs. 4(b)—-4(d). At
high temperatures above Ty ~ 70 K, a single peak is observed
as expected based on a tetragonal unit cell. For tempera-
tures well below 70 K, this peak splits indicating that the a
and b lattice constants are no longer equivalent, confirming
a breaking of the high temperature C4 structural tetragonal
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FIG. 5. Monochromatic x-ray diffraction (Rigaku Smartlab) data
taken on a ground powdered piece from the single crystal used
for neutron spectroscopy. Panel (a) illustrates the c-lattice constant
displaying a sharp first-order transition from a high temperature
tetragonal unit cell to a low temperature monoclinic unit cell (data
taken on warming). (b)—(c) display representative x-ray diffraction
data in both high temperature and low temperature structural phases.
The asterisk corresponds to impurity FeTe, (~ 32°) and Fe (~ 50.5°)
phases.

symmetry. However, no additional peak splitting was ob-
served at any temperatures down to 12 K, within our
instrumental resolution.

This structural transition is further analyzed in Fig. 5,
which shows the temperature dependent c-lattice constant
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FIG. 6. (a) H-scans along (H, 0, 0.5) for different temperatures,
fitted to Gaussians (continuous lines). Temperature dependence of
(b) the integrated intensities and (c) the center of the magnetic reflec-
tion. Ty ~ 70 K is indicated in dashed gray lines. The reported values
6 =0.421(1) at 57 K [39] and § = 0.45 at 70 K [58] are shown in
yellow and green (a) dashed lines and (c) crosses.

[Fig. 5(a)] and representative profile refinements (Le Bail) in
Figs. 5(b) and 5(c) that fit the unit cell shape. Temperature
dependent profile refinements of the diffraction data were per-
formed using TOPAS [63] and JANA software [64], with good
fits found for a high temperature with a P4/nmm tetragonal
unit cell (space group No. 129) and a low temperature with
a P2, /m (space group No. 11) monoclinic unit cell. Both the
temperature dependence of the c-lattice constant [Fig. 5(a)]
and the splitting of the tetragonal (200) Bragg peak [Fig. 4(a)]
are indicative of a discontinuous first-order structural transi-
tion at ~70 K.

B. Spherical neutron polarimetry

Having confirmed the structural first-order transition with
powder x rays, we now investigate the magnetic response
through this transition using polarized neutrons. To determine
the possibility of the presence of incommensurate or spin-
density wave fluctuations that complicate the interpretation of
the magnetostructural transition, there are two points that need
to be considered: first whether the wave vector characterizing
the magnetism is incommensurate and hence not coincident
with the commensurate H = % position, and second if there is
an observable canting of the magnetic moments as suggested
may exist from scanning tunneling spectroscopy measure-
ments [49,65].

To first determine whether the static (measured at the
elastic E = 0 energy position) magnetic order is commensu-
rate or incommensurate close to the Néel temperature, scans
along (H, 0, 0.5) were measured as a function of tempera-
ture, as shown in Fig. 6(a). The Néel temperature, defining
the onset of bicollinear magnetic order, was found to be

at Tg ~ 70 K [Fig. 6(b)] with the sharp onset of intensity
characterized by the first-order nature of the transition. The
ordering wave vector is along the [1 0 0] direction as plot-
ted in Fig. 6(c) and illustrates an almost immediate onset
of commensurate (within experimental error) H = 0.5 mag-
netism at the magnetostructural transition of 7y ~ 70 K.
These results contrast with the evolution from incommen-
surate k = (3, 0, %) to commensurate k = (%, 0, %) reported
in Refs. [39] [§ = 0.421(1) at 57 K for Fej g9c1yTe]. Similar
incommensurate wave vectors have been reported with cop-
per substitution [66]. We note that an incommensurate wave
vector of § = 0.45 was reported in the magnetic dynamics at
low-energy transfers near 7 = 70 K in this exact same crystal
of Fej o57(7Te, and polarization of the fluctuations measured
with polarized neutrons was reported to be anisotropic [67].
At temperatures in the paramagnetic phase, these fluctuations
are observed to continuously evolve from the incommensurate
wave vector to the commensurate position at the elastic line
(see Fig. 2 in Ref. [67]). Returning to the static properties
measured at the elastic (£ = 0) position, the incommensurate
ordering wave vectors of § = 0.42 or 0.45 r.l.u. reported for
other Fe;,,Te compounds with low temperature bicollinear
order are indicated in the (H, 0, 0.5) scans in Fig. 6(a) and
are not consistent with the wave vector scans that characterize
the magnetic order in Fe;os7¢7yTe at any of the measured
temperatures. Indeed, we can rule out peaks at these positions
with an intensity less than 2% of the commensurate peak mea-
sured at H = 0.5. This indicates that, within the experimental
resolution, the magnetostructural transition at ~70 K is to
commensurate bicollinear order with no observable interme-
diate incommensurate magnetic static scattering as in larger
interstitial iron concentrations.

The establishment of a commensurate ordering wave vec-
tor at all observable temperatures indicates a lack of a static
moment modulated spin-density wave phase or spiral helical
order. We now analyze the polarization matrix elements and
their temperature dependence.

We first discuss the matrix elements of the polarization ma-
trix. For a pure elastic magnetic reflection, in the absence of
any chiral terms, the polarization matrix for a fully polarized
incident beam is given by

—1 0 0
o VPl P 2Re By R )

P= R B, 12 . (L
0 2RetFu R, ) P

2
1By 17— Fvy
|2

3
[Fu | [Fum

We note that chiral terms would produce nonzero and equal
P,x and P, matrix elements [see Ref. [68], Eq. (24)]. The
matrix elements P,, and P, are identically equal to O for
purely magnetic scattering.

As illustrated in Fig. 3, magnetic moments fully aligned
along the b axis would only give a Fy,, component. Any cant-
ing from the b axis would result in a nonzero Fy,, component,
and the reduction of the amplitude of the diagonal elements
Py, = —P, from 1. In addition, the structural transition from
tetragonal to monoclinic symmetry in Fe;;,Te would lead
to four structural domains. In the case of equipopulated do-
mains, the off-diagonal elements Py, and P, would average to
zero (as discussed in Ref. [49]), leading to a purely diagonal
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TABLE I. Polarization matrices measured on D3 for different reflections at different temperatures.

0 T=2K T =30K T =60K
—0.985(4) 0.036(7) 0.099(7) —0.993(5) 0.029(8) 0.080(8) —0.976(7) 0.02(1) 0.10(1)
(% 0 %) (—0.002(7) —0.983(4) 0.093(7)) ( 0.004(8) —0.980(5) 0.090(8)) ( 0.00(1) —0.983(7) 0.07(1))
0.111(7)  0.070(7)  0.981(4) 0.117(8)  0.069(8)  0.983(5) 0.10(1) 0.09(1)  0.979(7)
—-0.97(2) 0.02(3) 0.10(3) —1.01(2) 0.04(3) 0.13(3) —0.98(3) 0.06(4) 0.08(4)
(% 0 %) ( 0.02(3) —0.93(2) 0.02(3)) (—0.00(3) —1.00(3) 0.05(3)) ( 0.06(4) —1.00(3) 0.03(3))
0.13(3) 0.03(3) 1.01(2) 0.14(3) 0.07(3) 1.03(3) 0.16(4) 0.11(4) 0.97(3)
—-0.97(3) 0.06(4) 0.14(4) —0.99(3) 0.06(4) 0.00(4) —1.06(5) —0.08(5) 0.04(5)
(302) ( 0.02(4)  —0.96(3) 0.13(4)) ( 0.02(4) —1.06(4) 0.16(4)) ( 0.05(3) —0.92(5) 0.11(5))
0.12(4) 0.04(4) 0.98(3) 0.03(4) 0.05(4) 0.97(3) 0.08(6) 0.25(6) 0.90(5)
0 T =65K T =68K
—0.973(7)  0.045(9)  0.097(9) —0.93(2) 0.042) 0.11(2)
(% 0 %) ( 0.004(9) —0.976(7) 0.092(9)) ( 0.01(2) —0.93(2) 0.09(2))
0.122(9) 0.095(9) 0.984(7) 0.10(2) 0.08(2) 0.98(2)
—-0.97(3) 0.02(3) 0.11(3) —1.00(5) 0.01(6) 0.15(5)
(2019) ( 0.033) —0.96(3) —0.00(3)) ( 0.05(3) —0.80(6) —0.06(6))
0.11(4) 0.08(3) 0.96(3) 0.09(6) 0.05(5) 0.93(6)
—0.98(3) 0.03(4) 0.12(4)
(302) ( 0.01(4)  —0.98(4) 0.06(4))
0.11(4) 0.04(4) 0.93(4)
0.994(6) —0.006(6) —0.030(7)
200) —0.044(7) 0.999(6) —0.005(7)
—0.007(7) 0.032(7) 0.999(5)
polarization matrix nificantly. The precision of the polarization direction of the
incident beam in relation to the crystallographic axes is ~2°
-1 0 O [69]. These errors are more obvious for the off diagonal
Pi— f)=1]10 —x 0], ) components of the weaker magnetic peaks over the intense
0 0 x nuclear peaks as the integrated intensities are more susceptible

where x = 1 if the moments are along b and |x| < 1 if they are
canted.

The polarization matrices for three magnetic reflections
(% 0 %), (% 0 %), and (% 0 %) were measured at five differ-
ent temperatures and are listed in Table I. Each polarization
matrix was corrected for the initial polarization on D3 with
po = 0.935. The decay of the *He spin filter efficiency was
tracked by measuring the P,, matrix element of the nuclear
Bragg peak (2 0 0) (where magnetic scattering is absent) at
regular time intervals. We note that P,, = 1 for a nuclear peak
and perfect initial and final neutron beam polarization. All
polarization matrices listed Table I were corrected for this
change in spin filter efficiency.

Finally, all the polarization matrices in Table I follow
a diagonal form as represented by Eq. (2), where x = 1.
We note that some off-diagonal terms are nonzero within
the calculated statistical uncertainties based solely on Pois-
son counting statistics. This is particularly true for P,;
and P,, which should vanish for a pure magnetic reflec-
tion. Nonzero values for P, are also found, but they do
not correspond to a chiral term, which would necessi-
tate Py, = P,.. As discussed in Ref. [68], as well as the
counting statistical errors there are other systematic errors
in the use of Cryopad which are much larger. In par-
ticular, misalignment of the sample with respect to the
neutron beam can increase the error bars on the matrix sig-

to background measurements and relative subtractions. Also,
the sample was aligned at high temperatures in the tetragonal
phase, and on entering the monoclinic phase may introduce
similar misalignments of the sample with respect to the neu-
tron beam. Such alignment errors are not observable given the
diffractometer resolution and sample mosaic.

Based on this, we conclude that all of the measured ma-
trices at all temperatures are diagonal within experimental
error, following the form of Eq. (2). With deviations of
the absolute value of the diagonal elements from 1 being
sensitive to canting or helical ordering, we track the temper-
ature dependence of these matrix elements in Fig. 7. This
figure shows an abrupt onset of these matrix elements at the
first-order magnetostructural transition at 70 K, with the error
bars only representing Poisson counting statistics. The matrix
elements calculated above the transition are unphysical, as
the magnetic intensity vanishes as shown in Fig. 6(b). These
elements rather correspond to the variation of background
intensities in the different polarization channels. Based on the
discussion above, these values are consistent with 1 and show
no observable significant change with temperature. Based on
the temperature dependence and the discussion of the matrix
elements, we conclude that Fej os7(7yTe undergoes a first-
order phase transition to a bicollinear magnetic phase at low
temperatures. We do not find evidence of any helical or incom-
mensurate spin-density wave phases reported for larger iron
concentrations of Fe,,Te near the magnetic phase transition.
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FIG. 7. Temperature dependence of the polarization matrix com-
ponents P, and P_, for the magnetic reflection at Q = (0.5 0 0.5).

C. Neutron spectroscopy of acoustic phonons

Having discussed the static properties of the magneto-
structural transition, we now present the lattice dynamics near
the structural transition with the goal of identifying the soft
lattice dynamics associated with the magnetostructural transi-
tion in Fe; ¢s57¢7yTe. We note the magnetic dynamics near this
phase transition are discussed in Refs. [67,70]. Motivated by
recent work on the pnictides, studying soft elastic constants
tied to the formation of nematic order [71-73], we investigate
the low-energy acoustic phonons in our crystal of Fe; ¢s7¢7yTe
linked with uniform deformations of the lattice.

We focus our analysis by studying acoustic phonons that
are polarized along [100] and propagating along [010] as sam-
pled by performing scans near Q = (2, K, 0). As discussed
in Ref. [74], in a tetragonal phase these acoustic phonons
are sensitive to the Cgg elastic constant because in the limit
of ¢ — 0 the slope of the acoustic phonon dispersion is di-
rectly proportional to the velocity ¢ by E = ficq. The acoustic
phonon velocity is sensitive to the elastic constant through
¢ = +/Ces/p, wWhere p is the density of Fe; 57¢7)Te [75].

The measured neutron scattering intensity at a particular
energy transfer defined as fiw =E = E; — E; on a ftriple-
axis instrument at a momentum transfer Q = k; — Ef, with a
monitor detector before the sample, is directly proportional
to the structure factor S (Q, E). This in turn is related to the
imaginary part of the susceptibility x”(Q, ) by

> > 1 >
I(Q,E)CXS(Q,E)E;[H(E)+1]X”(Q,E). 3)

In this experiment we have modeled the acoustic phonon
scattering in terms of an antisymmetric sum of Lorentzians,

1 1

XN(Q5 E) (&8 = - =
1+(w—s§o<Q>)2 1+(w+Slzo(Q))2

“

where /€2y = licq, and I" defines the energy linewidth, which
is inversely proportional to the acoustic phonon lifetime
o 1/t. The two Lorentzians are needed to ensure that x” is
an odd function, required by the principle of detailed balance
applied to neutron spectroscopy. In the discussion that
follows, we have fit all constant momentum (energy) scans
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FIG. 8. (a) The temperature dependence of the measured disper-
sion. (b),(c) Illustrative constant E scans at 3 and 5 meV, respectively.
The dashed lines represent the fitted temperature dependent shift in
the Q position.

with this antisymmetric sum of two Lorentzians convolved
with the energy resolution of the spectrometer.

In Fig. 8(a), we plot the acoustic phonon dispersion
throughout the Brillouin zone along Q = (2,K,0) at both
high temperature (280 K) and at 80 K, near the magneto-
structural transition at ~70 K constructed from a series of
constant energy and momentum scans. These measurements
are done at considerable distance away from the Brillouin
zone center, with measurements starting at g ~ 0.1. This
results in the acoustic phonon dispersion not being in the
purely linear regime where E = ficqg, which would require
higher resolution techniques such as ultrasound, and hence not
providing a good estimate value of the elastic constants. Rep-
resentative constant energy scans are shown in Figs. 8(b) and
8(c) and are fit to two symmetrically displaced Lorentzians
with differing linewidths to account for the different energy
resolutions from tilting of the resolution ellipsoid (an effect
known as focusing [62]). For the remainder of this sec-
tion where we track the energy positions and linewidths, we
apply scans on the focused side where the energy resolution
is narrower. Further representative constant momentum scans
are illustrated in Fig. 9.

Figure 8(a) displays a clear softening of this acoustic
phonon across the entire Brillouin zone with decreasing tem-
perature, with the most pronounced softening at the zone
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FIG. 9. (a)-(c) Constant momentum scans sensitive to the elas-
tic constant Ce; at 80 K illustrating dispersive acoustic lattice
fluctuations measured using the EIGER triple-axis spectrometer.
(d) Constant momentum scans at Q = (2, 1, 0) illustrating a tem-
perature dependence of this acoustic branch which softens at
temperatures near the magnetostructural transition and then recovers
at low temperatures.

boundary 0 = (2,1,0). This contrasts with the normal re-
sponse of acoustic phonons which continuously harden in
energy with decreasing temperature (see, for example, Fig. 14
of Ref. [76]). This is further reflected in the constant energy
scans displayed in Figs. 8(b) and 8(c), which show a shift
towards larger momentum indicating a lower energy in the
acoustic phonon dispersion on comparing 7 = 80 and 280 K
data. We note that the acoustic phonon energy softens to a
smaller extent in the limit ¢ — 0 and larger as g approaches
the Brillouin zone boundary at Q = (2,1, 0). Unlike some
compounds where the acoustic phonon softens over a partic-
ular momentum range (for example in Ref. [77]), we observe
a softening across the entire Brillouin zone with the amount
of softening in proportion to the wave vector ¢. This indicates
a softening of the elastic constant Cgg.

Given that the softening is most evident at the zone
boundary, we plot the energy position and lifetime at (2,1,0)
and also (2,0.3,0) as a function of temperature in Fig. 10.
These parameters originate from fits to the above antisym-
metrical line shape with representative constant momentum
scans throughout the Brillouin zone, and fits shown in
Figs. 9(a)-9(d). Figure 9(d) displays a clear softening of
the acoustic phonon at the zone boundary 0 = (2,1, 0) near
the magneto-structural transition, with a similar and less
pronounced softening at small momentum transfers Q =
(2,0.3, 0) [Fig. 10(a)]. We note that the softening is not com-
plete and the energies only soften ~10% of their values owing
to the fact the magnetostructural transition in Fej os7¢7yTe is

6.5 6
(a) Q=(2.0.3.0) (b) Q=(2,0.3,0)
EIGER (E;=14.7 meV) 5

6 4

5.5 @@@ Qﬁﬁ%mm o )

7 (meV)
2" (meV)

(d) Q=(2,1.0,0)

0 100 200 300 0 100 200 300

FIG. 10. The energy and full widths of the acoustic phonons
measured at (a),(b) Q =(2,0.3,0) and (c),(d) Q =(2,1.0,0).

first order. This softening at the magneto-structural transition
of the phonon energy is also accompanied by an increase in
the acoustic phonon linewidths in energy, which is inversely
proportional to the lifetime. While constant momentum scans
near Q = (2,0.3,0) [Fig. 10(b)] show little experimentally
observable change in the linewidth near the magnetostruc-
tural transition, at the zone boundary Q = (2, 1.0, 0) (Fig. 10)
a significant change in the phonon linewidth is observed
near the magnetostructural transition. Acoustic phonon mea-
surements done with neutron spectroscopy show an acoustic
phonon softening and dampening of the acoustic phonon near
the zone boundary.

IV. DISCUSSION AND CONCLUSIONS

To summarize our results, we first characterized the static
structural and magnetic properties of a Fe; ¢s7¢7)Te single crys-
tal using x-ray diffraction and spherical neutron polarimetry.
These studies found a first-order magnetostructural transition
from a tetragonal paramagnet to a bicollinear magnetic phase
with a monoclinic unit cell. We find no observable evidence of
a static collinear spin-density wave near the magnetostructural
transition temperature as is reported for larger interstitial iron
concentrations and also observed in the dynamic response in
this same Fe, s7¢7)Te single crystal. Motivated by work on the
pnictides studying soft acoustic fluctuations important for ne-
matic correlations, we examined the temperature dependence
of the acoustic phonons related to uniform distortions of the
lattice. We report a softening of the acoustic phonon branch
dependent on the Cgg elastic constant and shear modulus. This
softening is not complete, presumably due to the first-order
nature of the magnetostructural transition, nor as large as in
the pnictides where nematic order is present. This softening
is largest near the structural transition and coincident with the

214411-8



ACOUSTIC LATTICE INSTABILITIES AT THE ...

PHYSICAL REVIEW B 108, 214411 (2023)

magnetic transition from a high temperature paramagnet to
low temperature bicollinear order.

While there have been several reports of optic phonon
anomalies indicative of spin-phonon coupling in the
chalcogenides [78-80], our work is motivated by previous
studies that have found acoustic phonons being the soft modes
of orbitally driven phase transitions [77,81-85]. We now dis-
cuss this magnetostructural transition in terms of a picture of
localized magnetic moments as presented to understand the
magnetism in this series of related chalcogenide compounds
[86-88]. While Fe,,Te displays an itinerant character, with
optical data on the pnictide compounds providing evidence
that itinerant effects drive the spin-density wave phases [89],
theoretical studies [90-92] have highlighted the importance
of the localized 3d orbitals on the electronic properties and
potential superconducting pairing. In the context of nematic
fluctuations, recent x-ray dichroism [93] combined with strain
measurements have found a strong orbital response at the on-
set of nematic order in FeSe, which is supported by previous
NMR results [33]. A lifting of the d orbital degeneracy at the
nematic transition has also been reported using photoemission
[94]. These studies point to growing evidence that orbital
physics is central to the formation of a nematic phase.

The localized magnetism in Fe,, Te is based upon Fe?* in
a tetrahedral coordinated crystalline electric field environment
which splits the five degenerate d orbitals into lower doubly
degenerate |e,) and an upper triply degenerate |#,) manifolds
[95]. The six d electrons of an Fe’* ion occupy these levels
based on the Pauli exclusion principle and Hund’s rules. In
this scenario, there is a choice of how to populate the electrons
among the |eg) and [f,) manifolds, with two energy scales
defined by the Hund’s coupling and the crystal field splitting
which defines the energy gap between the low energy |e,) and
|t,) free ion orbitals in a tetrahedral crystal field. In the case
that Hund’s coupling is the dominant energy scale (as is the
case in the weak and intermediate crystal field limit), all five
orbitals would be populated based on the Pauli principles and
then double occupancy would be based on the energetics of
the orbitals. In the case that the crystal field energy is large
(strong crystal field limit), the lower |eg) are filled first, fol-
lowed by the upper |#;) manifold once these are filled. These
two limits result in very different magnetic ground states. For
the weak or intermediate crystal field limit, an orbital singlet
ground state occurs with a net spin of § = 2. For the strong
crystal field limit, an orbital triplet ground state occurs with
S=1.

The static magnetism in Fe;;,Te has been investi-
gated for a number of interstitial iron concentrations with
neutron diffraction that reported values for the ordered mo-
ment g§ ~ 2u, (reported in Ref. [39] to be 1.78(3) u/Fe
for this same Fej o57(7yTe sample based on neutron powder
diffraction). With the Lande factor g = 2 this implies a net
S ~ 1, implying that the magnetic Fe** ion in Fe,Te is
in the strong crystal field limit with four electrons fully oc-
cupying the lower |e,) and two in the triply degenerate and
higher energy |,) manifold. This scenario is further supported
through consideration of total moment sum rules [96,97] of
neutron scattering that report significantly reduced magnetic
spectral weight over what would be predicted from a § = 2
(weak crystal field) ground state with a singlet orbital ground

state. The strong crystal field magnetic S = 1 ground state
has an underlying triplet orbital degeneracy (that can be de-
scribed by an effective [ = 1). Therefore magnetic spin-orbit
coupling is a relevant term in the magnetic Hamiltonian, with
Hso = Al - § in this scenario.

As is clear from the crystallography, the crystalline electric
field environment surrounding the Fe>* ion is not perfectly
tetrahedral and is distorted, introducing a competing energy
scale to spin-orbit coupling characterized by the distortion.
Considering the simplest case with a dominant axis for the
distortion relevant in the spin-orbital Hamiltonian, one would
have the approximate form Hgs = I'(IZ — %), with T' quanti-
fying the energetic size of this term. This distortion ultimately
breaks the orbital degeneracy at the structural transition. The
relative sizes of the distortion term to spin-orbit coupling
(characterized by the ratio I' /) are important for the nature
of the structural and magnetic transitions at low tempera-
tures. When the structural distortion energetics are dominant
('/A > 1), we would anticipate a structural distortion at
high temperatures with a lower temperature magnetic transi-
tion. Alternatively, in the case that spin-orbit coupling is the
dominant energy scale (I'/A < 1), given that the orbitals are
coupled to the structure (via spin-orbit coupling) it would be
expected that both magnetic and structural transitions would
occur at the same temperature. Such a competition between
distortion and spin-orbit energetics has been modeled and
compared to neutron spectroscopy data in insulating CoO [98]
and MgV,04 [99].

Given the importance of local magnetism in Fe;,Te and
the work done on the FeSe counterpart illustrating the role that
orbital fluctuations play in driving the structural and nematic
orders, we consider our results in terms of this simplified
localized picture. Since the electronic behaviors in Fe;,Te,
FeSe, and the pnictides display many similarities, any inter-
pretation of the critical properties of these materials must
provide a consistent picture across the different classes of iron
based materials. Given that magnetic and structural distortions
in Fey p57¢7)Te occur at the same temperature (confirmed here
with x-ray diffraction and spherical polarimetry), this would
indicate that spin-orbit coupling is the dominant (I'/A < 1)
energy scale with FeSe (and its nematic phase) representing
the case of (I'/A >> 1). This would also be consistent with
the structural nematic order being observed at the higher tem-
perature of ~90 K in FeSe, implying a larger energy scale
for the distortion parameters over the fixed spin-orbit energy
scales. This might also be consistent with the shorter lattice
constant in FeSe, which would inevitably increase crystalline
electric distortion terms in the magnetic Hamiltonian. We
therefore speculate that the relative strength of distortion to
spin-orbit coupling energy terms in the magnetic Hamiltonian
represents a control parameter for stabilizing nematic order in
chalcogenides and pnictides.

V. SUMMARY

We have measured the temperature dependence of the soft
Ces elastic constant near the magnetostructural distortion in
Fe 0s7¢7yTe where it enters a low temperature monoclinic unit
cell and a bicollinear magnetic structure. This elastic con-
stant has been found to be sensitive to nematic correlations
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in other iron based systems; however, the Fe;,,Te series of
compounds does not display nematic phases. We speculate
that the relative size of spin-orbital to distortion energetics is
key for stabilizing nematic correlations and suggest Fe;,Te
represents a case where spin-orbit terms are dominant in the
magnetic Hamiltonian.
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