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Magnetic excitation linking quasi-one-dimensional Chevrel-type selenide and arsenide

superconductors

Logan M. Whitt®,! Tyra C. Douglas,! Songxue Chi®,> Keith M. Taddei®,? and Jared M. Allred®"-"
' Department of Chemistry and Biochemistry, The University of Alabama, Tuscaloosa, Alabama 35487-0336, USA
2Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

® (Received 19 November 2021; accepted 18 October 2022; published 20 December 2022)

The quasi-one-dimensional Chevrel phases, A;MogSes (A = Tl, In, K, Rb, Cs), are of interest due to their
atypical electronic properties. The Tl and In analogs undergo a superconducting transition whereas the alkali
metal analogs show charge gapping of another, not well understood type. We report the results of inelastic
neutron scattering on polycrystalline In,MogSes (7. = 2.85 K) and Rb,MogSeg (nonsuperconducting) samples,
which reveal a column of intensity with linear dispersion from [0 0 1/2] to [0 O 1] in both compounds. The
observed temperature and |Q| independence together suggest the presence of unconventional carriers with a spin
contribution to the excitation. This is contrary to the prevailing model for these materials, which is that they are
nonmagnetic. The excitation has similar dispersion and S(Q, E, T') behavior as one observed in the structurally
related superconducting compounds A,Cr;As; and A;MosAs; (A = K, Rb, Cs), which has been interpreted as
magnetic in origin and related to Fermi surface nesting. The connection is unexpected because the calculated
Fermi surface of the arsenides differs substantially from the A;MogSes compounds, and many consider them
distinct classes of materials. This observation suggests a hidden link in the physics between both classes of

superconductors, perhaps originating from their quasi-low-dimensional character.
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I. INTRODUCTION

Recently, two important families of superconductors, the
condensed Chevrel phases and chromium pnictides, became
linked with the discovery of A,CrzAs; (A =K, Rb, Cs; n =
1,2,) [1-6] and later A,MosAss (A =K, Rb, Cs) [4,7,8].
The condensed Chevrel phases are a subgroup of the more
common Chevrel phase family of superconductors and have
the form A,MogXs (A = In, TI, alkali metal, X =S, Se,
Te) [9-13]. Structurally, the latter family consists of directly
bonded Mos triangles capped by edge-bridging X atoms. This
approximately planar [Mo3X3]!~ motif stacks to form infi-
nite chains, which are separated from one another by A—site
cations [Fig. 1(a)]. The crystal structure is represented in the
P63 /m space group type, and the lack of direct bonding inter-
actions between chains is why the compounds are considered
quasi-one-dimensional (quasi-1D). Properties are similar be-
tween different X choices, but the sulfide and telluride analogs
are not as thoroughly characterized as the selenide analogs.
This paper will focus on the latter class.

The arsenide analogs contain the same structural motifs
and the n = 1 versions are isostructural to the selenides. Note
that the original Chevrel compounds historically followed a
different nomenclature, and so their stoichiometries should be
divided by 2 when comparing to the arsenide compounds. The
n = 2 compounds have twice as many A sites between chains,
giving a slightly different crystallographically averaged sym-
metry, shown in Fig. 1(b) and represented by the space group
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type P6m2. The n = 2 compounds are the superconducting
arsenides, and they contain about 0.67 fewer electrons per
metal atom than the traditional condensed Chevrel phases
[11,12,14], leading to a large shift in the expected Fermi
surface and presumably physical properties [15]. For com-
parison, an additional 0.67 electrons per metal atom beyond
A;MogSeq shifts the properties to strongly ferromagnetic in
the form of TIFe;Te; (Tl,FegTes) [16]. Given that it has even
been proposed that the isoelectronic Mo and Cr arsenides have
different superconducting mechanisms [8,17], it is a reason-
able assumption that the selenides also differ substantially
from the arsenides. Nevertheless, superconductivity is preva-
lent across both Se and As subtypes, and there are still many
questions about which physical properties can be considered
analogous, and which are merely coincidental.

Perhaps the most notable phenomenon separating the
arsenides, especially A,Cr3Ass, from the selenides is mag-
netism. Nuclear magnetic resonance and muon spectroscopy
studies on the arsenides revealed significant electron corre-
lations as well as magnetic fluctuations even in the absence
of any observed long range magnetic ordering [18-20]. A
magnetic instability resembles the physics of the iron-based
superconductor (IBS) family as well as other families of un-
conventional superconductors [21]. It is this interpretation that
links the physics of the chromium arsenide type condensed
Chevrel phases to the structurally distinct IBS class. This is
in contrast to the traditional condensed Chevrel phases, which
are known to contain an electronic instability that has usually
been attributed to a charge density wave (CDW) (A = K, Rb,
Cs) with a subtle metal to insulator transition (MIT) compo-
nent, which can be suppressed in favor of superconductivity

©2022 American Physical Society
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FIG. 1. (a) Crystal structure for A,MogXs (A = Tl, In, Rb, Cs;
X =3, Se, Te) and ACr3As; (A = K, Rb, Cs) viewed along the ¢
axis. (b) Crystal structure for A,M3As; (A =K, Rb, Cs; M = Cr,
Mo) viewed along the ¢ axis. (c) Same structure as (a) viewed along
the b axis. (d) Same structure as (b) viewed along the b axis.

(A =TI, In) [22-24]. It is worth noting that the A—site ion
is believed to play a crucial role in the resultant properties
of these compounds. DFT and LDA calculations performed
by Petrovi€ et al. show that the In,T1 contribute substantially
to the bands near the Fermi level whereas the alkali metal
analogs have almost no contribution to these bands.

Further analogies between chromium pnictides IBSs have
been encouraged by inelastic neutron scattering measure-
ments on polycrystalline K,;Cr3As; which uncovered a
column of excitations originating around Q = 0.7 A~!, which
is indexable to (OO%) [25]. The excitation can be accu-
rately modeled as magnetic modes originating from (OO%)
and (10%). This is interpreted as “incipient magnetism” be-
cause there is no evidence of magnetic ordering in the bulk
properties or via neutron diffraction. Static, short-ranged
symmetry-breaking correlations have also been observed in
the chromium arsenide phases by PDF and DFT analysis,
albeit with a distortion direction that is distinct from the
observed excitation attributed to magnetism suggesting the
chromium pnictides are near both magnetic and structural
instabilities [26]. However, while such instabilities have been
both experimentally observed and theoretically predicted via
electronic structure calculations in the chromium pnictides,
no equivalent phenomena have been observed in the Chevrel
phases and the results of electronic structure calculations
show no equivalent structural instability [22,27]. Moreover,
no similar measurements sensitive to short-ranged magnetic
or structural correlations have been performed on the se-
lenides, to our knowledge, complicating attempts to draw a
comparison.

Like the chromium arsenides, the selenide phases are
reported to show no evidence of magnetism in the bulk
magnetization [14,22]. Magnetic instabilities had not been
given as much attention, though the potential for inherent
magnetism in both superconducting and nonsuperconduct-

ing selenide Chevrel phases has been commented on for at
least 30 years [24]. More recently, a detailed study of their
physics found evidence for strong electron correlations and
determined that all A;MogSegs compounds, including the su-
perconducting ones, were on the verge of an SDW transition.
Even so the SDW hypothesis was not given further con-
sideration due to the lack of physical properties supporting
magnetic ordering. Instead, a CDW or Peierls-like scenario
that included rattling guest ions was given the most weight.
Notably, subsequent RIXS experiments weakened this model
somewhat by finding little evidence in support of a Peierls
soft-phonon instability and by invalidating the rattling guest
ion hypothesis [27].

In this light, incipient magnetism in the molybdenum se-
lenides seems much more probable than it once was. Despite
the detailed characterization of the selenide-based condensed
Chevrel phases, the assumption that they are nonmagnetic has
precluded investigations that might prove otherwise. For ex-
ample, INS has been performed on the same selenide phases,
but the E(Q) range was optimized for phonon measurements,
and the magnetic excitation in the chromium arsenide would
not have been observed [28,29]. Additionally, several phonon
modes were recently mapped out in detail via single crys-
tal resonant inelastic x-ray scattering (RIXS), but this is not
sensitive to magnetic excitations [27]. To fill this gap, we
report an INS measurement on In,MogSeq and Rb,MogSeq
across the same E(Q) range that was performed on the
chromium arsenide phases. The experiment uncovers a col-
umn of excitations with nearly identical E(Q) dispersion
in both superconducting and nonsuperconducting selenide
analogs. The temperature, energy, and Q dependence of the
newly measured excitations indicate the presence of uncon-
ventional spin carriers. This is direct evidence of magnetic
interactions in the selenide subtype, and it links their prop-
erties to some of the same unconventional physics observed
in the arsenide subtypes.

II. METHODS

Polycrystalline samples of In,MogSes and Rb,MogSeg
were synthesized using the methods reported by Tarascon
et al. [30]. Specifics on the synthetic process can be found
Sec. I of the Supplemental Material [31]. Inelastic neutron
scattering experiments were carried out on the HB-3 Triple-
Axis Spectrometer at Oak Ridge National Laboratory’s High
Flux Isotope Reactor. In order to maximize the flux, horizontal
collimation settings of 48-60-60-120 were used in this exper-
iment. PG(002) was used at the monochromator and analyzer
due to its high neutron reflectivity. The analyzer energy was
fixed to 14.7 meV for all experiments and data were collected
by performing constant energy transfer scans over low Q
regions. The In,MogSeq compound was analyzed at 3,5,7,9,
and 12 meV at 5 and 300 K. RboMogSes was measured at
the same energies at 5 K. Resolution function analysis was
performed using the DAVE software package [32].

III. RESULTS

Figure 2(a) shows a neutron intensity map of the dynamic
structure function S(Q, E) for InMogSes at 5 K. This is
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FIG. 2. Inelastic neutron spectra intensity maps for In,MogSe; at
(a) 5 K and (b) 300 K. (c) Comparison between 5- and 300-K plots at
12 meV. (d) Inelastic neutron spectra intensity maps for Rb,MogSes
at 5 K. Intensities in all panels are relative to the monitor count
units divided by 300 (MCU). No additional scaling or background
subtraction is applied.

above the superconducting transition in this compound, which
allows the comparison between compounds in their normal
states. Temperatures below 7. were not accessible during this
experiment. A very broad column of excitations is clearly
observed at 0.80 < Q0 < 145 A~!. This feature is also seen
in the 300-K scans for the same compound [Fig. 2(b)]. The
column does not appear to have any gaps within the energy
resolution of the measurement.

The 300- and 5-K scattering intensities are quite similar,
which is shown in the representative Q cut at 9 meV shown
in Fig. 2(c). Despite the excess intensity at 3 meV in the
300-K measurements, the main peak itself shows no statis-
tically significant change in intensity between measurements
at any energy. This is surprising, since common excitations
including magnons and phonons typically show enhanced in-
tensity scaled by (1 — e~E/%7)™" above kT, which is below
150 K for all energies measured here. The only portion of the
measured scattering that scales with the Bose factor is on the
high-Q end of the cuts, and can be assigned to phonons based
on prior work [27]. More details showing how the phonon
assignment is made can be found in Sec. II of the Supplemen-
tal Material [31]. The 5-K INS data for the rubidium analog
are presented in Fig. 3. The spectrum shows a very similar
S(Q, E) asthe InpMogSeg at the same temperature. The subtle
differences between the two is addressed at the end of this
section.

The Q(E) dependence of the INS peak in In,MogSes was
determined in several steps. First, the general trend of |Q(E)|
was estimated by fitting the scattering cuts to a Gaussian
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FIG. 3. (a)-(c) Extended Q cuts of In,MogSes at 5 K and 3, 5,
and 7 meV, respectively. The blue curve shows the fitted two peak
model and the red overlay is the same model scaled according to
experimental conditions. (d) E£(Q) dispersion for In,MogSes (closed
symbols) and Rb,MogSeq (open circles). Green triangles represent
the midpoint of two independently refined peak positions. The verti-
cal lines represent indices of special points.

curve with constant background per scan. Since the samples
are polycrystalline, the experimental conditions also require
a Lorentz factor correction of 1/sin(26) to be applied to the
peak intensity. Since the orientation of Q is not known for
these initial fits, only the projected dispersion can be esti-
mated, which is about 0.06 A~! per meV and approximately
linear. This approximate dispersion was used to determine the
effect of the instrumental resolution on the measurement.

A higher order harmonic peak was identified in the
In,MogSeg sample at 5 K by making a separate Q cut up
to 0 =2.4A""at 3, 5, and 7 meV [Figs. 3(a)-3(c)]. The
raw intensities of the extended cut (black circles) show a
broad hump at higher Q that has a negative Q/E dependence,
consistent with a higher order harmonics. The overlay (orange
line) shows that the intensity is well described in all three
energies using two identical peaks. Only one new parameter is
introduced to the model from the initial model: the position of
the higher order peak in Q. The deconvoluted form of the two
peak model is shown as the offset blue line in the same figure
panels for each energy. The observed difference in peak shape
arises from the ellipsoidal shape of the instrumental resolution
function (see Sec. II of the Supplemental Material [31]. The
result of these fits is presented in Fig. 3(d). The midpoint of
the first and second order peaks is the same within error for
each energy [1.53(3) A~, green triangles in Fig. 3(d)], which
confirms that the peaks are —/+ Q branches of the same
mode. The fitted peak Gaussian widths o are all equivalent
within error, with an average of 0.365(19) AL
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The purpose of the modeling summarized in Fig. 3(d) is to
determine the relationship between the observed signal and
the compounds’ actual structures. Of utmost importance in
this determination is the critical points in the Brillouin zone
that are traversed, which requires the orientation of Q, which
is difficult to index in polycrystalline samples. In the present
case it is possible to index the excitation, because most recip-
rocal space axis choices yield inconsistent dispersions when
applied to the first and second order peaks. In fact, dispersion
along the [00 Q] axis is the only option that gives consistent
dispersions for both first and second order peaks. The revised
3-,5-, and 7-meV dispersions shown in Fig. 3(d) are well fit by
a linear model, with R? = 99.5% and 99.8% for the first and
second order peaks, respectively. The linear fits intersect zero
energy transfer at Qp = 0.615(9) and 1.580(6) for the first
and second order peaks, respectively, and converge at Q; =
1.10(2) and E = 13.0(5) meV. This suggests an apparent first
and second order excitation dispersion of [0 0 1/2] to [0 0 1]
and [0 0 3/2] to [0 O 1], respectively, with a systematic offset
of about +0.1¢c* (0.14 A~") between expected and apparent
peak center across all observations. This is likely a systematic
error that originates from the use of a simplistic Gaussian
peak shape that lacks peak asymmetries specific to excitation
models.

Based on this linear dispersion, it is likely that the first and
second order peaks are overlapping at 12 meV. In order to
estimate the peak locations at this energy, a constraint was
added to the peak shape model that forces the two peaks to
center around Q = 1.53 A~!'. When this constraint is applied
to the 12-meV model, the observed Gaussian width o matches
the determined width for the 3—7-meV fits (0.36 A~!) within
error. While this suggests that the model is at least qualita-
tively applicable at this energy, it is likely that it overestimates
0>—0Q; due to the convolution of the fronted peak shapes.
To minimize such parametrical correlations, the o term was
constrained to the average from the other energies in the final
12-meV model. As for the 9-meV model, the majority of
the second order peak was outside the measured range. The
constrained midpoint model can be used to better model the
visible tail of the second order peak, though doing so has
an insignificant effect on the first-order portion of the fitted
model.

Rb,MogSeg dispersion is also shown in Fig. 3(d) (open
circles). Only the edge of the second order peak is visible in
all of the Q cuts except for at 12 meV, where the two peaks
overlap. The two peak model with a constrained midpoint
was used in all of the Rb models to account for the upturned
intensity at higher Q that arises from the leading edge of the
second order harmonic. The 12-meV cut was modeled in an
identical fashion in both compounds. The same 1.53—A~!
midpoint was used for all Rb cuts because the c cell axis of the
Rb and In analogs are equivalent within 0.3%. This analysis
shows that the Rb analog’s excitation is slightly less dispersive
than the In one, and it converges at the zone boundary at a
slightly lower energy. Together this suggests a slightly weaker
interaction in RbyMogSeg than in InpMogSeg. Though the Rb
analog measured molar intensities range 0.7-1.1 times the In
ones, the difficulties in modeling the background’s energy de-
pendence makes this quantity most susceptible to systematic
error in the model. Most conservatively, it can be stated that

the measured intensities are the same within a factor of 2
according to the present measurement.

IV. DISCUSSION

Direct comparison of the observed molybdenum selenides
phases’ excitations to those of K,Cr3Ass in Ref. [25] reveals
some clear similarities. The column of excitation is in nearly
the same region of Q space and with similar Q dispersion
for all of these compounds. The main differences are that the
selenides in the present study appear to have slightly sharper
and more intense features. Despite the close similarities, it is
possible that the exact origin of the excitations differs between
compounds. To explore this topic, the discussion considers
various phenomena observed or proposed in the selenide and
arsenide families.

Magnetic ordering is visible to neutrons through a structure
factor that depends both on the moment component per-
pendicular to Q and the length of |Q|. Since the measured
excitation is interpreted to fall along (0, 0, Qr) direction,
the orientation contribution is expected to be constant. The
|Q|-dependent portion of the form factor decreases with Q,
but the change is too weak to have a significant effect on
the model shown in Figs. 3(a)-3(c). This means that the
observed signal in InpMogSeg is entirely consistent with the
expected magnetic structure factor for Mo. Additionally, the
observed fronted peak profile is consistent with magnetic peak
profiles such as those used to model the related K,Cr3As;
excitation [25], which can explain the systematic error in peak
location of about +0.1¢* in the simple Gaussian model used
here. These observations are all consistent with a magnetic
form factor contributing to the scattering. However, magnon
intensities should scale with temperature via the Bose factor,
yielding approximately 9-2 times increased intensity at 3 and
12 meV, respectively. This is not observed [Figs. 2(a)-2(c)].
Also, magnons that originate from Qg = (0, 0, L/2) would
be expected to also have measurable magnetic ordering peaks
consistent with a k = (00%) origin, yet none are observed
in the elastic scattering pattern on HB-3 for either of the
compounds at 5 K. This suggests a more complex origin of
the excitation.

On the other hand, a conventional phonon model can be
effectively ruled out from consideration. Phonons have al-
ready been investigated in A,MogSeg for A = K, Rb, Cs, In,
and T1 [22,27,29]. Most recently, Gannon et al. performed
a detailed characterization of phonon modes along the I' to
A ([H K L]to[H K L/2]) reciprocal space points using single
crystal RIXS, along with calculations consistent with the ob-
servations [27]. None of the measured or calculated phonons
show a dispersion consistent with the observed excitation.
Additionally, the characteristic |Q| [2] scaling of a phonon’s
S(Q) is missing. These points, combined with the lack of
Bose-like temperature statistics, all strongly contraindicate a
conventional phonon excitation. For comparison, the related
excitation in K,Cr3As; was found to be inconsistent with a
phonon for similar reasons [25].

Ruling out conventional phonons and identifying a spin
component to the scattering is sufficient evidence to conclude
that the observed excitation is incompatible with the prevail-
ing model governing the molybdenum selenide condensed
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Chevrel. The remaining discussion focuses on examples of
less conventional phenomena drawn from the current litera-
ture on the arsenide family, and considers how consistent they
are with the present observation.

The enhanced intensity of conventional phonons and
magnons above kg7 is associated with the thermal popu-
lation statistics for nonconserved boson quasiparticles [33].
These constraints tend to break down under special conditions
such as in low-dimensional electronic systems. Tomonaga-
Luttinger Liquid (TLL) physics, wherein spin and charge are
carried by separate, conserved quasiparticles, is a well known
example of unconventional electronic behavior in a 1D sys-
tem [34]. In fact, TLL physics has previously been applied
to K,CrzAs; [20,35,36] and Rb,MosAss [8]; the latter was
interpreted as a very rare example of a TLL with attractive
interactions between quasiparticles. The apparently gapless,
linearly dispersive INS spectra reported here for selenide
condensed Chevrel phases are reminiscent of spin dynamic
spectra in known TLL systems such as BaCo,V,0g [37], and
the temperature independent INS intensity can be attributed to
the different quasiparticle population statistics.

From this initial analysis, the present INS spectra are con-
sistent with a TLL scenario, and even have features supportive
of that interpretation. The connection should nonetheless be
treated as speculative, since it is the power-law decay of
intercarrier correlations that is considered the characteristic
feature of TLL physics. The charge transport properties of
the molybdenum selenides only seem to show the power-
law transport properties characteristic of TLL physics when
isolated as nanofilaments [38], which is a phenomenon that
is either not present or obscured in the bulk [22]. This is
not sufficient to discard the model, though, since the same is
true of the molybdenum and chromium arsenides. These com-
pounds instead show power-law dependence in, for example,
the nuclear spin relaxation rates, which is probed by NMR
[8,39].

In addition to TLL physics, other recent examples of
unconventional electronic properties or hidden ordering in
related compounds include geometric frustration of displace-
ments in K,Cr3Ass [26], purported topological supercon-
ductivity [TI;MogSes and (Na, K, Rb, Cs),Cr3Ass] [40-43],
and missed hydrogen intercalation in nominally KCr;Ass
that is actually KH,Cr3;As; [44] with a potential Lifshitz
transition [45]. Altogether we note a consistent trend of
nontrivial electron-phonon coupling, links between spin and
lattice ordering, and hidden symmetry-breaking correlations.
The connection to topologically nontrivial electronic states in
closely related T1,MogSe¢ is worth highlighting, since similar
topological considerations are linked to anomalously high
spin-charge conversion in the chemically similar compound

WTe, [46]. Since the listed phenomena are not all mutually
exclusive, it is premature to force the present findings into a
single model. Additional experiments are required to deter-
mine which, if any, of the aforementioned phenomena apply
to the present compounds.

V. CONCLUSION

A magnetic excitation is revealed in polycrystalline
A;MogSes (A = In, Rb) using inelastic neutron scattering.
The excitation is present across the entire energy range
measured, 3—12 meV, and converges to k = (0, 0, 1/2) prop-
agation vector at zero energy transfer. The S(Q) dependence,
peak shape, and absence from inelastic x-ray scattering
measurements are all taken as evidence in support of a mag-
netic component to the excitation. The lack of temperature
dependence for the measured excitation intensity suggests
unconventional physics such as TLL behavior, which has been
observed in the chromium and molybdenum arsenide super-
conductor families.

These findings enhance the electronic property connection
between the molybdenum selenide superconductors and the
chromium arsenide ones. How this relates to the supercon-
ducting mechanism remains an open question, since it has
been proposed that the arsenides are proximal to two separate
superconducting ordering instabilities and that the chromium
and molybdenum arsenides have different superconducting
mechanisms [17]. Since the A—site contribution to the band
structure of the molybdenum selenides is known to play a cru-
cial role in their properties [22], one might expect a difference
between A = In and Rb analogs. Though In,MogSes is in its
normal state at both measured temperature (5 and 300 K), the
small difference observed compared to nonsuperconducting
Rb;MogSeg is nonetheless notable in this regard. Further char-
acterization of the magnetic excitation reported here will be an
important step toward understanding the relationship between
superconductivity and other types of electron correlations in
these materials.
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