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Gapless spin excitations in the superconducting state of a quasi-one-dimensional
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Majorana zero modes form as intrinsic defects in an odd-orbital one-dimensional superconductor, thus moti-
vating the search for such materials in the pursuit of Majorana physics. Here, we present combined experimental
results and first-principles calculations which suggest that quasi-one-dimensional K,Cr;As; may be such a
superconductor. Using inelastic neutron scattering we probe the dynamic spin susceptibilities of K,Cr;As;
and K,;Mo;As; and show the presence of antiferromagnetic spin fluctuations in both compounds. Below the
superconducting transition, these fluctuations gap in K;Mo3As; but not in K,Cr;As;. Using first-principles
calculations, we show that these fluctuations likely arise from nesting on one-dimensional features of the Fermi
surface. Considering these results we propose that while K, Moz As; is a conventional superconductor, K,Cr; As;
is likely a spin triplet, and consequently a topological superconductor.
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To realize scalable quantum computers, new phenomena
on which to base the qubit are needed—ones robust, with
intrinsic entangled properties such as exist in certain topolog-
ical phases [1-9]. Of the potential candidates, the Majorana
zero mode (MZM) is one of the most promising due to
its non-Abelian anyon statistics which are suited for braid-
ing while also potentially allowing manipulation necessary
for computation [10-15]. However, generating and observ-
ing MZMs have proven challenging due to their complex
materials’ requirements and chargeless nature. One proposed
route to realize and localize MZM is with one-dimensional
superconductors (SCs) whose pair operators are their own
conjugate—"“spinless” or spin-triplet odd-orbital SCs—this is
the original toy model proposed by Kitaev [11].

Consequently, there is great interest in one-dimensional
(1D) or quasi-1D (QID) systems which exhibit spin-triplet
SC (TSC). However, such materials are extraordinarily rare
with few compounds showing either property and still fewer
with both. Nonetheless, several candidate materials have been
found (including the Bechgaard salts and purple bronze)
[16-18]. More recently, the discovery of the Q1D potential
TSC AnH(Q,n)XTM3AS3 (with A = Na, K, Rb, or Cs, TM =
Cr or Mo, and n = 1 or 2) family has provided another route
to realize these exotic physics [19-28].
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The A,H@—n)xT M3As; materials exhibit numerous novel
properties, several of which evince TSC. These materials crys-
tallize with a motif of Q1D TM3Ass tubes which give rise
to strongly Q1D features such as Luttinger-liquid physics,
Q1D Fermi surfaces (FSs), and highly anisotropic transport
[19,20,26,29-32]. Enticingly, their SC state appears to be
unconventional with an unexpectedly high upper critical field,
nodes in the SC gap, and a proximity to a quantum critical
point with suggestions of TSC due to a spontaneous magne-
tization below the SC transition (7¢), an angular-dependent
upper critical field, ferromagnetic (FM) fluctuations, a T¢
suppressed by nonmagnetic impurities, and findings of a
leading TSC instability from theory [33-46]. In K,;Cr;As;
this scenario was recently strengthened by nuclear magnetic
resonance (NMR) measurements which revealed the spin
susceptibility remains finite through 7¢, strongly suggesting
TSC [46].

However, some debate about the superconducting state
still remains due to reports of anti-FM (AFM) instabilities,
proximity to a spin-glass state, and an s¥ gap symmetry
[28,47,48]. This has led to a complicated landscape for these
materials with numerous proximate magnetic, structural, and
superconducting instabilities. Recently, it was proposed that
the K,TM3As; family may straddle a boundary between
unconventional SC in K,;Cr;As; (T¢ ~ 6 K) and multigap
conventional electron-phonon (e-p) SC in K;MosAs; (Te ~
10 K), perhaps giving guidance to understand the disparate
reported features [49]. Here, it was argued that understanding
how superconductivity evolved between the two compounds
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would elucidate the role of the different instabilities in the
SC pairing, particularly in determining whether spin fluc-
tuations (SFs) competed with or supported the SC state in
KQCI‘3AS3 [49]

In this Letter, we assess the role of SFs in K,Cr;Ass
through comparing the dynamic spin susceptibilities of
K;,Cr;As; and K;MosAs; using experimental probes and
first-principles calculations. To start, inelastic neutron scatter-
ing (INS) experiments reveal SFs in both compounds above T¢
which are consistent with incipient AFM order. Below T, we
find that for K;Mo3As3 a nonresonant spin gap opens while
in K,Cr3Ass no gap is observed, implying a difference in
the compounds’ SC states. Performing first-principles calcula-
tions, we find that the AFM SF can be explained by FS nesting
on Q1D FSs. Consequently, we suggest that K;MosAss is an
e-p SC whose low-energy SFs are suppressed by the opening
of SC gaps on all FSs. Contrastingly, the lack of a spin gap
in K>CrzAs; indicates that neither the AFM SFs nor the
associated FSs participate in SC, leaving a single remaining
FS which is favorable to FM SF-driven TSC, thus indicating
FM-driven TSC in K,Cr3As;.

Large powder samples of K,Cr;As; and K;MoszAs; were
synthesized as reported previously [see the Supplemental Ma-
terial (SM) for details] [19,26,47]. Neutron powder diffraction
(NPD) was performed on the HB-2A diffractometer of Oak
Ridge National Laboratory’s (ORNL) High Flux Isotope Re-
actor (HFIR) and analyzed using FULLPROF [50,51]. INS was
performed on the HB-3 and C-TAX triple-axis spectrometers
of HFIR using fixed analyzer energies of 14.7 and 5 meV, re-
spectively. Density functional theory (DFT) calculations were
performed using the generalized gradient approximation of
Perdew, Burke, and Ernzerhof (PBE) and the general potential
linearized augmented plane-wave method as implemented in
the WIEN2K code [52-54].

In Fig. 1(a) we show the crystal structure of K;MosAss
(space group P6m2) which exhibits a Q1D structural motif
of two inequivalent, alternating, coaxial layers of Mo (and
As) triangles. In Fig. 1(b) we show a diffraction pattern
of K;MosAs; collected at 300 K together with a simulated
pattern from our best-fit model showing no impurity phase,
indicating the high quality of our sample. In the inset of
Fig. 1(b) we show a comparison of NPD patterns collected at
300 and 2 K demonstrating a lack of any significant changes
which might be associated with the onset of magnetic order
suggesting KoMo3Ass (as K;Cr3As;) has no long-range mag-
netic order (see the SM for more discussion) [55].

Previously, K,Cr3As; was shown to have AFM SFs arising
from incipient k = (0, 0, %) order. This was revealed as a
column of scattering in the dynamic structure factor S(g, AE)
(as probed via INS) which is proportional to the imaginary
component of the spin susceptibility [47,56,57]. Such fluctu-
ations offer significant insights to the SC state, therefore we
performed similar experiments on K;MosAs; and compare
these materials’ S(Q, AE).

Figures 2(a) and 2(c) show the S(Q, AE) of K;MosAs;
and K;,Cr3;As; collected at 20 and 10 K, respectively (above
either compound’s 7¢). Here, we focus on the low Q and low
AE region which is typically featureless at these temperatures
for nonmagnetic materials. However, for both materials a
column of scattering is seen arising from ~0.75 A~'. Such

(a)

DO
PN

.
DS

calc lcbs—calc

K;Mo,As; | Al

. . L 2K
05 10 15 20

1, (arb. scale)

QA"

FIG. 1. (a) Crystal structure of KMoz As; viewed along ¢ and of
the isolated tube motif. (b) Neutron powder diffraction pattern and
best-fit model for data collected at 300 K. The inset of (b) shows a
comparison of the low Q region of data collected at 300 and 2 K.

a signal is often indicative of incipient magnetic order caused
by SFs with a Q characteristic of the incipient ordering vector
[39,57-61].

Qualitatively, the signal observed in K;Mo3As; is similar
to that of K,Cr;As;. Fitting constant AE cuts with Gaussian
functions, we find a slight shift in the position of the feature to
lower Q by ~0.1 A" in K;MosAss compared to K,Cr;Ass,
consistent with K,MozAsj’s larger ¢ axis (see SM for details)
[55]. The dispersion of the two signals is very similar (though
both are convoluted with the instrument resolution function).
On the other hand, the fits reveal that the column in K;Mo3As;
is broader in Q by ~20% and also is ~30% weaker (though
this is more difficult to reliably quantify between samples),
which may indicate the fluctuations are shorter ranged and the
fluctuating moment smaller in K;Mo3As3, both of which have
been suggested from prior DFT treatments [49]. Due to these
considerations, we attribute the origin of this signal to similar
causes as in K,Cr3Ass.

We next consider the temperature dependencies across Tc.
Figures 2(b) and 2(d) show the same region of S(Q, AE)
measured below T¢ at 2 K for both samples. Here, a distinction
between the two emerges. For K,CrzAs; the spectrograph
looks qualitatively identical to the 20-K data set—no gap
opens despite the onset of SC. On the other hand, in
K;MosAs; [Fig. 2(b)] there is a clear change in the column
where the signal for AE < 7 meV loses intensity. This ob-
servation is consistent with the opening of a SC gap which
inhibits fluctuations below 2A (i.e., the energy required to
break a Cooper pair).

To characterize this feature, constant Q scans were taken at
0 ~ 1.1 A" above and below T¢ for both samples (Fig. 3).
For K;Mo3;As; [Fig. 3(a)], the gap becomes clear. While
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FIG. 2. Inelastic neutron scattering spectrograms for K,Mo3;As;
at (a) 20 K and (b) 2 K and for K,Cr;As; at (¢c) 10 K and (d) 2 K.
Intensity is in units of detector counts normalized to monitor counts.
We note that the data showed in (c) include data from Ref. [47] but
with additional counting statistics.

the 20-K data exhibit a constant increase in intensity below
5 meV (as the elastic line is approached), the 2-K data drop in
intensity by ~20% below ~5 meV. Using the weak coupling
Bardeen-Cooper-Schieffer gap approximation [i.e., A(T =
0) = %kBTC] we estimate 2A as 6.2 meV, which is consistent
with our observed gap (a similar estimate is obtained using the
empirical formula of wy = 4.3kzT, with wy being the energy
of the spin gap) [62]. In Fig. 3(c) we show a difference curve
of the 20- and 2-K data to remove background effects. Here,
the gap is seen to open below ~5 meV and progressively
widen to the lowest measured temperature of 2 K. We fur-
ther associate this gap with T by measuring the intensity at
1.05 A~! and 3 meV as a function of temperature [Fig. 3(b)]
which shows the gap to close at ~6 K. This is a little below
Te (10.4 K); however, the gap itself is a function of 7" and so
should become smaller than the certainty of our measurements
before T¢ is exceeded.

In K,Cr3;As;3, we see discretely different behavior in the
low-energy spectrum [Fig. 3(d)]. Here, no obvious SF gap is
seen in the 2-K data. If estimated as before, 2A ~ 3.7 meV
and wy ~ 2.2 meV, both of which are within the limits of our
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FIG. 3. (a) Comparison of scattering intensity of K;MozAs; for
constant g scans along the column collected at 20 and 2 K. (b) Tem-
perature dependence of the low-energy region of the K,MozAs;
column with the 20 K count rate and 7c denoted by horizontal
and vertical dotted lines. (c¢) Difference curve for the 20- and 2-K
K;Mo;As; data using a larger AE bin size than (a) to improve the
statistics. (d) Similar comparison of 20- and 2-K scans for K,Cr;As;
with an envelope denoting the size of a gap expected for a signal
similar to that observed in (a).

energy resolution (~1.4 meV). For comparison, in Fig. 3(d)
we plot an envelope showing the range equivalent to the per-
cent change of the signal seen in K;Mo3As;, demonstrating
that, within our statistics, a similar decrease in intensity would
be observable. Additional measurements were taken using a
cold neutron triple-axis spectrometer to access lower-energy
transfers (<1 meV) and no gap was observed (see SM) [55].
Consequently, we take this observation to be a strong indica-
tion that no spin gap opens in the SC state of K,Cr3Ass.

Such observations have significant implications for the na-
ture of SC in these systems [49]. That the SFs in K,Cr;As;
do not respond strongly to SC (which naively should open
a gap) requires explanation. Furthermore, though a spin gap
with a resonance has become a hallmark of unconventional
SCs, here we see no evidence of a resonance above the gap
in KyMosAss undermining the SF role in SC [63]. If the SFs
can be associated with specific features of the FSs, then the
presence (or absence) of a gap in those SFs will correspond to
the presence (or absence) of a gap on the associated FS. In a
system such as K,Cr3;As;, where different FSs have different
SC instabilities, such information can be key in determining
the symmetry of the SC state [62,64-76].

In Figs. 4(a) and 4(b) we show the FSs of K;Mo3As; and
(undistorted) K,Cr3zAs; as determined by DFT calculations.
Here, we use undistorted K,;Cr3zAs; due to ambiguity in the
distorted structure [77,78]. As reported, these two compounds
have similar FSs, consisting of two Q1D « and S sheets and
one large three-dimensional (3D) y sheet [40,43,49,79-81].
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FIG. 4. Calculated Fermi surfaces of (a) K,Cr;As; (undistorted)
and (b) K;MosAs;. In (a) and (b) the calculated Fermi velocity is
shown as a function of position on the Fermi surface via the color
scale with blue indicating low relative velocities and red indicating
higher velocities. (c) Imaginary component of the calculated Lind-
hard susceptibility of K,MozAs; plotted for several energies near the
Fermi energy (with Er = 0 eV).

Given the large sheetlike features of the FSs, nesting vectors
have been proposed as possible between both the upper and
lower « and B sheets as well as between the top and bottom
of the y sheet, any of which may lead to spin- or charge-
density-wave type orders such as have been proposed for the
SFs observed in K,Cr;As; [39,47,49,78,82,83].

We next calculate the Fermi velocities (vg) throughout the
FSs of both compounds to predict the strength of electron
correlations on the different surfaces [as shown in the color
scale on Figs. 4(a) and 4(b)]. These calculations reveal two
important features: For both compounds the large 3D y sheet
has significantly lower vp, indicating stronger electron corre-
lations (and magnetic interactions) on this sheet. Additionally,
v is in general larger in K;Mo3Ass, suggesting it exhibits
weaker electron correlations than K,CrzAss.

If there is an electronic instability to nesting between the
QID FSs, then we expect an associated peak in the dynamic
spin susceptibility as calculated via the imaginary component
of the Lindhard susceptibility [shown projected along k, for
K;MosAs; in Fig. 4(c)]. Here, we clearly observe a large
broad peak near the zone center indicative of FM SFs as
has been previously suggested in prior first-principles studies
[43,80,84,85]. Such a signal is consistent with the experi-
mental evidence for FM SFs found in NMR measurements
[35,46,58,86]. Near the zone boundary at k, ~ 0.9, we see
a second feature which corresponds to the k position of the

AFM SFs observed in INS. This peak is quite small, consistent
with it arising from nesting between the two high vp Q1D
sheets, and similar to prior observations in A,Cr3;As; and
ACr3As; [43,83,87,88].

These insights from first-principles provide a roadmap
to interpret the experimental results. They show that both
K;MosAs; and K,;Cr3As; have similar potential nesting vec-
tors across the 1D FSs, consistent with the observed column
of SFs. That these AFM SFs do not gap in K,;Cr3As; indi-
cates that neither the AFM SFs nor the 1D FSs participate
in SC. This is expected as symmetry considerations for AFM
SF-mediated spin-singlet or spin-triplet SC disallow Cooper
pairs between k, and —k;, states [89,90]. In K;MosAs; the SF
gap do not exhibit a resonant-spin excitation which further
contradicts AFM SF-driven SC [83]. The ungapped Q1D FSs
in K;Cr3zAss imply SC must exist on the y sheet. Given that
FM SC can pair k and —k states for a sign changing gap, as
occurs in the proposed p,-wave symmetry, this allows a pos-
sible scenario for a TSC mechanism [39,89]. We note that our
experimental results cannot eliminate other possible pairing
potentials which might be available on the y sheet, however,
they do weaken e-p as a candidate, which is inconsistent
with the presence of an ungapped FS [49]. Furthermore, for
FM SFs the pairing potential is enhanced for low scattering
vectors as found on the y surface which encompasses the zone
center, consistent with the low vz found on this sheet and in
additional support of TSC [89].

Considering previous experimental reports of FM SFs and
the recent report of TSC which have largely been driven by
NMR experiments, our INS results provide important insights.
Whereas the previously reported SFs were argued to possibly
arise from combinations of AFM and FM components which
obfuscated their relevance in pairing, here we clearly show
that in K;Cr3;As; the AFM SFs do not participate in SC
[58]. Additionally, our results are consistent with the recently
proposed scenario of a proximate FM quantum critical point
(QCP) in the Cr compounds [35]. Here, tuning away from
the QCP gives rise to residual FM SFs which in turn can
drive TSC pairing [35,91]. On the other hand, while our re-
sults are complimentary to the recent NMR observation of a
finite spin susceptibility inside the SC state and subsequent
identification of TSC, our symmetry analysis suggests a p,
symmetry rather than the (p, & ip,), indicating the need for
additional experimental evaluation of the SC gap structure
[46]. More generally, that both AFM and FM SFs exist in
K>Cr3As; but only the latter responds to SC is highly sug-
gestive of TSC. However, localizing SC to the 3D y sheet
undermines arguments for 1D SC, instead encouraging the
use of K,Cr3Asj; as a material with TSC, which still requires
macroscopic manipulation of sample shape to achieve a 1D
wire geometry. Nevertheless, our results are consistent with a
p.-wave TSC state in K,Cr3Ass and encourage further work,
potentially pointing to a system which advantageously TSC
and a highly Q1D crystal habit may help with device design
as well as in isolating such states [83,92,93].

In summary, we show that both K;Cr;As; and K;MosAs;
exhibit antiferromagnetic spin fluctuations which are con-
sistent with an incipient k = (0, 0, %) type magnetic order.
Comparing spectra collected above and below their respective
Tc’s, we find that while K;MosAs; exhibits a gap with no
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spin resonance, K,Cr3As; exhibits no such gap. Using first-
principles calculations, we show that these two materials are
susceptible to nesting across their Q1D Fermi surfaces, con-
sistent with the experimental k = (0, 0, %). As we observe no
gap in the spin fluctuations of K,Cr3Ass;, we infer that these
Fermi surfaces are not gapped by the superconducting state
and that the remaining y sheet, which should favor spin-triplet
pairing, must host superconductivity. Furthermore, we rule out
the antiferromagnetic coupling superconducting mechanism
in K,Cr3Ass, leaving ferromagnetic fluctuation-driven spin-
triplet superconductivity as the lead candidate mechanism. As
K,Cr3;As; is a Q1D material, its hosting spin-triplet super-
conductivity should have exciting implications for topological
physics invoking aspects of Kitaev’s toy model for Majorana
zero modes.
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