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Many unconventional superconductors, such as cuprates and iron-based materials, display spin-glass states
in the underdoped regime, which usually coexist and/or compete with unconventional superconductivity. Here,
we performed zero-field (ZF) and longitudinal-field (LF) muon spin-rotation experiments (4SR) on quasi-one-
dimensional KCr3As;. Our ZF uSR measurements reveal a large decrease (about 1/3) in the initial asymmetry
below 10 K, indicating the presence of a magnetic phase transition. The analysis of the LF 1SR results illustrates
this transition at the same temperature, and points it to a spin-glassy state. These results would, potentially,
confirm unconventional superconductivity in K-Cr-As and related compounds.
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I. INTRODUCTION

The Bardeen-Cooper-Schrieffer (BCS) theory shows that
the Cooper pairs of electrons in conventional superconductors
are mediated by phonons [1]. However, in unconventional
superconductors, such as cuprate and iron-based supercon-
ductors having strongly correlated d electrons [2,3], it is
widely believed that the magnetic interactions and spin fluctu-
ations play an important role in the superconducting process
[4-6]. The recently discovered chromium-based superconduc-
tors have attracted great attention because they could be a
class of unconventional superconductors with correlated d
electrons. Initially, CrAs was found to be a pressure-induced
superconductor near an antiferromagnetic instability [7-9].
More recently, a series of superconductors at ambient pressure
based on chromium arsenide, A,Cr3zAs; (T.= 8.6 K, 6 K,
4.8 K, and 2.1 K for A = Na, K, Rb, Cs, respectively),
were synthesized [10—13]. Interestingly, unlike cuprates, iron
pnicites/chalgenides and CrAs which exhibit quasi-2D or 3D
crystal structures, A,Cr3As; displays a unique quasi-1D crys-
tal structure [14,15]. Several experimental investigations have
led to the conjecture that A,CrzAs; possess unconventional
pairing mechanisms, such as the high upper critical field H,,,
the large electronic specific heat coefficient, and a signature
of Tomonaga-Luttinger liquid physics [10-13,16-23].

In cuprates and iron-based materials, superconductivity
can be achieved by doping carriers into their magnetically
ordered parent compounds. A spin-glass state often appears in
the underdoped regime near the superconducting phase, and is
believed to be intimately related to the unconventional pairing
interactions [24-26]. However, stoichiometric A,CrzAs; is
superconducting without chemical doping and no magnetic
phase transition is revealed down to the lowest temperature.
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Whether the superconductivity in A,CrzAs; occurs near a
magnetic instability similar to that of cuprates and iron-based
materials remains unclear. It has been recently shown that
KCr3As; (K133) can be synthesized by potassium deinter-
calation from superconducting K,Cr;As; (K233) [27]. K133
has a quasi-one-dimensional crystal structure similar to that
of K233, but has one potassium less than K233. This implies
that K133 might be considered as an underdoped version
of K233. Interestingly, indication of spin-glass-like transition
was revealed by magnetic susceptibility measurements in
K133 [27]. However, the microscopic nature of this phase
transition remains elusive because of the lack of microscopic
measurements.

II. EXPERIMENTAL METHODS

The polycrystalline KCr3 As; sample was prepared using a
similar method described in Ref. [27], and characterized via
x-ray diffraction and magnetic susceptibility measurements.
The uSR experiments were carried out in zero-field (ZF),
and longitudinal-field (LF) mode [28] on the EMU spec-
trometer at the ISIS pulsed muon source of the Rutherford
Appleton Laboratory, UK [29]. A polycrystalline sample of
KCr3;As; was mounted on a silver (99.99%) sample holder
using Ge-varnish, which was placed in a Helium cryostat
with a base temperature of ~1.4 K. The stray magnetic
fields at the sample position are able to be canceled to a
level of 1 T using an active compensation system. In a
USR experiment, spin-polarized muons are implanted into the
sample, and they Larmor precess around the local magnetic
field at the muon stopping site [30]. Muons will decay into
a positron plus two neutrinos in a relatively short time and
this process can be measured via a group of opposing positron
counters located at the forward and backward position with
respect to sample and muon incident beam direction. From
the measured positron counts in these detector banks, the

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.99.174401&domain=pdf&date_stamp=2019-05-01
https://doi.org/10.1103/PhysRevB.99.174401

YU FENG et al.

PHYSICAL REVIEW B 99, 174401 (2019)

(a) KCr.As,

@

@K
) @ Crl

@ Cr2
® Cr @ Asl
@ As @ As2
b b

—e— 61Hz
—e— 218Hz
—e— 779Hz
—e— 2792Hz
—e— 9995Hz

+ Observed
Calculated
Difference
Bragg positions

N
=)

I
o

Intensity
o
o

o
o

Xae(10*emu/mol-Cr)

10 20 30 40
20 (degree)

50 60 70 4 6 8 10 12
Temperature (K)

FIG. 1. Structure of KCr3;As; and K,Cr;As; and magnetic mea-
surements. The quasi-1D crystal structure of (a) KCr;As; and (b)
K;Cr3;As;, viewing from the ¢ axis. (c) The Rietveld refinements of
the x-ray powder diffraction patterns of KCr;As; at 300 K. The data
are shown as black crosses, and the result of the refinement as solid
lines (red). (d) Real part of ac magnetic susceptibility in different
oscillating frequencies at zero dc field. The rms value of the ac field
is 5 Oe.

time-dependent muon asymmetry function is calculated as
G.(t) = [Nf(t) — aNp(t)]/[Ns(t) + aNy(t)], where N (t) and
Np(t) are the total positrons counted by the forward and
backward detectors, respectively, and « is a constant reflecting
the relative counting efficiencies of the forward and backward
counters, which can be determined from a calibration mea-
surement [31]. The data were analyzed using the free software
package MANTID [32].

III. RESULTS AND DISCUSSION

Figure 1(c) displays the powder x-ray diffraction data at
300 K. It shows a pure phase and can be well indexed by crys-
talline structure with a space group P63/m (No. 172), which is
shown in Fig. 1(a). Compared with K233, K133 has only one
equivalent site for K* ions in a unit cell, but along the ¢ axis,
the chains of [Crg(Ase)]so Octahedra still remain [Figs. 1(a)
and 1(b)]. In addition to this, the Cr-Cr bond distance in
K133 expands from 2.614 A to 2.691 A. The temperature
dependence of the real part of the ac susceptibility is shown in
Fig. 1(d). A shoulder emerges at ~7 K at various frequencies
of the applied ac fields, which is similar to previous reports
and was interpreted as a spin-glass transition [27]. The drop
below 5 K could be due to the presence of a tiny amount
of superconducting impurities, as the volume fraction of the
superconducting phase is so small (<1%) and the phase is not
observed by XRD or wSR measurements. Similar behavior
was also reported in Ref. [27].

The ZF-uSR asymmetry spectra were measured at temper-
atures between 2 K and 100 K [Fig. 2(a)]. The spontaneous
oscillations indicating a long-range magnetic order are not
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FIG. 2. ZF-uSR measurements of KCr3As;. (a) The zero-field
muon time spectra for KCr; As; collected at different temperatures.
The solid lines are best fits to the data using Eq. (1). (b) The
temperature dependence of the initial asymmetry and electronic
relaxation rate measured in zero magnetic field of KCr;As;. The
inset is the plot of temperature dependence for 8. The arrows indicate
the different axes for different data.

visible in the data at any temperature [33]. Only one slow
relaxing component is observed for all spectra. Missing a fast
relaxing component may be due to the limit of the muon time
window at ISIS, which has a pulsed width of 80 ns. Therefore,
we use one component stretched exponential decay function
to fit the data. The function is given below:

G.(t) = Age ™ + Ay, (1)

where A is the electronic relaxation rate, Ao is the initial
asymmetry, Ay, is the time-independent constant background
and B is the stretching exponent [34]. In these relaxation
experiments, a time-independent background will be given by
muons stopping on the silver sample holder, so the term A,
was estimated from 100 K and the value (0.08471) was fixed
at all temperatures. The fitting results of ZF data are plotted by
solid lines in Fig. 2(a). The fitting results for initial asymmetry
and X are shown in Fig. 2(b) and a magnetic transition near
10 K is clearly revealed. The initial asymmetry shows a clear
1/3 drop below 10 K, but not 2/3 as one would normally
expect for a long-range magnetic ground state. On the other
hand, for a spin-glass system, a peak of relaxation rate A
will be recorded at the temperature when the spin freezing
occurs. But A depicted in Fig. 2(b) only shows a fast increasing
below 10 K. By inspection, the time spectra have shown a
sign of slowing down at 2 K. There is a possibility that the
relaxation rate was overestimated due to the unresolved fast
relaxing tail at low temperature. An alternative interpretation
is that the missing of a peak can be taken as an indication of

174401-2



MAGNETIC GROUND STATE OF KCr;As;

PHYSICAL REVIEW B 99, 174401 (2019)

0.24

0.20 ¢

o
PN
[«2]

Asymmetry
©
o

o
o
®

O 0.005T O 045T
01T

o
o
o

Asymmetry
©
>

o
-
N

Time (us)

FIG. 3. LF-uSR measurements of KCr3;As;. (a) The zero-field
and longitudinal-field muon time spectra for KCr3;As; collected at
2 K. (b) The 0.005 T LF muon time spectra at various temperatures.
The solid lines are best fits to the data using Eq. (1).

a dilute, quasistatic electron spin system [30]. Furthermore,
the temperature dependence of 8 also shows a transition near
10 K [Fig. 2(b)]. It reaches ~1 at 2 K instead of the value of
1/3 observed in a classic spin-glass system [35]. However,
we note that in Sr,YReOg, 8 also shows a value of 1 in
the spin-glass state [33]. These ZF results suggest a complex
magnetic transition in this compound.

The LF-dependent uSR study was carried out at selected
temperature points. The data recorded at 2 K with external
applied LF are shown in Fig. 3(a). The flat time spectra
with field applied mean that there is very weak relaxation
attributed to weak electronic spin fluctuations. And the spins
are most likely all frozen at this temperature [36]. In Fig. 3(b),
we present the time spectra with constant 0.005 T LF at
various temperatures. The initial asymmetry and relaxation
rate clearly changed below and above 10 K, proving a phase
transition around 10 K, which is consistent with the ZF data.
Furthermore, all the LF data can be well described with the
fitting lines by Eq. (1). The value of beta is very difficult to
extract with such low relaxation rates. So we choose to fix
B value to 1, and the fitting parameters Ay and A are present
in Fig. 4 as functions of temperature. Similar with ZF data, a
phase transition around 10 K can still be illustrated. It is clear
that Ay has a drop of 1/3 when cooling down to 10 K, which
is consistent with that of ZF data. In addition, A has a peak at
5 K, and as has been discussed in ZF data, this is a common
behavior of spin-glass systems.
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FIG. 4. The temperature dependence of (a) the initial asymmetry
Ap and (b) the electronic relaxation rate A for KCr; As; collected with
0.005 T LF applied. The dashed lines are guides to the eyes.

Additionally, the time spectra and initial asymmetry both
shifting upward with increasing external field can be pointed
to the presence of a static internal magnetic field at the
muon sites Hiy, and increasing external field will decouple
implanted muon spins from the internal field [37]. Generally,
for a spin glass below the freezing temperature, one would
expect a Lorentzian Kubo-Toyab- type relaxation, from which
one could estimate a field. However, due to the missing of the
fast relaxing term, we are not able to fit the data to such a
function. We therefore try to apply Eq. (2) to get an idea on
the value of the internal field. The field dependence of fitting
results for initial asymmetry Ay are shown in Fig. 5(a). Hjy is
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FIG. 5. The field dependence of (a) initial asymmetry and (b) re-
laxation rate for KCr;As; collected at 2 K, the best fits obtained using
Eqgs. (2) and (3) are the solid red line and the dashed blue line in (a),
respectively.
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estimated using the following equation:
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where C is the constant offset and K is the scaling factor,
while x = H /Hjy [36]. The solid line in Fig. 5(a) is the best
fit obtained using Eq. (2). The value of Hj, is evaluated to
be approximately 0.117 £ 0.021 T. We also used a quadratic-
type decoupling function,

2

X
Ao(H) = K——
o(H) = C+ K. 3)

same as Eq. (2), C is the constant offset and K is the scaling
factor [38]. The best fit obtained using Eq. (3) is shown with
a dashed line in Fig. 5(a), and the estimated value of Hjy is
0.157 £ 0.033 T. It is larger than the result obtained from
Eq. (2), but the discrepancy is acceptable considering the
external field is limited to 0.45 T. The observed values of
the internal field are similar to the prediction that three Cr
ions form a triangle with large block-spin of 2.3 up [39].
This internal field is much stronger than 0.003 G observed
in the superconducting system K233 [23], which indicates the
magnetic interaction and superconductivity may compete with
each other in such systems [39].

In Fig. 5(b), we present the field dependence of relaxation
rate A. There are still some weak fluctuations below transition
temperature, which are slightly reduced in the longitudinal
field. Analogous field-dependent A has been observed in
CeNiC, with a long-range antiferromagnetic ground state and
in CePd 15sRh g5 with paramagnetic non-Fermi-liquid ground
state [31,40].

IV. CONCLUSIONS

In summary, we have used the muon spin-relaxation tech-
nique to study the static and dynamic spin behavior in poly-
crystalline KCr3Ass. The ZF- and LF-uSR data reveal clear
evidence for a magnetic phase transition below 10 K. In the
ZF-uSR data, the 1/3 drop of initial asymmetry combined
with only one slow relaxation spectrum suggest the absence
of the magnetic order at low temperature. The relaxation rate
A shows sharp increase instead of a peak when B decreases
to 1, indicating a complex magnetic ground state. In the
LF-uSR data, the initial asymmetry also shows a 1/3 drop
below 10K and a peak of A suggests a spin glass state with
very strong internal field (>0.1 T). However, we notice that
the spin-glass type behavior of A is only observed in the LF
data for the present compound. So further investigations on
this observed complex behavior are needed. Nevertheless, a
magnetic ground state revealed in the K133 may help uncover
the unconventional pairing mechanism in chromium arsenide
superconductors.
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