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The magnetic properties of iron-based superconductors AFe,As, (A = K, Cs, and Rb), which are characterized
by the V-shaped dependence of the critical temperature (T;) on pressure (P), were studied by means of the muon
spin rotation/relaxation technique. In all three systems studied the magnetism was found to appear for pressures
slightly below the critical one (P,), i.e., at pressure where T.(P) changes the slope. Rather than competing,
magnetism and superconductivity in AFe,As, are coexisting at the P 2> P, pressure region. Our results support
the scenario of a transition from one pairing state to another, with different symmetries on either side of P,.
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Since the discovery of iron-based superconductors, much
effort has been devoted to identify the pairing mechanism
responsible for their high critical temperature [1,2]. While
some properties of iron-based superconductors are reminis-
cent of the cuprate superconductors, the differences between
the two families are considerable. Iron-based superconductors
(Fe-SCs) are generally believed to have s-wave pairing sym-
metry. They are multiband superconductors, with an energy
gap that varies significantly among the various Fermi-surface
sheets [3]. Their gap structure is not universal and is subject to
change as a function of doping, external, or chemical pressure
[4]. Recent theoretical works using a five-orbital tight-binding
model show a near degeneracy between d and s* pairing states
in Fe-SCs as a result of the multiorbital structure of the Cooper
pairs and the near nesting conditions [5,6].

Hydrostatic pressure is a clean tuning parameter that can
modify the orbital overlap, the exchange interactions, and the
band structure of metals. Given the near degeneracy between
different pairing states, it is conceivable that the pairing sym-
metry of certain Fe-SCs might be tuned by pressure [7-13].
Such an idea leads, in particular, to the observation of a
V-shaped T-P phase diagram in AFe,As, (A = K, Cs, and
Rb), where the transition temperature 7. decreases initially
as a function of pressure, then at a critical pressure P, it
suddenly changes direction and increases [7-9] or remains
almost constant at least up to pressures ~4 GPa [10,13—
15]. The constancy of the Hall coefficient through P, rules
out a change in the Fermi surface [7,8,11]. In the case of
KFe,As; this was additionally confirmed by de Haas—van
Alphen measurements, showing quantum oscillations that
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smoothly evolve across P, [9]. In the absence of any sud-
den change in the Fermi surface across the critical pressure
P, the resistivity and magnetic susceptibility experiments of
Refs. [7,8,10,11] detect a sudden change of the upper critical
field H.»(T), which is interpreted as evidence of a sudden
change in the structure of the superconducting energy gap
across P..

In this Rapid Communication, we report on zero-field (ZF)
and longitudinal-field (LF, where a magnetic field is applied
parallel to the initial muon-spin polarization) muon-spin ro-
tation (uSR) studies of AFe;As, (A =K, Cs, and Rb) as a
function of pressure. In all three systems studied the mag-
netism was found to appear for pressures slightly below the
critical one (F.), i.e., at pressure where 7.(P) changes the
slope. Rather than compete [16], magnetism and supercon-
ductivity in AFe,As, are coexisting at the P 2 P, pressure
region. Our findings reveal an intriguing interplay of mag-
netism and superconductivity in AFe,; As,, whereby the former
supports (or even enhances) the latter, in contrast to the usual
suppression caused by phase competition.

Polycrystalline samples of KFe;As,, CsFe,As,, and
RbFe;As, were synthesized by the conventional solid state
reaction method using AAs (A = K, Cs, and Rb) and Fe,As
as starting materials [17,18]. AAs was prepared by reacting
stoichiometric alkali-metal pieces and As powders at 200 °C
for 4 h in an evacuated quartz tube, and Fe, As was synthesized
by heating Fe and As powders at 700 °C for 24 h. Stoichio-
metric amounts of the starting materials were first thoroughly
grounded, pressed into pellets, and finally sealed in a Nb tube
under 1.5 atm of argon gas. The Nb tube was then sealed
in an evacuated quartz tube and heated to 650 °C for 36 h.
All the sample preparation processes were carried out in a
glove box under high-purity argon atmosphere. The powder
x-ray diffraction patterns are consistent with those reported in
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Ref. [19]. Detailed information on the sample characterization
is given in the Supplemental Material [20].

The pressure was generated in double-wall piston-cylinder
types of cells especially designed to perform muon-
spin rotation/relaxation (uSR) experiments under pressure
[21,22]. As a pressure transmitting medium 7373 Daphne
oil was used. The maximum safely reachable pressure is
~2.7 GPa. The pressure was measured in situ by monitoring
the pressure-induced shift of the superconducting transition
temperature of In [22].

Zero-field and longitudinal-field SR measurements were
performed at the 7M3 and wE1 beam lines (Paul Scherrer In-
stitute, Villigen, Switzerland), by using the dedicated LTF and
GPD spectrometers, respectively. At the LTF spectrometer,
equipped with a dilution fridge cryostat, ZF-u SR experiments
at ambient pressure and down to temperatures ~20 mK were
carried out. At the GPD spectrometer [21], equipped with
an Oxford sorption pumped 3He cryostat (base temperature
~0.24 K), ZF and LF-uSR experiments under a pressure up
to ~2.7 GPa were conducted. The typical counting statistics
were ~5-7 x 10° decay positron events for each particular
data point. The data were analyzed using the free software
package MUSRFIT [23].

The magnetic response of AFe,As, at ambient pressure
was studied in a set of ZF-uSR measurements at the LTF
instrument. A few representative uSR time spectra taken
below and above the superconducting transition temperature
for KFe,As,, CsFe,As,, and RbFe,As, are shown in the
Supplemental Material [20] and in Ref. [18]. No sign of mag-
netism was detected in the ZF-uSR response of RbFe;As;
[18]. The experimental data are well described by a standard
Kubo-Toyabe depolarization function [24], reflecting the field
distribution at the muon site created by the nuclear moments.
In KFe,As; and CsFe,As;, an exponential relaxation was
found to be present in the ZF-uSR signal at ambient pres-
sure and it increases slightly with decreasing temperature,
thus pointing to the presence of magnetism. The absence of
spontaneous oscillations indicates that there is no onset of
long-range magnetic order. It was also found that the relax-
ation occurs only in part of the sample volume (=~70% in a
case of KFe,As, and ~40% in a case of CsFe,As,), while the
rest of the sample displays a nonrelaxing behavior, typical of
a nonmagnetic fraction (see the Supplemental Material [20]).

We think that the magnetic signal observed at the ambient
pressure in KFe,As; and CsFe;As; is not intrinsic for these
compounds but caused by the presence of a small amount of
magnetic impurities in the samples studied. Our conclusions
are based on the following arguments:

First, our longitudinal field (LF) uSR experiments of
KFe,As; show that at T = 0.25 K, the slow-relaxing compo-
nent associated with the ambient pressure impurity magnetism
[Amp(0.25 K) 2 0.55 wus~' recovers at fields of the order
of 2 mT (see Supplemental Material [20]). Such behavior is
expected in a case of diluted and randomly oriented magnetic
moments giving rise to weak magnetism [24,25].

Second, the weak ambient pressure magnetism does not
occupy the whole sample volume. A substantial part of the
KFe,As; and CsFe;As, samples remains nonmagnetic down
to the lowest temperature [20].

Third, ZF-uSR studies of the superconducting
Ba;_,K,F,As, with 0.5 < x < 0.9 [26] show the absence of
any kind of magnetic response. The ZF-uSR time spectra
were well described by a single-component exponential
relaxation function with a weak depolarization rate
A >~0.01-0.04 us~'. Note that these values are slightly
smaller but comparable to A(T') ~ 0.08 us~! for T > 1 K as
obtained in our study [20].

Fourth, uSR experiments on a high-quality KFe,As;
single-crystal performed by Ohishi [27] also show a
temperature-independent ZF-SR time spectra down to 7 ~
20 mK with A ~ 0.05 pus~!.

Fifth, no ambient pressure magnetism was detected for
the RbFe,As, sample [18] and for the second (the “cross-
checked”) KFe,As, sample.

As a next step, ZF-uSR experiments under a pressure
were performed at the GPD instrument. Figure 1 shows ZF-
1SR time spectra taken at various pressures and temperatures
for all three systems studied. The buildup of an additional
relaxing component, reflecting the presence of the pressure-
induced magnetism, is clearly visible in the spectra.

In the case of KFe,As; [Figs. 1(a) and 1(b)] the fast re-
laxing component starts to develop for pressures exceeding
P 2 1.6 GPa. The absence of discrete frequency oscillations
indicates that the magnetism is highly disordered. The ampli-
tude of this fast relaxing component saturates above 1.78 GPa
at T =0.27 K and increases continuously with increasing
pressure above P >~ 1.8 GPa at T ~ 5 K. Pressure-induced
magnetism is also clearly visible in CsFe;As; and RbFe;As;
in Figs. 1(c) and 1(e), respectively. In both systems at 7' =~
0.25 K an additional relaxing contribution starts to develop for
pressures exceeding ~0.7 GPa. These additional relaxations
are less pronounced in RbFe,As, compared to CsFe,As, and
in CsFe,As; compared to KFe,As,.

The pressure-induced magnetism observed in AFe,As;
could arise either from static field distributions or fluctuating
fields. In order to distinguish between these two possibilities,
LF-uSR experiments on KFe,As, were performed at P = 1.8
and 2.6 GPa (see the Supplemental Material [20]). At both
pressures studied the full muon-spin polarization was found
to recover at the longitudinal field Brg ~ 0.2-0.4 T, thus
implying that the disordered pressure-induced magnetism in
KFe,As, is static [28].

We stress that the character of this disordered static mag-
netism appearing under pressure is very different from the
impurity magnetism detected in KFe,As, and CsFe;As, at
ambient pressure (see Figs. 7 and 8 in the Supplemental
Material [20]).

First, the impurity magnetism, which is already present
in the uSR spectra at the lowest pressure (P ~ 0.2 GPa), is
clearly different from that observed in spectra taken at P 2>
1.6 GPa for KFe, As, [Figs. 1(a) and 1(b)] and at P > 1.0 GPa
for CsFe;,As, [Fig. 1(c)].

Second, in the case of KFe,As, the relaxation is much
stronger at high pressures (see the inset in Fig. 2) and the
magnetism itself extends up to much higher temperatures than
that observed at ambient and low pressures.

Third, as will be shown later, in KFe,As, for tempera-
tures below 7' 2~ 0.5 K and pressures above P >~ 1.8 GPa the
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FIG. 1. Zero-field uSR time spectra measured at various pressures and temperatures: (a) and (b) in KFe,As, at P = 0.2, 1.57, 2.18, and
2.60 GPaand at T = 0.27 and 5.0 K, respectively. (c) and (d) in CsFe,As, at P = 0.2, 0.66, 1.12, and 2.44 GPaand at 7 = 0.25 and 1.07 K. (e)
and (f) in RbFe,As; at P = 0.2 and 1.87 GPa and at T = 0.25 and 1.07 K. The solid lines are fits of Eq. (1) with the sample part described by
Eq. (2) for KFe,As, and Eq. (3) for CsFe,As, and RbFe,As,, respectively. The dashed lines are the background (pressure cell) contributions.

See text for details.

high-pressure magnetism occupies almost 100% of the sample
volume (see Figs. 2 and 3).

Finally, the similar pressure-induced magnetism was found
in the second (the “cross-checked”) KFe,As, sample, which
has no detectable amount of magnetic impurity fraction (see
the Supplemental Material [20] for details).

The ZF high-pressure data were analyzed with the signal
decomposed in contributions of the sample (s) and the pres-
sure cell (pc),
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FIG. 2. Temperature dependence of the magnetic volume frac-
tion f of KFe,As, as obtained from the fit of Eq. (1) [with the
sample contribution described by Eq. (2)] to the ZF-uSR data taken
at P = 1.57,1.78, 2.18, and 2.6 GPa. Arrows indicate the position of
T.(P)’s. The inset shows the pressure dependence of the fast relaxing
component A, ;.

Here, A4(0) and Ap.(0) are the initial asymmetries and Py(?)
and P,.(¢) are temperature evolutions of the muon-spin po-
larization belonging to the sample and the pressure cell,
respectively. Note that in pressure experiments a large fraction
of the muons (roughly 50%) stops in the pressure cell walls,
providing a background contribution [21]. The pressure cell
contribution to the polarization signal P,(¢) was measured in
an independent experiment.

In order to account for the strong magnetism in KFe,As;
the response of the sample was assumed to consist of “mag-
netic” and “nonmagnetic” (including an impurity contribution
[Imp(z#)] as described the Supplemental Material [20]) terms
and is derived as

Pi(t) = [f(3e ™" 4 e~ Mt + (1 — £)Gyr(t)]
x Imp(t). 2

Here, f is the relative weight (volume) of the pressure-
induced magnetic fraction. A,,; and A,,, are the exponential
depolarization rates representing the longitudinal (1/3) and
the transversal (2/3) relaxing components within the parts of
the sample being in the magnetic state [24]. Gxr(t) = 1/3 +
2/3(1 — 621*)e=""/2 is the Gaussian Kubo-Toyabe depolar-
ization function reflecting the field distribution created by the
nuclear moments, and oy is the Gaussian depolarization rate
caused by them [24]. During the fit the Imp(z) term was fixed
to that obtained in the ZF experiments under the ambient
pressure (see the Supplemental Material [20]). The solid lines
in Figs. 1(a) and 1(d) represent the result of the fit of Eq. (1)
to the ZF-uSR KFe;As, data with the sample part described
by Eq. (2).

Figure 2 shows the dependence of the magnetic volume
fraction f of KFe,As, on temperature for P = 1.57, 1.78,
2.18, and 2.6 GPa. The inset shows the pressure depen-
dence of the fast relaxing component A,, ;. Note that for P <
1.3 GPa the fit of Eq. (2) to the experimental data result in f
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FIG. 3. (a) Dependence of the superconducting transition temperature 7. on P of KFe,As,. The red symbols are 7.(P)’s obtained in the
present study in transverse-field SR experiments [20]. The open symbols are 7.(P) points from Ref. [8]. (b) and (c) The same as in (a) but
for CsFe,As, and RbFe,As,, respectively. The open symbols in (c) are 7. (P) data from Refs. [11,57]. (d) Dependence of the magnetic volume
fraction f of KFe,As, on pressure at 7 = 0.27, 0.50, 1.50, and 15.0 K. (e) Dependence of the additional exponential relaxation AA of CsFe,As,
on pressure for 7 = 0.25, 0.44, 0.66, and 1.07 K. (f) Same is in (e) but for RbFe,As; and at T = 0.25, 0.32, 0.55, and 1.07 K. The gray stripes
are the critical pressure regions where the transition temperature 7. (P) changes the tendency from decreasing to increasing. The solid lines in

(c)—(f) are guides for the eye.

being close to zero, thus implying that at low pressures the
KFe,As, sample is “nonmagnetic” with only the impurity
magnetism as observed in the ZF- SR experiment under am-
bient pressure. The data presented in Fig. 2 show that with
increasing pressure an increasingly large part of the sample
becomes magnetic. More important, for pressures exceeding
P ~ 1.8 GPa the low-temperature value of f reaches almost
1.0. Given that in KFe; As; bulk superconductivity is observed
up to at least P ~ 6 GPa [10], we conclude that for P >
1.8 GPa bulk magnetism and bulk superconductivity coexist
within the whole sample volume. Note that a similar type
of bulk coexistence between the antiferromagnetic order and
superconductivity was previously reported for various com-
pounds belonging to the so-called 11 [29-35], 122 [36-51],
1144 [52-55], and 21311 [56] families of Fe-SCs.

The much weaker pressure-induced magnetism in
CsFe,As; and RbFe,As; was probed via a direct comparison
between the low- and the high-pressure data,

Psp(t) — PSOZ GPa (t)e—A)»(Z)' (3)

Here, P22SP4(1) is the time evolution of the muon-spin po-
larization measured at P >~ 0.2 GPa (low pressure) and AX is
the additional exponential relaxation caused by pressure. The
solid lines in Figs. 1(c)—(f) represent the result of the fit of

Eq. (1) to the ZF-uSR CsFe;As, and RbFe,As, data with the
sample part described by Eq. (3).

Figure 3 summarizes the results of our ZF-u SR study on a
f-P and AX-P phase diagrams. For comparison we have also
plotted the T.(P) curves as obtained in resistivity, magnetiza-
tion, and transverse-field uSR experiments [8,11,20,57]. The
gray stripes indicate the critical pressure regions: P, >~ 1.75,
1.4, and 1.1 GPa for KFe,As;, CsFe,As,, and RbFe,As,,
respectively. In KFe,As, the magnetic volume fraction in-
creases rapidly from nearly zero to ~100% between 1.5
and 1.8 GPa, at least at the lowest temperature 7' >~ 0.27 K
[Fig. 3(d)]. In CsFe,As, and RbFe, As, [Figs. 3(e) and 3(f)] an
additional exponential relaxation AA goes to saturation for P
exceeding ~1.5 and ~1.2 GPa, respectively. It is remarkable
that in all three systems the magnetism develops closely to
the P, i.e., to the pressure where the T.(P) curve acquires the
positive slope.

It appears therefore that the disordered magnetism (which
is static at least in the case for KFe,As, [28]) supports (or
even enhances) superconductivity in all three systems studied.
This is unusual, as static magnetic order typically tends to
compete with superconductivity. Note, however, that the mag-
netism we detect appears to be highly disordered and as such
does not break translational symmetry on a sufficient length
scale to cause the usual Fermi-surface reconstruction that is
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detrimental to superconductivity. Indeed, no change is de-
tected in the Fermi surface across P, [7-11]. The cooperative
nature of the interplay between magnetism and superconduc-
tivity is also reflected by the fact that the magnetism enhances
significantly below 7 in the case of KFe,As, [Figs. 2 and
3(a)] and develops just below T; in the case of CsFe,As, and
RbFe;As; [Figs. 3(b) and 3(d)].
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are grateful to L. Taillefer for initiating the work and for
helpful scientific discussions at the beginning of the project.
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