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by resistivity and >As-NMR/NQR
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We present the results of ">As nuclear magnetic resonance (NMR), nuclear quadrupole resonance (NQR),
and resistivity measurements in KFe,As, under pressure (p). The temperature dependence of the NMR shift,
nuclear spin-lattice relaxation time (7}), and resistivity show a crossover between a high-temperature incoherent,
local-moment behavior and a low-temperature coherent behavior at a crossover temperature (7). T* is found
to increase monotonically with pressure, consistent with increasing hybridization between localized 3d orbital-
derived bands with the itinerant electron bands. No anomaly in 7 is seen at the critical pressure p. = 1.8 GPa
where a change of slope of the superconducting (SC) transition temperature 7.(p) has been observed. In contrast,
T.(p) seems to correlate with antiferromagnetic spin fluctuations in the normal state as measured by the NQR
1/ T, data, although such a correlation cannot be seen in the replacement effects of A in the AFe;As, (A =K,
Rb, Cs) family. In the superconducting state, two 7 components are observed at low temperatures, suggesting
the existence of two distinct local electronic environments. The temperature dependence of the short 7; indicates
a nearly gapless state below T;. On the other hand, the temperature dependence of the long component 1/ 7,
implies a large reduction in the density of states at the Fermi level due to the SC gap formation. These results

suggest a real-space modulation of the local SC gap structure in KFe,As, under pressure.

DOI: 10.1103/PhysRevB.97.064509

I. INTRODUCTION

The iron-based superconductors (SCs) continue to be the
focus of intense research in condensed matter physics, due to
their unique interplay of magnetic, orbital, and charge degrees
of freedom [1-5]. Among the iron-based SCs, the heavily
hole-doped iron-pnictide superconductor KFe,As,, with a SC
transition temperature of 7, ~ 3.5 K, shows several unique
properties. The Sommerfeld coefficient (y ~ 102 mJ/mol K?)
is significantly enhanced, and the magnetic susceptibility
exhibits a broad peak around 100 K [6]. Nuclear magnetic
resonance (NMR) spin-lattice relaxation rates (1/7}) are
strongly enhanced, evidencing antiferromagnetic spin fluctua-
tions. Curie-Weiss fits to the NMR data have demonstrated the
proximity of KFe;As; to a quantum critical point (QCP) [7-9].
These results indicate a heavy quasiparticle effective mass and
strong electronic correlations [6,7]. Recent NMR investiga-
tions have also pointed out the importance of ferromagnetic
spin correlations in this material [7].

Furthermore, the SC properties of KFe;As, are also unique.
Whereas two full SC gaps are reported in the hole-doped
series Ba;_,K,Fe;As; for x <~ 0.8 [10], a nodal SC gap
structure in KFe,As, (x = 1) has been suggested by several
experiments [11-16]. A large full gap accompanied by several
very small gaps has also been proposed based on specific
heat measurements [17]. In addition, 7, shows nonmonotonic
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behavior under pressure, with a minimum at p. ~ 1.8 GPa,
which has been suggested to be caused by a change in the SC
gap structure [18-20]. Measurements of the pressure depen-
dence of the upper critical field H,, suggested the appearance
of a k, modulation of the SC gap above p. [20].

Analogous behavior has also been found in the related
alkali metal compounds RbFe,As, and CsFe,As, [21-27],
which show even greater mass enhancements with y ~
127 mJ/mol K? and y ~ 184 mJ/mol K2, respectively [28].
The unusual properties of the AFe;As, (A =K, Rb, Cs)
family have been pointed out [6,28,29] to be quite similar
to f-electron heavy fermion materials [30,31], which display
a crossover between a high-temperature incoherent, local-
moment behavior and a low-temperature coherent behavior,
with the crossover occurring at a temperature 7. In this
picture, the importance of the dual role of Fe d electrons has
been pointed out theoretically [32,33] where the two aspects
of the itinerant and localized electrons may originate from
different 3d orbitals of the iron ions. Recently, experimental
[29,34] and theoretical [6] studies suggest that the bands
derived from the Fe 3d,, orbitals would play the role of the
local moments. This orbital-selective localization is due to the
strong Hund coupling in these materials [35]. Recent NMR
measurements have pointed out a possible d-electron heavy
fermion behavior in the AFe;As; (A = K, Rb, Cs) family at
ambient pressure [28].

T* isreported to increase from 85 K for Cs, to 125 K for Rb,
and to 165 K for KFe;As,. Thermal expansion measurements
on this family also find the lowest T* for Cs and highest
T* for K, although the reported crossover temperatures are

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.97.064509&domain=pdf&date_stamp=2018-02-13
https://doi.org/10.1103/PhysRevB.97.064509

P. WIECKI et al.

PHYSICAL REVIEW B 97, 064509 (2018)

lower [36]. Since the so-called chemical pressure effects would
increase when one moves from Cs to Rb to K due to the
decrease in size of the alkali metal ion, this suggests that 7*
increases with increasing the chemical pressure. Furthermore,
two empirical relationships involving 7* have been discussed
[28]. First, the superconducting transition temperature 7; is
generally proportional to 7%, that is T, o< T*, reflecting the
correlation of T to local magnetic coupling J as pointed out
in Ref. [37] in the context of f-electron heavy fermion SCs.
Second, the Sommerfeld coefficient y, and thus the effective
mass m*, is inversely proportional to T*, that is y~! oc T*
(see also Ref. [6]).

The T, o< T* relationship for the AFe;As; (A =K, Rb, Cs)
naively suggests that the nonmonotonic behavior of 7 in these
materials under pressure could be due to a nonmonotonic
behavior of 7* under pressure. This motivates an experimental
investigation of the relationship between T; and 7* under pres-
sure. Here, we have carried out NMR and nuclear quadrupole
resonance (NQR) measurements under high pressure up to
2.1 GPa and resistivity measurements up to ~5 GPa in order
to investigate the pressure dependence of 7* and to test its
relationship with 7;. Based on the NMR and resistivity data, we
find that T* increases monotonically with increasing pressure
with no anomaly associated with crossing p. ~ 1.8 GPa.
These results indicate that 7* is not the primary driver of the
pressure dependence of T, in KFe;As,. On the other hand,
1/T, measurements demonstrate that spin fluctuations are
suppressed with increasing pressure up to the p. and then start
to be enhanced above p., suggesting that 7 is related to spin
fluctuations in the normal state. In the superconducting state,
two-component NQR relaxation is observed below 7' = 1 K,
suggesting real space variation of the superconducting gap
structure. One of the two components, the short 7; component,
shows no change in the slope of 1/7) across T, above
1.5 GPa, indicating these nuclei see a gapless local electronic
environment in the SC state under these pressure conditions.
Only the second component, the long 7} component, shows a
large reduction of the density of states at the Fermi energy due
to the SC gap.

II. EXPERIMENTAL DETAILS

A highly pure KFe,As, crystal sample was obtained by re-
crystallization of pre-reacted KFe,As; polycrystalline powder
in KAs flux as follows. KFe,As; polycrystalline powder was
prepared by annealing a stoichiometric mixture of K/Fe/As
(0.27/0.77/1.03 g) contained in an alumina crucible which
was subsequently sealed in a sealed silica tube under vacuum,
at 700°C for one day. KAs was prepared by heating a stoi-
chiometric 1/1 ratio of K/As (0.94/1.80 g) in an alumina tube
sealed in a silica tube at 250 °C for 12 h. The obtained KFe, As,
powder was then thoroughly mixed with KAs at a ratio of
1/4 (1.10/1.67 g) and heated to 1050 °C for 12 h, followed
by cooling slowly to room temperature at 5°C/h. Isolation
of KFe,As; crystals from excess KAs flux was performed by
dissolving KAs in ethanol for two days under nitrogen gas
flow, which produces very shiny thin plate KFe,As; crystals.
The quality of KFe,As, crystals was confirmed by a very
sharp superconducting transition at 3.4 K from the magnetic
susceptibility measurement.

S As-NMR/NQR (I = 3/2; y/2m = 7.2919 MHZ/T; Q =
0.29 barns) measurements were performed using a laboratory-
built, phase-coherent, spin-echo pulse spectrometer. The
KFe,As, sample was a fine powder in order to maximize the
surface area for NMR/NQR measurements. The total mass of
powder used in the high-pressure NMR/NQR measurements
was ~15 mg. The As-NMR spectra were obtained either
by sweeping the magnetic field H at a fixed frequency f =
54.8756 MHz or by Fourier transform of the NMR echo
signals at a constant magnetic field of H = 7.41 T. > As-NQR
spectrum in zero field was measured in steps of frequency
by measuring the intensity of the Hahn spin echo. For our
measurements at ultralow temperatures below 1 K, we used
a dilution refrigerator (Oxford Instruments, Kelvinox 100)
where the pressure cell was mounted.

The ””As NMR/NQR 1/T; was measured with a recovery
method using a single 7 /2 saturation pulse. For NMR mea-
surements, the 1/7; at each T was determined by fitting the
nuclear magnetization m versus time ¢ using the exponential
function

m(t)
1 — ——=0.1exp(—t/T1)+09exp(—6t/T), (1)
m(o0)

where m(t) and m(oo) are the nuclear magnetization at time ¢
after the saturation and the equilibrium nuclear magnetization
att — oo, respectively. For NQR measurements, the recovery

curve was fit to
1= O o (=3/T0). @

m(oo)

Pressure was applied at room temperature using a hybrid
CuBe/NiCrAl piston-cylinder-type high pressure clamp cell
[38,39]. Daphne 7373 was chosen as the pressure transmitting
medium. Pressure calibration was accomplished by **Cu-NQR
in Cu,0 [40,41] at 77 K. In our pressure cell, the sample
pressure decreases by ~0.2 GPa when cooled from room
temperature to 100 K but remains constant below 100 K. The
NMR coils inside the pressure cell consisted of ~20 turns of
40AWG copper wire. The sample and calibration coils were
oriented with their axes perpendicular to each other to avoid
interference between coils.

The single-crystal electrical resistivity measurements were
performed using the four-probe method with current in the
ab plane [20]. Pressure was applied at room temperature
using a modified Bridgman cell [42] with a 1:1 mixture of
n-pentane:isopentane as a pressure medium, with the pressure
determined using the superconducting transition of Pb.

III. RESULTS AND DISCUSSION

A. T. and critical pressure

The superconducting transition temperature 7. of the
KFe;As, powder was determined by measuring the 7' de-
pendence of the NMR coil tank circuit resonance frequency,
f(T), under zero magnetic field. The frequency f is a measure
of the ac-susceptibility y.(wnwmr) since f = 1/27+/LC and
L = Lo(1 + xac). The onset of the Meissner effect therefore
results in a sharp change of f(7) as shown in the inset of
Fig. 1. At ambient pressure, we find 7. ~ 3.3 K, as expected.
The pressure dependence of T is shown in Fig. 1 together with
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FIG. 1. Superconducting transition temperature 7. as a function
of pressure determined by onset of Meissner effect measured by in
situ ac susceptibility. p. ~ 1.8 GPa marks the critical pressure where
T. changes slope. Previously reported data are shown for comparison:
Terashima et al. Ref. [19]; Wang et al. Ref. [9]; Tafti et al. Ref. [18];
Taufour et al. Ref. [20]; Grinenko et al. Ref. [43]. Inset shows the
typical temperature dependence of the change in the NMR coil tank
circuit resonance frequency, Af, under different pressures.

the datareported previously [9,18-20,43,44]. T decreases with
p below the critical pressure p. ~ 1.8 GPa with a rate of 0.97
K/GPa, while T, shows weak pressure dependence above p..

B. NMR spectrum

Figure 2 shows a representative field-swept NMR spectrum
of the KFe,As, powder measured at 10 K and p = 1.9 GPa.
The spectrum is typical for an I = 3/2 nucleus in a powder
sample with Zeeman interaction greater than quadrupole inter-
action. A central transition is flanked by two satellite lines split
by the quadrupole interaction of the As nucleus with the local
electric field gradient (EFG). In addition, the central transition
line is split by the second-order quadrupole perturbation.

The situation is described by the spin Hamiltonian [45]

h
H = —hvp(1 + K)o + %(3112 -7, 3

appropriate for tetragonal crystals. Here 7’ is the direction of
the applied field (Hcy) and z is the direction of the principal
axis of the EFG. v, = y Hey /27 is the Larmor frequency and
K, represents the NMR shift. The quadrupole frequency for
an I = 3/2 nucleus can be expressed as vy = ¢>QV,,/2h, e
is the electron charge, Q is the nuclear quadrupole moment,
V.. is the EFG, and & is Planck’s constant. According to
this Hamiltonian, the NMR spectrum depends on the angle
0 between the external field and the EFG principal axis. To
first order, the quadrupole satellite resonance frequencies are
given by

Yo 2
ve=v.(1+K,)+£ 7(3 cos“ 0 —1). “4)

L *As NMR 0=90° g_4gpe
f=54.8756 MHz 1 .

T=10K

p=1.9GPa
v, = 12.66 MHz

Spin Echo Intensity (arb. units)

wH (T)

FIG. 2. Representative field-swept As NMR spectrum of
KFe,As, powder measured at 7 = 10 K and p = 1.9 GPa. The
central transition line is split into two lines by the second order
quadrupole effect. 0 is the angle between the external field and the
principal axis of the electric field gradient (see text). The red curve is
a simulated powder spectrum with vy = 12.66 MHz.

In second order perturbation theory, the central transition
frequency depends on 6 according to

2

2 §in20(9cos?@ —1). (5)
16UL

3v

v() =v.(1+K)—

In a powder sample, crystallites with all values of 6
are present. Under these conditions the quadrupole satellites
appear as sharp peaks at v, (1 + K1) £ vy /2 which correspond
to & = 90°. For a powder, sharp peaks are observed in the
central transition for & = 90° and 6 = cos™'(/5/9) = 41.8°,
as shown by the calculated powder-pattern spectrum in Fig. 2.
The calculated spectrum assumes no preferential orientation of
crystal grains, which is reasonable because the solidifications
of the pressure medium prevent the crystal grains from re-
orienting. In a field-swept spectrum, the & = 90° peak occurs
at lower field, as indicated in Fig. 2. Since the EFG principal
axis is along the c¢ direction in KFe,As,, the 8 = 90° peak
arises from those crystallites that experience an external field
in the crystal ab plane. We conducted our NMR shiftand 1/ 7
measurements at this peak of the central transition.

The quadrupole resonance frequency v was obtained by a
direct measurement of the NQR spectrum at zero magnetic
field. The typical NQR spectrum is shown in the inset of
Fig. 3, where the full-width-at-half-maximum (FWHM) of
the NQR spectrum is ~250 kHz at T = 4.2 K, which is
consistent with the value reported previously [9] and is sharper
than early NQR data measured at ambient pressure [11]. The
temperature and pressure dependence of vy is summarized in
Fig. 3. As a function of temperature, vp is nearly constant
below 50 K and increases slowly above 50 K, which is not
simply explained by the so-called 73/ law originating from the
thermal vibrations of the lattice [46]. A similar increase of vy
at the Fe site is observed by Mdossbauer measurements [47]. It
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FIG. 3. Nuclear quadrupole resonance (NQR) frequency as a
function of temperature for indicated pressures. Upper inset: Rep-
resentative NQR spectrum at p = 2.1 GPa and T = 4.2 K, shown
with a Lorentzian fit. Lower inset: NQR frequency as a function of
pressure at T = 4.2 K. Lines are guides to the eye.

is interesting to note that the value and temperature dependence
of vy in KFeyAs, is very similar to the vy measured at
the As(l) site near the K layer in the recently discovered
superconductor CaKFe4As,, where magnetic fluctuations are
involved to explain the temperature dependence [48]. As a
function of pressure at constant temperature, vy increases
quickly up to 1.5 GPa but increases slowly thereafter as is
seen in the inset to Fig. 3. Similar pressure dependence of v
in KFe;As,; has been reported [9]. No sharp anomalies are seen
in vy, indicating no structural phase transitions in the measured
pressure and temperature range.

In order to precisely determine the NMR shift with external
field applied in the ab plane, we performed Fourier transform
measurements of the & = 90° peak of the NMR central transi-
tion line at a constant magnetic field.

In general, the central transition frequency is given by

2K + K,
v(0) = VL<1 + %) + ”3—L(Kc — Ka)(3cos’0 — 1)
2
— 16 o sin? 0(9cos 0 —1), (6)

where K, and K are Knight shifts for H || abplaneand H || ¢
axis, respectively.

In the present case, since 16v > “L(K — Kap) (Ref. [8]
gives |K. — K| ~ 0.001), Eq. (6) can be simplified as
3\12
V(0 =90°) = v (1 + Kap) + 160,
when 6 =90°. We therefore obtain K,, by subtract-
ing 31)%2 /16v, from the measured resonance frequency,
v(0 =90°).

The obtained NMR shifts are shown in Fig. 4. At ambient
pressure, the NMR shift is nearly constant at low temperature
and shows a broad peak near 150 K, before decreasing at
high temperature. The behavior of Ky, is qualitatively similar

(N
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0.450 | 1.5 GPa -
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FIG. 4. NMR shift with external field aligned in the ab plane (K )
for indicated pressures. The dashed lines are guides to the eye. The
arrows represent the crossover temperature 7,z as determined by
NMR 1/T, measurements (see text and Fig. 5). The horizontal bars
denote the uncertainty in estimation of Tz (£20 K).

under pressure, with the broad peak shifting to slightly higher
temperature.

C. Crossover temperature 7*

The NMR shift data in Fig. 4 are consistent with a co-
herence/incoherence crossover behavior in KFe,As, at all
measured pressures. The broad peak in the NMR shift has
been interpreted as the crossover from the high-temperature
local-moment (Curie Weiss) behavior to the low tempera-
ture coherent state [6,28]. We could not reliably extract the
crossover temperature 7* from the NMR shift data alone
because of the weak temperature dependence of the NMR
shift and also the broad quadrupole powder lineshape, although
the data suggest a small increase of 7* under pressure. The
coherence/incoherence crossover temperature in KFe, As; can
also be estimated from the nuclear spin-lattice relaxation rate
1/T, data, shown in Fig. 5.

Our results for 1/ 7 at ambient pressure are quantitatively
consistent with Ref. [8]. At low temperature, 1/7; shows a
power law behavior 1/7; ~ T%7 for all pressures, as seen
in Fig. 5. An obvious reduction in the slope of 1/7; is seen at
high temperature, however. Similar temperature dependence of
1/T; is often observed in heavy fermion systems, where 1/ T}
shows a power law behavior of 1/77 o« T¢ (i.e., = 0.25in
CeColn;s [49] and o = 1 in URu,Si, [50]) at low temperatures
due to coherent metallic heavy fermion states and levels off at
higher temperatures due to incoherent local moment behaviors.
Thus the change in slope of the temperature dependence of
1/ T, gives an estimate of the coherence/incoherence crossover
temperature (defined as T§,;z). From the T data, we find
Timr ~ 145 £ 20 K at ambient pressure, Tjg ~ 170 £ 20K
at 1.5 GPa, and T ~ 180 £ 20 K at 2.1 GPa, indicating that
T{ur increases under pressure. The uncertainty in T{g is
due primarily to uncertainty in the high-7 slope (see below).
These values of T,z seem to be consistent with the high-
temperature end of the broad peak of K, (arrows in Fig. 4). The
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FIG. 5. NMR spin-lattice relaxation rate 1/7; as a function of
temperature. The coherence/incoherence crossover temperature 7%r
is found by the change of slope of 1/ 7;. The uncertainty in estimation
of Tyr is £20 K (see text).

increase of T under pressure is reasonable, as the appli-
cation of pressure should increase the hybridization between
localized and itinerant electrons, thus increasing the local
magnetic coupling J [37].

We also note that 1/7; constant behavior above the co-
herent/incoherent crossover temperature 7 is observed in
CsFe,As, [28], which has the highest effective mass of the
AFeyAs; (A = K, Rb, Cs) family and therefore most localized
electrons. However, as seen in Fig. 5, in KFe,As; at ambient
pressure 1/7; does not level off completely above T,z but
rather increases much more slowly, following roughly 1/7; ~
7925201 Furthermore, as Ty increases under pressure, so
does the slope of 1/T; ~ T%401 Tt would be interesting if
the high-temperature slope correlates with the extent of the
localization.

To corroborate our estimate of 7* and expand the results to
pressures higher that those attainable in our NMR pressure cell,
we also present and re-analyze single-crystal resistivity data
up to ~5 GPa [20], as shown in Fig. 6(a). In heavy fermion
systems, one expects a decrease of the resistivity below the
coherence temperature, often showing a broad maximum at 7*
[6,51]. While the NMR data provide incontrovertible evidence
for coherence-incoherence crossover, the resistivity contains
contributions from phonon scattering which complicate the
interpretation of the data. The decrease in resistivity observed
in Fig. 6(a) could, in principle, be due to the small Debye
temperature and not electronic coherence effects. However,
in the AFe;As; (A = K, Rb, Cs) family, a strong correlation
has been observed between T,z (as observed by NMR)

(a)
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& 200
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FIG. 6. (a)Resistivity of KFe,As, single crystals [20] for selected
pressures. (b) Resistivity plotted as a function of 7/t* where the
scaling coefficient #* is chosen so as to merge each curve with the
ambient pressure curve. For ambient pressure, * = 1. Upper inset:
Pressure dependence of the unitless scaling factor ¢#*. Lower inset:
Comparison of pressure dependence of 7* as measured by resistivity
(Tg; filled symbols) and NMR (T open symbols). For resistivity
Ty = (157 K)t*, where T at 0 GPa is determined by the crossing of
two tangent lines, as proposed in Ref. [28] (see text).

and the cross point of two approximately linear trends in the
resistivity [28]. This method, then, appears to give a reasonable
estimate of 7* in these materials. Here we also apply this
method to estimate 7* (defined as 7§) in KFe;As, using the
resistivity data. We note that our resistivity curves for different
pressures can be scaled by a pressure dependent scaling factor
t* (defined dimensionless), as shown in Fig. 6(b). The pressure
dependence of 7* is shown in the upper inset. To estimate
T§ from the resistivity data, we use the cross point of two
approximately linear trends as shown in Fig. 6(b) where Ty
is estimated to be 7§ = 157 K for the ambient pressure data.
Then, the pressure dependence of T} can be obtained by using
the pressure dependence of #*. As shown in the lower inset
of Fig. 6(b), T} increases with increasing pressure. While the
values of Ty extracted from the resistivity dataup to 2.1 GPaare
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FIG. 7. Plot of T, vs T* for AFe,As, (A = K, Rb, Cs) family
at ambient pressure [28] (black). The orange arrow illustrates the
increase of chemical pressure from CsFe,As; to KFe,As,. The green
data plots 7. vs T* for KFe,As, with indicated pressure as an
implicit parameter, using T{r extracted from NMR measurements
(see Fig. 5). Similarly, the red data shows 7, vs T* for KFe,As, using
Ty extracted from resistivity measurements (see Fig. 6).

slightly higher than the Tz values identified by NMR data,
both techniques show the increase of the coherent/incoherent
crossover temperature 7* with applied pressure. It is clear
that T3 evolves continuously, showing no anomaly at p. ~ 1.8
GPa. It is interesting to note that the resistivity data for the Rb
and Cs samples [28] can also be scaled to our ambient pressure
datawitht* = 0.78 (T = 123 K)andt* = 0.52 (T3 = 82K),
respectively.

We now consider the empirical relation that T, is propor-
tional to T* observed in the AFe;As; (A = K, Rb, Cs) family
at ambient pressure [28]. Figure 7 plots our results for T,
as a function of T* along with the results of Ref. [28]. In
the AFe;As; (A = Cs, Rb, K) family at ambient pressure,
T. moves in proportion to 7%, suggesting that the change of
T* is the primary factor in determining 7¢. In contrast, for
pressurized KFe,As, we find that 7, decreases sharply as a
function of 7* below p. ~ 1.8 GPa and then becomes roughly
independent of 7* above p.. These results indicate that 7*
is not the primary driver of the pressure dependence of T in
KFe,As,. Instead, as will be described in the next section, we
show the antiferromagnetic spin fluctuations play an important
role for the pressure dependence of T-.

Finally, it is interesting to discuss the second empirical
relation that y~! oc T* under pressure. Quantum oscillation
experiments under high pressure found that the effective mass
m* decreases under pressure [19]. In addition, the coefficient
A in the low-temperature resistivity p = py + AT? decreases
smoothly, which is also consistent with a decreasing m* under
pressure [20]. The decreasing m* ~ y accompanied by the
increase of T* suggest that the y~! o« T* relationship seems
to hold under pressure, similar to the case of AFe,As; (A =
K, Rb, Cs). As one moves from CsFe,As, to RbFe,As, to
KFe,As,, the chemical pressure increases due to the decreasing
size of the alkali metal ion [9]. Simultaneously, T* increases
[28]. Consequently, the increase of 7 in KFe,As, under

351 °As-NQR < .
= 25 o1
J
30F ;2 0 ./ I
< | s 155 ‘ -
225 . 0 1 2 A
= ? ¢ i 3 % (GPa)
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FIG. 8. NQR 1/T,T above T for various pressures. The solid
red curve for ambient pressure is a power law fit (see text). Inset: The
value of NQR 1/7,T at 4.2 K as a function of pressure.

physical pressure could be considered an extension of the
chemical pressure trend. However, itis noted that the y Lo T*
relationship does not appear to hold the case of carrier doping
in Ba;_,K,Fe;As; as seen in Ref. [36].

D. NQR spin-lattice relaxation rate

Since T* evolves smoothly across the critical pressure
Pe, the pressure dependence of the coherence/incoherence
crossover behavior cannot explain the nonmonotonic behavior
of T, under pressure in KFe;As,. To address this question, we
have also performed NQR 1/ T} measurements in both the PM
and SC states. No external magnetic field is required to measure
NQR 1/T;, making this technique ideal for investigation of the
SC state.

1. Paramagnetic state

First, we consider the NQR 1/7T in the PM state at
ambient pressure. As seen in Fig. 8, the NQR 1/ 7T at ambient
pressure follows a power law above T.: 1/7T; =4T%% &
1/T,T = 4T~°2 (shown by the red solid curve in Fig. 8). This
power law is consistent with previously reported NQR results at
ambient pressure [11] and alsoNMR 1/T) data(1/ T} 7075
described in the previous section. In general, the nuclear
spin-lattice relaxation rate measures the q-summed dynamical
susceptibility at the Larmor frequency perpendicular to the
quantization axis of nuclear spin,

L, ZA mXJ_(QawL) @)

wr

Therefore, since the NMR shift K, which reflects the q = 0
component of x, shows a weak temperature dependence, the
increase of 1/T1T at low temperatures reflects the enhance-
ment of low-energy q # 0 AFM spin fluctuations.

As shown in Fig. 8, the enhancements of 1/7|T at low
temperatures seem to be suppressed up to p. and then start
to increase above p. with increasing pressure, although the
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pressure dependence of 1/7|T becomes less clear at high
temperatures above ~10 K due to our experimental uncertainty.
To see clearly the pressure dependence of low temperature
1/T\T data, we plot the 1/7,T values at 4.2 K as a function
of pressure in the inset of Fig. 8. Here we took the 1/T1T
values at 4.2 K because enhancements of 1/7T due to the
AF spin fluctuations are more significant at low temperatures
and also the temperature is close to the lowest temperature
above T in the paramagnetic state for all pressures measured.
The value of 1/T,T at 4.2 K clearly decreases with increasing
pressure below p. and then increases again above p.. Since
the value of 1/TT reflects the strength of low-energy AFM
spin fluctuations, we conclude that spin fluctuations at low
temperatures are suppressed below p. and enhanced again
above p.. This trend is very similar to the pressure dependence
of T... Therefore, we may conclude that AFM spin fluctuations
are involved in the superconducting pairing both above and
below p., consistent with the high-field NMR results [9].

However, it should be noted that the values of 1/T3T
decrease for the replacement of A from Cs to K in AFe,As;,
despite the fact that 7; increases due to the replacement [28].
The relationship between 7;. and 1/ 7 therefore appears to be
different in the pressure and replacement cases. Although at
present the origin of the different behavior of 7, between the
pressure and replacement cases is not understood well, we here
discuss a few possibilities to explain the difference.

One possible difference between the pressure and replace-
ment cases may relate to the anisotropy of magnetic fluctu-
ations. According to Zhang et al. [52], based on their NMR
data, the anisotropy of the low-temperature AFM fluctuations
is found to significantly decrease with the replacement from
Cs to K in AFe;As,. That is, the Cs sample with the lowest
T. in the family has the greatest anisotropy, suggesting that
T, may correlate with the anisotropy of the AFM fluctuations.
Zhang et al. also suggested that the difference of the anisotropy
may relate to quantum criticality and that the Cs sample is the
closest to a QCP.

It is interesting to compare this to the behavior of the
magnetic fluctuation anisotropy in KFe;As, under pressure
which can be obtained by taking a look at the ratio of 1/ T for
the two field directions, R = (1/T})y»/(1/T1).. According
to the previous NMR studies performed on Fe pnictide SCs
[8,53,54], the ratio R depends on the nature of magnetic fluc-
tuations and also anisotropy of the magnetic fluctuations as

2
oo 105+(%)
0.5

for the stripe AFM fluctuations ©)
for the Néel-type spin fluctuations '

where S, is the amplitude of the spin fluctuation spectral
density at NMR frequency along the « direction. Unfortu-
nately, since we used a powder sample to improve the signal
intensity, only H||lab plane 1/7T; NMR measurements are
feasible. Nevertheless, we can obtain some information about
the anisotropy of the AFM spin fluctuations using our NQR
1/T, data. Since the quantization axis of the electric field
gradient is parallel to the ¢ axis, the NQR 1/7; should reflect
magnetic fluctuations perpendicular to the ¢ axis. These are
the same fluctuations observed by NMR 1/T) for H||c axis,
where the quantization axis is determined by the magnetic
field. Indeed, we confirmed that our NQR 1/7) data coincide

3.0 T T T T T T T T T T
® RfromRef. 8 -t
®  Ambient pressure Mot
25+ ..-. = -
A 15GPa 100} . ]
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FIG. 9. T dependence of the ratio R = T, /T 4 for different
pressures where NQR-7 data are used for 7)., in addition to R
obtained from 7)./7) . at ambient pressure from Ref. [8]. NQR
1/T,T above T, for various pressures. The inset shows the T
dependence of 1/ T for H||c and H ||ab from Ref. [8], together with
NQR 1/T; data.

almost perfectly with the NMR 1/7; data under H||c axis
reported previously at ambient pressure [8], as shown in the
inset of Fig. 9. This also indicates no magnetic field effects
on 1/T). Therefore, using both the NQR 1/7} and NMR 1/T;
data under pressure, we can estimate how the anisotropy of
magnetic fluctuations changes with pressure. The estimated R
values using both the NQR 1/ 7} and NMR 1/ T} data are shown
inFig. 9 as a function of temperature for different pressures. All
R values are greater than unity, consistent with the stripe-type
spin fluctuations. As shown, R does not show any significant
change with pressure. This indicates that the anisotropy of spin
fluctuations is almost independent of pressure, in contrast to
the case of replacement effects on AFe;As;.

We suggest that the different behaviors of the spin fluctu-
ation anisotropy between the pressure and replacement cases
may be related to the different behavior of 7; in the two cases.
It is also interesting to note that several papers have proposed
that, in the proximity of a QCP, the critical fluctuations may
actually be detrimental to superconductivity in these systems
[6,26,52]. Since CsFe,As; is considered to be the closest to
the QCP, it would be expected to have a low 7.

It is also interesting to note in this context that in the
hole-overdoped region of the Ba;_,K,Fe,As, phase diagram,
the AFM spin fluctuations and Sommerfeld coefficient de-
termined by specific heat measurements are both enhanced
with increasing x while 7. decreases, similar to the case of
AFeyAs; (A = K, Rb, Cs). One possible explanation for the
decrease of T in Ba;_,K,Fe,As; is the growth of competing
ferromagnetic (FM) spin fluctuations, which coexist with the
AFM spin fluctuations [7]. As demonstrated by Wiecki et al.,
the growth of the AFM fluctuations with increasing x in
Ba;_,K,Fe;As; is accompanied by the simultaneous growth
of FM fluctuations. These FM fluctuations may interfere with
the AFM-fluctuation-based Cooper-pairing mechanism, thus
lowering T, despite the enhancement of AFM fluctuations. It
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FIG. 10. NQR 1/T; forindicated pressures. The arrows denote T,
at each pressure. The dashed lines are power law fits to the PM state
data for each pressure. The red solid line below T, shows the power law
with 1/ Tis oc T'3 atambient pressure. Below 7 ~ 1K, a component
with long T; appears. The solid pink line represents 1/7;, o< T2
behavior. Upper inset: The typical two exponential behaviors (black
squares) of the nuclear magnetization recovery curve observed at
low temperature (T = 0.4 K; p = 1.5 GPa), together with a single
exponential behavior (red circles) at T = 3.73 K and p = 1.5 GPa.
Lower inset: Fraction A of nuclei relaxing with the short 7 (see text).

is possible such physics could apply to the AFe;As; (A = K,
Rb, Cs) system also.

2. Superconducting State

The T dependence of NQR 1/7; below T; is shown in
Fig. 10. At ambient pressure, 1/7] follows the power law
1/Ty ~ T°% in the PM state as discussed above (red dashed
line in Fig. 10). A clear kink is seen at T¢, and the data follow
a new power law 1/T; ~ T'3 below 7. (red solid line in
Fig. 10). This behavior is consistent with previous ambient
pressure NQR results [11]. However, in contrast to Ref. [11],
a long 77 component is found to appear below T =1 K at
ambient pressure and also under pressure. The upper inset of
Fig. 10 shows the typical two-component exponential behavior
of the nuclear magnetization recovery curve observed at low
temperature (T = 0.4 K; p = 1.5 GPa), together with a single
exponential behavior at T = 3.73 K and p = 1.5 GPa. Then,

we fit the recovery curves according to
m(1)
m(oo)

= Aexp(—3t/Tis)+ (1 — A)exp (—3¢/TiL),

(10)

where Tis and Tjp are the short and long relaxation times,
respectively. The parameter A, representing the fraction of
nuclei relaxing with the shorter relaxation time Tig, is shown
in the lower inset of Fig. 10, demonstrating that the long 7},
component fraction increases with decreasing temperature.

The existence of two 7} components implies the existence
of two distinct local electronic environments, which are phys-
ically separated in real space. Similar two-component relax-
ation has been observed by NQR in the closely-related sample
RbFe;As;, in which the two-component behavior was argued
to be associated with a charge order of nanoscale periodicity
[27]. While we find no direct evidence for charge order in
KFe, As; in this study, charge ordering in KFe,As; at 2.4 GPa
(above our maximum pressure) was proposed by high pressure
NMR [9]. Two-component relaxation has also been reported
in CsFe;As; under magnetic field in Refs. [28] (Supplemental
Information), [29], and [55]. At present, although the origin of
the two T} components in KFe;As, is not clear, the similar
behavior in closely related systems would suggest that the
two-component behavior observed here is intrinsic. Further
studies will be needed to clarify the origin.

NQR 1/Tj is a sensitive probe of the reduction of the density
of states (DOS) at the Fermi energy N(EF) due to the opening
of the SC gap. In general, 1/7; in the SC state is given by [56]

oo
Til ~ /0 [N2(E) + MAE)] f(E)1 = f(ENAE, (1)
where N(E) is the DOS and f(E) is the Fermi distribution
function. M(E) is the anomalous DOS arising from Cooper
pair coherence. Due to the lack of a coherence peak just below
T., we neglect the coherence term, as has been done in previous
NMR/NQR studies of FeAs superconductors.

The very weak decrease of the short component 1/Tig
below T, (1/Tys ~ T'3), implies a very small SC gap. Using a
simple full gap model for Ny(E), we estimate a gap of A(0) ~
0.07 meV (2A(0)/kgT. ~ 0.5) from the short component,
consistent with 2A(0)/ kg T, ~ 0.51 reported by previous NQR
measurements [11]. For all but the lowest temperatures mea-
sured, the relaxation is dominated by the short component, as
shown by the inset of Fig. 10. This implies that a large number
fraction of nuclei see a nearly gapless electronic environment
below T¢. This may correspond to a large ungapped DOS below
T. in KFe;As; observed by scanning tunneling spectroscopy
(STS) [34]. The large ungapped DOS was attributed to a
Van Hove singularity just below the Fermi level seen by
angle resolved photoemission spectroscopy (ARPES) [34]. It
is also worth mentioning that a residual DOS in the SC state
has been reported in SrFe,As; under high pressure [57] and
also in Co doped BaFe,As; by specific heat measurements
[58]. It is also suggested theoretically that the residual DOS
is due to a possible formation of domain walls inherent to
antiferromagnetism in iron pnictide SCs [59].

In contrast, the long component 1/7;; shows a large
reduction relative to the 1/77 in the PM state, implying
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a large reduction in Ny(Er) due to the SC gap. Although
the experimental uncertainty is large, 1/7j. seems to be
proportional to 7! as shown by the solid line in Fig. 10.
The sizable depletion of Ny(Eg) only below T ~ 1 K has
been observed by the STS and ARPES experiments [34]. The
co-existence of one large gap and at least one very small
gap has also been reported with specific heat [17] and small
angle neutron scattering [13] experiments. However, from the
two-component relaxation behavior, our NQR data suggest a
real-space modulation of the local gap structure, which has not
been reported previously.

Under high pressure of 1.5 GPa and above, no obvious
change of the slope of the short 77 component occurs across
T, within our experimental uncertainty. This indicates that
the nuclei relaxing according to 1/7T;s see a gapless local
electronic environment above 1.5 GPa. Therefore the small gap
seen by 1/Ts at ambient pressure is thought to be suppressed
to zero near p. and is not recovered above p.. Similarly, muon
spin rotation (1 SR) measurements [60] on the closely-related
RbFe,As; with p. ~ 1.1 GPa [24] reported that the smaller
of two SC gaps is suppressed to zero near 1 GPa. As for the
long 77 component under high pressure, as shown in Fig. 10, no
obvious change in 1/ T}, can be found, suggesting no dramatic
change in the magnitude of the larger SC gap upon pressure
application. According to Ref. [20], the SC gap structure
changes above p., where the SC gap is modulated along k,.
However, we did not observe a clear change in gap symmetry
across p. from our 1/7] measurements.

IV. CONCLUSIONS

We have presented '>As-NMR, NQR, and resistivity data
which clearly show an increase of the coherence/incoherence
crossover temperature 7 in KFe,As, under pressure. This

increase of T* is expected due to the increase in hybridization
between localized and conducting bands caused by pressure
application. We find that the relation y~! ~ T* observed
in ambient pressure AFe;As; (A = K, Rb, Cs) continues to
hold under pressure. However, the proportionality between 7*
and T, is clearly broken under pressure. The nonmonotonic
behavior of 7. under pressure is therefore unrelated to the
coherence-incoherence crossover behavior in the paramagnetic
state. However, the strength of AFM spin fluctuations in the
paramagnetic state is found to correlate with Tt, evidencing
clearly that the AFM spin fluctuations play an important
role for the appearance of superconductivity in KFe,As,,
although such a correlation cannot be seen in the replacement
effects of A in the AFe;As; (A = K, Rb, Cs) family. In the
superconducting state, two 7; components are observed at low
temperatures, suggesting the existence of two distinct local
electronic environments. The temperature dependence of the
short 77, indicates a nearly gapless state below 7;. On the
other hand, the temperature dependence of the long component
1/ T implies a large reduction in the density of states at the
Fermi level due to the SC gap formation. These results suggest a
real-space modulation of the local SC gap structure in KFe, As;
under pressure.
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