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Abstract
We report magnetic force microscopy (MFM) measurements on the iron-based superconductor
Ba;_ K FesAss. By measuring locally the Meissner repulsion with the magnetic MFM tip, we
determine the absolute value of the in-plane magnetic penetration depth (A,,) in underdoped,
optimally-doped, and overdoped samples. The results suggest an abrupt increase of \,;, as doping
is increased from x,pt, which is potentially related to the presence of a quantum critical point. The
response of superconducting vortices to magnetic forces exerted by the MFM tip for x = 0.19 and

0.58 is compatible with previously observed structural symmetries at those doping levels.



I. INTRODUCTION

Many aspects of superconductivity in the iron-based superconductors (FeSCs) are still
not well understood. These materials exhibit novel phenomena such as the coexistence of
magnetism and superconductivity*™, as well as more exotic behavior*®”, One family with
a particularly intriguing phase diagram is BaFesAss, of which Ba;_, K Fe,Asy is a member.
Here we report spatially resolved local measurements of the superconducting phase itself,

and its relation with structural phases through vortex position and motion.

The phase diagram of Ba;_,K,Fey;Asy shares many features with the phase diagrams of
other pnictides [e.g. Ba(Fe;_Coy)aAsy™, BaFey(As; Py )2 *]. The parent compound,
BaFeyAss, is a multiband metal that undergoes magnetic and structural phase transitions
at Ty ~ Ts ~ 135 K%, Upon doping T ¢ are suppressed until they vanish near z ~ 0.28%.
The system becomes superconducting at T’ < T (z) for z 2 0.15%%. T(x) itself rises to a
maximum at Zop, & 0.34% and upon further doping drops to a value that remains finite all
the way to x = 1. At low doping, superconductivity coexists with antiferromagnetism and

orthorhombicity22-15:108,

Ba; K FesAs, is special among the pnictides in that other phases have been reported

in a narrow sliver of doping near z ~ 0.28, separating the coexistence at low doping and
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the superconducting phase at higher doping Just above Ty this sliver contains a

tetragonal out-of-plane antiferromagnetic phase?042

which coexists with superconductivity
below T. The superconducting phase in Ba;_ K, FesAs, has its own unique attributes and
affords unique opportunities that are not possible in other FeSCs where different phenomena
occur in overlapping doping regimes. For example, in Ba; K, FesAss the coexistence regime
is well below z,,;. Moreover, the superconducting gap itself is nodeless below the highly

7120

doped regime, for which multigap superconductivity , and the formation of gap anisotropy

and nodes have been reported*023,

The effect of doping in Ba;_ K FeyAsy is qualitatively different from other members
of the BaFeyAsy family'®. Unlike the dopant Co, K is non-magnetic**, and unlike the non-
magnetic P, isovalent with As*%, K adds holes. In addition, it is thought that Ba;_, K, Fe,As,
is less disordered than other pnictides because the Ba sites hosting the K dopants are off
the Fe-As planest®72526 - Al of this has motivated much research on superconductivity in

T703T

Ba_ K Feg As 082029 59 well as on the structural®! and electronic properties.



Here we report measurements of the absolute value of the penetration depth for currents
flowing in the crystal a-b plane (\,) at low T in high quality Ba; (K FeyAss single crystals
ranging from underdoped to overdoped. Frequently the measurement of \,,°2 is restricted to

183334 This provides information on the excitation spectrum

variations with temperature (7')
rather than on the superfluid density itself (ps = 1/A\%). Using MFM, we can measure the
absolute value of \,, and thus determine the superfluid density p, directly™ %5255  The
variation of ps(T = 0) with doping is influenced by competition between superconductivity
and other phases, as well as by changes in the band structure that can affect properties

(6

such as the effective mass”. We also report pinning force measurements acquired by the

TU36H38

manipulation of superconducting vortices Potentially this allows us to explore the

impact of the structural and nematic phases at low doping on vortex motion®12,

Our measurements are local with the imaging resolution limit set by superconductivity it-
self to be on the order of \,,. This allows us to go beyond sample-wide measurements 0185252
and provide spatially resolved information. For example, by obtaining \,;, and T at the
same location we can elucidate the relationship between these two fundamental quantities

regardless of their variation across the sample®.

II. EXPERIMENT

A. Samples

Our samples are single crystals grown by the self-flux method*®3! with Fe-As flux for
samples with z < 0.55 and K-As flux for higher levels of doping. The samples all have a
surface area on the scale of ~ 0.25 mm? and a thickness of dozens of microns. The doping
levels are x = 0.58+0.02, 0.5240.01, 0.36+0.01, 0.34+0.01, 0.32+0.01, 0.2440.01, 0.19+
0.01, spanning the superconducting dome. We determined these values by energy dispersive

2 at the actual

X-ray spectroscopy (EDS), which collects data from an area of ~ 1 x 1um
scanned surface. The values listed above give the mean and the standard deviation from
measurements at 10 different points across each sample. In addition to z, EDS gives the

atomic composition, which was as expected [As (37.6% — 42.5%), Fe (38.1% — 41.0%)].
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FIG. 1. Touchdown curves as a function of T for a x = 0.32 sample showing how the increase of
Aap affects the repulsion of the tip from the surface. This sample was not used for extracting A,y
because it did not cleave well. All the curves here were acquired with the same tip at the same
location and are offset by 0.25 Hz for clarity. At T= 32.5 K A, is too large for us to detect any
Meissner response. Based on this and additional touchdown curves, T = 32.2 + 0.2 K. Inset:
Schematic of an MFM tip. The truncated cone tip parameters are shown. 20 is the cone angle,

H is the effective magnetic coating height, and A is the truncation height.
B. Measurement

Prior to a measurement run we cleaved a sample to be scanned unless it already had
a smooth ab-surface that showed no obvious signs of contamination. Thus we cleaved all
samples except the x = 0.34 sample. For the measurement we used frequency modulated
MFM3? to determine the interaction between a sharp magnetic tip and a superconducting
sample by tracking the frequency shift (Af) of the resonant frequency of the cantilever

holding the magnetic tip:
fO an

— . 1
2k 0z (1)
Here z is the distance between the bottom of the MFM tip and the surface, Cytfser is an

Af ~ C(offset -

arbitrary constant offset, fy is the cantilever resonance frequency in free space, and k is its
spring constant®?. F., a function of \,, and z, is the z-component of the force between
the tip and the sample. Equation 1] is an approximation for small oscillation amplitudes
and Af < fo. F, also depends on the electric potential of the tip relative to the sample.

When we tune it away from the contact potential difference between the two, the MFM is
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FIG. 2. The dependence of A% (circles) and T¢ (squares) on doping x. A% is extrapolated from

189 measured at 7 K and

T = 4.5 K using data from Cho et al'¥. Stars are published values
extrapolated to T' = 0 K. The abrupt jump in )\gg is clearly visible in our data at x = 0.36, as is
the decrease upon approaching xp¢ from the underdoped edge of the superconducting dome. For
z = 0.19 we show two values for /\g{f and T, as explained in the text. The error bars for )\gf){

represent 70% confidence intervals. The error bars for T represent temperature increments. Lines

are guides to the eye.

sensitive to topography. When we tune it to cancel the contact potential difference, the only

contribution is from magnetic forces™ %8 for the range of 2z we use for analysis here.

Most of the results we report are from the Meissner repulsion of the tip from the sample,
which we use to determine \,,. For this we acquire a touchdown curve — a measurement of
Af(z) at a single point on the surface (e.g. Fig.[l)). Before such a measurement we field-cool
the sample to control the density of superconducting vortices (n,), which gives the magnetic
field we report B = ®gn,, where &, = hc/2e is the quantum of superconducting flux. To
make sure that the only contribution to a touchdown is from the Meissner repulsion of the
magnetic tip we use MFM imaging to locate a point which is at least 4 ym from the nearest

vortex, and is away from the sample edge or any other obvious defects.

Touchdown curves allow us to estimate T: We define T as the temperature where Ay,
is too large to give detectable Meissner repulsion. We show an example in Fig. [l The
disappearance of the Meissner repulsion results from the divergence of \,, near T¢*. Based

on our signal to noise ratio, our model and real tip parameters, we estimate that we can



measure a Meissner response for \,, < 10 um. Thus, our procedure gives lower bound on
Tc.
We extract A\, from a touchdown curve by a fit that relies on a model of our tip. This

#42) contains several parameters (cf. inset to Fig. [I)).

model (the truncated cone mode
We determined some of them (the cone angle 20 and the truncation height h) by scanning
electron microscopy (SEM). Additional tip parameters (the cone effective magnetic height
H and an overall prefactor A) are more difficult to determine as they are affected by the
magnetic domain structure of the tip, which we have not measured directly. We determine
these last parameters together with A\, and Cyf s in a fit process, as described previously™.
Once we have a value for \,, we obtain the T = 0 K value (A\") by extrapolation using
published data on the temperature dependence™®, which changes A, by < 50 nm for z = 0.19
and < 10 nm for 0.24 < z < 0.58. The values we report in Fig. [2]for \’K are an average over
several points in each sample. At each point we average over multiple touchdown curves.
In addition to measuring the Meissner response, we also imaged and manipulated super-
conducting vortices. Vortex motion and the mapping of vortex positions can give information
on structure and the defect landscape®®=84344  For this we utilize the interaction between
the magnetic MFM tip and the currents circulating the core of a vortex®#505843 A fter
field-cooling (1 G < |B| < 3 G), we imaged the magnetic landscape with the tip far enough
to leave the vortices unperturbed (surveillance scanning). For manipulation we brought the

tip close enough to the surface to drag or to push vortices out of their pinning sites®20:844

III. RESULTS
A. Local diamagnetic response

Figure [2| shows our main results — the dependence of A\’ and T on doping. In all of the
samples except at the lowest doping (z = 0.19) A, and T were uniform with the scatter
for A\, below 30 nm. This uniformity is reflected in the touchdown curves themselves. For
example, Fig. [3| shows two touchdown curves taken ~ 200 ym apart on a x = 0.34 sample.
Clearly the curves are very similar, attesting to the uniformity of A\, in this sample.

We account for the scatter of A\, and T at x = 0.19 by showing two separate results

for data acquired at different points during the same cool-down (cf. Fig. [2). This is likely a
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FIG. 3. Touchdown curves taken at points ~ 200 pym apart on a x = 0.34 sample during the same
cool-down at T' = 4.6 K. Clearly the curves are very similar. Fitting gives A\;p, = 200 + 30 nm.
Vertical line represents z = A,p. For fitting we use the z > 2)y, part of the data. Inset : same

touchdowns presented with z on a logarithmic scale showing the similarity for z > 2.

consequence of the strong dependence of A’ and Ti> on doping at low z and indicates doping
variations across the sample. This matches both our EDS results, where we see variations
of x on the scale of +0.01, and the known tendency of K to be distributed inhomogeneously
in Ba;_ K FeyAsy*40  Similar scatter in very underdoped samples has been observed in
underdoped BaFey(As; Py )o%. The scatter shows one of the advantages of our local probe
— instead of extracting an average value for a whole sample, we can extract different values
from different parts of the sample.

(C2ZBIBBIBEEE  Ag ex-

The dependence of T on z shows the dome typical to the FeS
pected, T¢ increases sharply when z is increased from the underdoped side towards xps,
and decreases slowly when x is increased further towards the overdoped side. The Ty
values we obtain are lower than previously reported in sample-wide measurements on simi-

#1831 and the variation around . is sharper, as expected from our technique,

lar materials
which gives a lower-bound. We have observed similar behavior of T () in BaFey(As; Py )o%,
which is reminiscent of the saturation of diamagnetic signal rather than its onset in sample-
wide measurements®.

The overall dependence of A¥ on z is reminiscent of the dependence in
Ba(Fe; Coy)2Asy™* in which there is a sharp drop from the underdoped edge of the super-

conducting dome followed by a shallow minimum around ., and a leveling off for x > xp.

The sharp drop in \,}, on the underdoped side has also been reported in BaFey(As; Py )o™.
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This kind of behavior can be attributed to the competition of superconductivity with a
spin-density-wave phase in the coexistence region of phase diagram®#=2.

The most surprising behavior we observe in Fig. [2 is an abrupt jump of A’K when z is
slightly increased from z,,¢. This observation is based on measurements in three samples
with z = 0.32, 0.34 and 0.36. To help rule out an artifact of using different tips we show full
touchdown curves in Fig. (a). To compare curves that were acquired with different tips we
normalized the raw data by the prefactor A, the fit parameter which is proportional to the
magnetization of the tip. We show in Fig. [4(b) that the difference between the curves is due

primarily to the variation of \,;, rather than the tip parameters by comparing normalized

plots acquired with different tips but with the fit procedure yielding similar values of ..

B. Imaging and manipulation of vortices

Overall our conclusion from imaging vortex positions is that the disorder level in all
samples is low — vortices did not cluster, an indication for the absence of strong pinning
sites which overwhelm vortex-vortex interactions when vortices freeze in place during a
cool-down*?. We also probed samples by dragging vortices. For example, anisotropic vortex

04T nematic order, or other

motion can be an indication for the presence of twin boundaries
broken symmetries. To achieve controlled vortex motion we cooled samples in a field aligned
with the magnetization of the tip. This gives tip-vortex attraction and vortices that appear
as dark spots (Figs. , @ We were able to move vortices in three of the samples (z = 0.19,
0.52, 0.58) and studied them in detail in two where vortex motion was substantial and
qualitatively different (z = 0.19, 0.58). The pinning forces measured for the manipulated
samples were much smaller than reported for BaFes(As; Py )" and Ba(Fe; Co,)sAsy?.
This is indication of weak vortex pinning®73648,

Figure [5| shows both surveillance scans for the x = 0.58 sample [(a),(c)] as well
as manipulation scans [(b),(d)]. Tip-induced motion for different vortices started at
670 nm > z > 340 nm, which suggests that the range of pinning force in this sample
was 1.7 pN < Fpin S 2.6 pN. For such an estimate we perform a sequence of surveillance
scans, each one closer to the sample. We estimate Fl;, for a particular vortex from the
maximum of the lateral force® (F2x ) that we apply in the first scan for which we see it

move. The motion of vortices did not show an obvious preferred orientation — they tracked
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FIG. 4. (a) Normalized touchdown curves measured at T' = 4.5 K for z = 0.34, 0.32, 0.36.
x = 0.32, 0.36 were measured in the same cool-down with the same tip. = 0.34 was measured
with a different tip in a different cool-down. Fitting to the curves gives A,, =~ 200 £ 30, 260 +
30, 340 £ 50 nm for z = 0.34, 0.32, 0.36. Inset: The same curves before normalization. (b)
Normalized touchdown curves for different samples (z = 0.58, 0.52) acquired with different tips.
Both give A, &= 300 £ 35 nm at T' = 4.5 K. The z = 0.52 curve is offset by 20 nm to emphasize

the similarity to the x = 0.58 curve. Inset: The same curves before normalization.

the slow axis of raster pattern in perpendicular scan-orientations, as in Fig. [f(b),(d). The
lack of a clear preferred axis is consistent with the tetragonal symmetry (Cy) known to exist
in overdoped Ba;_ K FesAsy®#. The way vortices crept along the slow axis is reminiscent
of the behavior in slightly overdoped YBayCuzO7_s (clean samples with low anisotropy)=°.
Indeed, as in YBayCu3zO7;_s, all of the vortices jumped back towards their original pinning

site once the tip was far enough away [cf. Figs. [j[(a),(c)].

Vortex motion was different in the z = 0.19 sample. Figure [6[a) shows unperturbed

9
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FIG. 5. Imaging and manipulating vortices at x = 0.58 for T' = 4.3 K with B =~ 1.8 G. The scans
show vortex motion which depends on the scan direction (indicated by arrows — the fast direction,
in which we move the tip back-and-forth, by two parallel arrows; the slow direction, in which we
increment the tip after one back-and-forth period, by a single long arrow). (a) z = 670 nm. (b)
z =340 nm. (c¢) z =960 nm. (d) z = 260 nm.

vortices at z = 540 nm. Next is a scan for z = 340 nm [Fig. [f[(b)] with significant vortex
motion. Our estimate of Fm® 49 guggests that the pinning force in this sample was 1.6 <
Foin S 2.0 pN. Reducing z further increased the tip-vortex force and allowed us to move
vortices even more. This is shown in Figs. [f[c),(e). Close inspection of these scans suggests
a preferred direction for vortex motion (shown by dashed lines), that is independent of
the scan orientation. This is consistent with broken Cj symmetry and the existence of
orthorhombic domains and the twin boundaries that separate them. Twin boundaries have
been observed previously at this doping®37 — their presence is an indication that this sample
is in the coexistence regime. A scan performed from a higher scan height between these two
scans [Fig. [6](d)] shows that in this sample vortices returned to their original positions after

mild perturbation.

We subjected the vortices in the z = 0.19 sample to even stronger dragging forces by

10



FIG. 6. Imaging and manipulating vortices at x = 0.19 for T' = 4.34 K with B ~ 1.5 G. The scan
directions are indicated by arrows as explained in Fig. The scans are ordered chronologically.
Dashed lines in (c),(e) are guides to the eye and highlight vortex motion. (a) Low resolution
scan before manipulating vortices (z = 540 nm). (b),(c) Manipulation scans with the slow scan
direction pointing left [z = 340 nm in (b), z = 230 nm in (c¢)]. (d),(e) Scans with the slow scan
direction pointing up [z = 600 nm in (d), z = 220 nm in (e)]. (f) Scan with z = 590 nm after

several scans with very low z and significant vortex motion (not shown).

scanning at z = 100 nm, where the tip exerts a force as large as Fe% |~ 3 pN#. After

this strong manipulation we scanned with a larger z (to reduce F%2* ) to determine the

ultimate positions of the vortices. As Fig. [6(f) shows, F{%*, ~ 3 pN was sufficient to pull

vortices far from their original pinning sites. The position changes of vortices under strong
perturbation, and the scale of the forces applied, lead us to conclude that if there are sites

of strong pinning, they are rare. This further attests to the high quality of the samples.

11



IV. DISCUSSION

1691 (

Our values for \,, are in agreement with estimates from infrared reflectivity stars

in Fig. only for z < @ For @ > xop our values are higher, perhaps because in

1750

Ba;_ K FesAs, this is a strongly-coupled regime , where reflectivity provides a lower

bound on 22,

Our most surprising result is the abrupt increase of A’K when z is tuned up from zop;. The
only FeSC where anything remotely similar has been observed is BaFey(As;_Py)o, where
A has a peak at 9 that coincides with the upper boundary of the coexistence regime. It
is possible that the increase that we see at x = 0.36 is part of a peak that therefore also exists
in Ba; K FesAss, but until additional samples are measured, especially for 0.35 < = < 0.5,

it is impossible to be certain.

If the sharp increase of AKX is indeed part of a peak, then this peak exists well beyond the
reported coexistence range z < 0.28%, and thus may hint at the presence of another phase.
But, unless magnetic phases are detected near optimal doping, a micro-emulsion mechanism
of the type that was invoked to explain the peak in A\’K in BaFey(As;_Py)2™ probably
does not play a role. Such a phase could be the reason masses renormalize and, through
that, the reason for A\’ to increase™. In fact, measurements of the Hall coefficient suggest
an increase of the ratio between the hole and electron effective masses®®. This has been
interpreted as a consequence of the creation of a coherent electronic state in which holes

6

interact via bosons. This boson-hole interaction®® may also influence the coupling of the

cooper-pairs, as measurements of the specific heat'’

imply. Interestingly, scanning tunneling
spectroscopy (STS) experiments have reported bosonic modes that have a relationship with

the superconducting order parameter®”, and are an indication of strong coupling.

A tantalizing explanation for the observed increase in Ak, that may also explain the
boson-hole interaction and the mass renormalization reported previously?®, is the existence
of quantum critical point (QCP). The peaked AJF at z,y in BaFey(As; (Py)s has been
associated with such a QCP®*%% although this view is not uncontested®®®, If our ob-
served increase of A°F is indeed a result of a QCP this implies that the nodal gap structure
of BaFey(As;_xPy)2 is not a consequence of the quantum critical behavior, as the gap in
Ba; K, FeyAs, is nodeless near z,,**". That Ba(Fe;_Coy)sAsy, the gap of which is also

nodeless near Zqp, does not show this behavior is most likely because it is in the dirty limit®".

12



On the other hand, it is believed that magnetic order is crucial for the peaked behavior of

A in BaFey(As;_Py)a, but this order is absent near zop, in Ba;_ K FesAs,.
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