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Anisotropic impurity states, quasiparticle
scattering and nematic transport in
underdoped Ca(Fe;_,Co,),As,

M. P. Allan"?3, T-M. Chuang®3*>, F. Massee?>®, Yang Xie?, Ni Ni’8, S. L. Bud'ko’?, G. S. Boebinger®,
Q. Wang®, D. S. Dessau®, P. C. Canfield”®, M. S. Golden® and J. C. Davis®3101*

Iron-based high-temperature superconductivity develops when
the ‘parent’ antiferromagnetic/orthorhombic phase is sup-
pressed, typically by introduction of dopant atoms’. But their
impact on atomic-scale electronic structure, although in theory
rather complex®>™, is unknown experimentally. What is known
is that a strong transport anisotropy™2> with its resistivity
maximum along the crystal b axis'*?°, develops with increas-
ing concentration of dopant atoms'2°-2%; this ‘nematicity’
vanishes when the parent phase disappears near the maxi-
mum superconducting T.. The interplay between the electronic
structure surrounding each dopant atom, quasiparticle scat-
tering therefrom and the transport nematicity has therefore
become a pivotal focus’®'%2223 of research into these mate-
rials. Here, by directly visualizing the atomic-scale electronic
structure, we show that substituting Co for Fe atoms in un-
derdoped Ca(Fe,_,Co,),As, generates a dense population of
identical anisotropic impurity states. Each is ~8 Fe-Fe unit
cells in length, and all are distributed randomly but aligned
with the antiferromagnetic a axis. By imaging their surround-
ing interference patterns, we further demonstrate that these
impurity states scatter quasiparticles in a highly anisotropic
manner, with the maximum scattering rate concentrated along
the b axis. These data provide direct support for the recent
proposals’®122223 that it is primarily anisotropic scattering
by dopant-induced impurity states that generates the trans-
port nematicity; they also yield simple explanations for the
enhancement of the nematicity proportional to the dopant
density'#2°-2% and for the occurrence of the highest resistivity
along the b axis'5,

Commensurate antiferromagnetism with orthorhombic crystal
symmetry exists in the phase ‘parent’ to the superconductivity in
most underdoped FeAs materials. The a axis unit cell is fractionally
longer than that of the b axis, with the Fe spins aligning in an
anti-parallel fashion along the a axis but parallel along the b axis.
Doping is usually achieved by substitution of x transition-metal
atoms per Fe. When x ~ 4 & 1%, the superconductivity appears,
reaching its maximum T, usually near x. ~ 8 & 1% (Fig. la),
where the antiferromagnetic/orthorhombic phase disappears. A
broken discrete rotational symmetry of both the crystal structure

and the electronic characteristics precedes or coincides with the
appearance of antiferromagnetism (Fig. 1a); this phenomenon is
often referred to as a nematic phase or as electronic nematicity.
And, indeed, a wide variety of techniques, including spectro-
scopic imaging scanning tunnelling microscopy*** (SI-STM),
d.c. electrical transport'-1619-222425 (DCT), frequency-dependent
electrical conductivity'”'#** (ACT), torque magnetometry? and
angle-resolved photoemission***! (ARPES) find intense, but
unexplained, electronic nematicity in underdoped FeAs materials.

Before bulk detwinning of FeAs crystals was available, the only
way to investigate electronic nematicity was by direct electronic
structure imaging. This approach allowed discovery and atomic-
scale visualization of electronic nematicity*® in Ca(Fe,_,Coy),As,
crystals™®>*. The subsequent development of crystal detwinning
revealed a spectacular, and strongly doping-dependent, transport
anisotropy in the same part of the phase diagram'*'*. To understand
the relationship between the atomic-scale nematicity observed
by direct visualization®, and the transport anisotropy'*°, has
therefore become an urgent focus of research into the phase
diagrams of iron-based superconductors.

We pursue these objectives by using spectroscopic imaging
STM to study Ca(Fe;_,Co,),As, samples with 0 < x ~ 6%. These
samples exhibit the expected suppression of antiferromagnetism
and emergence of superconductivity. For Ca(Fe;_,Co,),As,, the
phase diagram actually depends on the annealing procedure™;
samples that are annealed at high temperatures exhibit a collapsed
tetragonal phase whereas samples annealed at low temperatures
(or pristine samples as used here) show the typical phase
diagram of 122 FeAs superconductors, albeit probably without the
microscopic coexistence of magnetism and superconductivity’*=4,
Our Ca(Fe;_,Co,),As, samples are cleaved in cryogenic ultrahigh
vacuum and then inserted into the STM head; all data reported here
were acquired at 4.2 K. The surfaces are atomically flat and exhibit a
1 x 2 surface reconstruction at ~45° to both the a and b axes, which
we have previously demonstrated to have no impact on accurate
visualization of FeAs plane electronic structure®®. We image
the differential tunnelling conductance dI /dV (r,E =eV) =g(r,E)
with atomic resolution and register, as a function of both
location r and electron energy E. The Fourier transform of
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Figure 1| Anisotropic transport and QPI in underdoped iron-based
superconductors. a, Schematic phase diagram of A(Fei_xCoy)2As)

(A =Ca, Sr and Ba) as a function of doping concentration x including the
structural Ts, magnetic Ty and superconducting T¢ transition
temperatures. Note that the phase diagrams are slightly different,
depending on the transition metal A; for example the coexistence between
superconductivity and magnetism seen in Ba-122 is probably absent in
Ca-122 (see text)3234 The dashed line indicates nematic putative
fluctuations. Inset: the evolution of the in-plane resistivity anisotropy as a
function of temperature and doping, expressed in terms of the resistivity
ratio pp/pa (reproduced with permission from ref. 14). b, The unidirectional
dispersion of the six QPI peaks occurs along the b axis only2® with two
'satellites’ of the central unidirectional dispersion shifted by Aq~1/8ap.
¢, Photocurrent intensity at the Fermi level (E =0) of Ca-122 measured by
ARPES (from ref. 30). b,c are oriented so that the crystal b axis points
vertically.

g(r,E),g(q,E), is then used to determine the characteristic wave
vectors of dispersive modulations due to quasiparticle scattering
interference (QPI). As shown in Fig. 1b, these patterns exhibit®
a strongly unidirectional hole-like dispersion along the b axis
only, with two apparent ‘satellites’ of the basic unidirectional
dispersion characteristics shifted by §q = 4-271/84a, along the a axis.
Importantly, without the Co-dopant atoms at x = 0, these QPI
effects are absent®® (Supplementary Section SI). At finite doping,
the observed quasiparticle interference pattern (Fig. 1b) is highly
inconsistent with predictions using the relevant Fermi surface of
the same material shown in Fig. 1c (Fig. 3a,b and Supplementary
Section SII). Finally, if one interpreted these observations as the
preferential propagation of delocalized electrons along the b axis,
this would be highly inconsistent with the d.c. electrical transport
and ACT studies" reporting that the low-resistance transport
always occurs along the a axis. An explanation for all these
apparently contradictory phenomena is required.

These QPI effects coexist with intense but poorly understood
static electronic disorder at the nanoscale?. Figure 2a shows a

typical topographic image of the cleaved surface of underdoped
Ca-122 whereas Fig. 2b is the simultaneously acquired current
image of non-dispersive states achieved by integraiing the electronic
structure images over energy I (r, —37 meV) = OEWS meV g(r,w)dow
to remove dispersive effects. This shows vividly the energetically
quasi-static electronic disorder strongly oriented along the a axis.
To explore the nanoscale constituents of this disorder, we carry out
an autocorrelation analysis of I (r, E), as shown in Fig. 2c. Although
this reveals no periodic modulations in the static electronic disor-
der, there is a sharply defined structure surrounding the centre of
the autocorrelation. The inset to Fig. 2c, showing its full details,
reveals that, beyond the required central peak, there are two peaks
along the a axis, which are separated from the central point by
a distance of |d| =22 A ~ 8a, (Supplementary Section SII). The
absence of other features in the autocorrelation demonstrates that
|d] is the only persistence length. Figure 2d shows the Fourier trans-
form of Fig. 2b, from which we conclude that there is no periodicity
whatsoever (thus excluding periodic ‘stripes’ as the explanation).

We next consider what type of nanoscale phenomenon could
generate all the effects in Fig. 2b—d. We analyse a model hy-
pothesizing identical, co-oriented but otherwise randomly located,
anisotropic impurity states. The inset to Fig.2e shows a model
impurity state in real space in the shape of a ‘dimer’. This can be
parameterized using two Gaussians C, (r) = ¢y(e "/?") separated
from each other by a distance |d| =22 A ~ 8a, where d is always
parallel to the a axis, so that the complete impurity state is modelled
by D(r) = C, (r+d/2)+ C, (r —d/2). We then consider a randomly
distributed ensemble of such co-oriented anisotropic impurity
states, as would be observable in the energy-integrated tunnel-
current map I(r). The left-hand panel of Fig. 2e shows four such
impurity states at random locations exemplifying the basic structure
of our model. The right-hand panel shows the effect of ~47 such
states distributed at random. Figure 2f shows results from precisely
the same model, but now with 1,000 a axis oriented anisotropic
impurity states—the approximate number of Co-dopant atoms
within this field of view (FOV) at x ~ 3.0% (Supplementary Section
SIV). A comparison with Fig. 2b reveals the strong consistency
between the predictions from this model and our experimental
observations. Figure 2g is the autocorrelation of Fig. 2e and exhibits
the identical central feature. The comparison between the central
features in inset Fig. 2c (experiment) and inset Fig. 2g (model)
is very good. Finally Fig. 2h shows the Fourier transform of the
simulation in Fig. 2f; it lacks any peaks that would indicate a
periodic structure. Once again, the correspondence between the
experimental result in Fig. 2d and the model simulation in Fig. 2h is
excellent. In summary: the correspondences between Fig. 2b and f,
cand g, and d and h respectively, provide compelling evidence that
the static electronic disorder in underdoped Ca-122 indeed consists
of a randomly distributed ensemble of a axis oriented electronic
anisotropic impurity states, all of size |d| =22 A ~ 8a.

Another key observation is shown in the inset to Fig.2b
(Supplementary Sections SV and SVI). Here the electronic
structure surrounding every observed Co-dopant atom location®*
is demonstrated. This is identified by averaging the measured I (r,E)
over many small fields of view, with each being centred on a
Co substitution site, to yield (I(r,E))c,. We see directly that two
peaks exist in (I(r, E))co, each separated from the dopant-atom site
(red+) by +d/2. These data provide direct atomic-scale evidence
that Co-dopant atoms play a central role in either the establishment
or pinning of the observed anisotropic impurity states.

The existence of such highly anisotropic impurity states can be
expected to influence various aspects of the physics of underdoped
FeAs materials. Perhaps most importantly, it has been proposed
that such impurity states scatter quasiparticles anisotropically and
thus contribute significantly to the nematic transport”®1%%23,
Generally, electronic transport can be described by the Boltzmann
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Figure 2 | Visualizing the anisotropic impurity state structure in Ca-122. a, A 48 nm x 48 nm topographic image of the Ca-122 surface, taken
simultaneously with the measurements depicted in b-d. The horizontal lines stem from a surface reconstruction and do not influence our ability to
visualize the correct FeAs electronic structure; the orientations of crystal axes are identified. b, The simultaneously recorded non-dispersive component in
the electronic structure as determined the current map I(r,E) at E=—37 meV. The inset shows the characteristic non-dispersive electronic structure
environment of a typical Co-dopant atom (see Supplementary Sections SV and SVI): it is observed directly to be a ‘dimer’-shaped electronic impurity state.
¢, The autocorrelation of I(r, —37 meV) shows three peaks separated by the characteristic length scale of 22 A. Note that, apart from the triple-peak, the
AC{I(r,—37 meV)} signal is low, proving that 22 Ais the only persistent length scale in the image. d, Fourier transform /(q, —37 meV) of the image shown in
b. No sharp peaks indicating a periodic structure are seen anywhere in reciprocal space. e, Inset, the proposed impurity state with the Fe-lattice for
comparison. The lower half show simulations with n=5 and n=47. f, A simulation with n =1,000 anisotropic impurity states in the same 48 nm x 48 nm
FOV (Supplementary Section SIV); their centres are randomly distributed but they are all aligned with the a axis. This ‘glassy’ pattern of overlapping
anisotropic impurity states looks similar to the data shown in b-d. The autocorrelation and Fourier transform (g,h) of the image in f support the validity of
our deduction that the static electronic disorder consists of a axis oriented electronic anisotropic impurity states only.

transport equation, which allows for two rotational symmetry
breaking terms: the Fermi velocities, vr(k), and the scattering
probabilities, W (k,k'). Some proposals have concentrated on
the Fermi velocity anisotropy, and assumed that a rigid band
shift leads to a change thereof on doping®. Here, however,
we explore the complementary proposals that it is anisotropic
scattering that contributes significantly to the nematic transport.
Quasiparticle interference imaging can investigate such proposals
because it directly measures the scattering of quasiparticles. For
a point scatterer in the Born approximation, the power-spectral-
density in differential conductance shows modulations due to QP],
P(q,E) xg(q,E) can be determined from?

2

P(q,E):%’%ImA(q,E) 15e(q)P (1)

Here the term |(1/7)ImA(q, E)|?, with A being a specific con-
volution of Green’s functions A(q,E) = [ d*re""G(r, E)G(—r,E),
represents the ‘bare’ QPI signature expected from a point scat-
terer within the native band structure. The |§¢(q)|* term is the
square of the structure factor (Fourier transform of the r-space
scattering potential) of any non-point-like scattering centre. Of
most significance here, equation (1) describes the simplest way that
an anisotropic scatterer should influence the QPI data, being the
product of the ‘bare’ QPI signal and the square of the structure
factor of the anisotropic scatterer.

If the spatial extent of each scatterer in Ca(Fe;_,Co,),As, is
modelled by a delta function in r-space and the measured A(k, E) of
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that material is used to model Fermi surface and band dispersions
(Supplementary Section SII), this predicts the P(q, E =0) as shown
in Fig. 3a. In Fig. 3b, we show the measured g(q, E = 0), which are
obviously strongly inconsistent with Fig. 3a. One might therefore
be tempted to deduce that the reported QPI data are artefacts
unrelated to the fundamental FeAs band structure. However, if
the scattering centres exhibit the structure factor of the model
anisotropic impurity state (Fig. 2e):

18e(q)| = [FT{C;(r—d/2)+C,(r+d/2)}]

o 2|cos(d-q/2)|Ci /s (q) 2)
we find a very different conclusion. Figure 3¢ shows the predicted
QPI patterns for underdoped Ca-122, again using the native A(k, E)
as measured by ARPES, but now in combination with the structure
factor from equation (2), to predict A(q,E). Here we find three
parallel lines separated from each other by §q = +2r/8a, and all
dispersing identically on the same trajectory of Fig. 1b (or red line
in Fig. 3d), so that the equivalent agreement between Fig. 3b,c holds
for all energies. Thus we show that, for Ca-122, the A(k, E) from
ARPES and the observed QPI are actually rather consistent with
each other if dopant-induced ~ 84, anisotropic impurity states act
as the predominant scatterers.

Conversely, QPI measurements can be used to measure directly
the actual scattering characteristics of impurity states in Ca-122.
Figure 4b shows the angular dependence of the quasiparticle
scattering rate determined using the square of the structure factor of

© 2013 Macmillan Publishers Limited. All rights reserved.
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Figure 3 | Anisotropic QPI from anisotropic impurity states. (See Supplementary Section SVII for a comparison of q- and k-space.) a, The QPI pattern one
would expect from the ARPES band structure (Fig. 1e and Supplementary Section SII) with the quasiparticles scattering from point-like scatterers. b, The
QPI pattern as measured in Ca-122 in the same energy range. Although the dispersion is correct, there are clear vertical lines of suppressed intensity in the
data, which are not visible in the simulations. ¢, Using the structure factor of a ‘dimer’ (Fig. 2) impurity state, the calculations yield QP! predictions
consistent with the data in b (see for example blue line). d, The dispersion of the measured QPI (red line) is in agreement with the dispersion determined

by ARPES (photocurrent intensity in grey scale).

Temperature

Nematic
transport
region

Co substitution concentration

Figure 4 | Anisotropic transport due to scattering from anisotropic impurity states. a, False colour plot of the probability for a state k to scatter into a
state k', which in the Born approximation using plane waves is proportional to the Fourier transform of the scattering potential

W(k,k') = W(q) ~ |FT{V(r}|2. We take the scattering potential to have the same spatial form as the observed anisotropic impurity states (Fig. 2), with
parameters for our model obtained from the experimental data. This then leads to the depicted Co-symmetric scattering probability W(q= k—k"). b, A
schematic phase diagram of 122 FeAs superconductors with increasingly nematic transport is indicated by blue, yellow and red colours, where the latter
marks strongest transport anisotropy. To emphasize the directional dependence of the scattering probability from our QPI data, we plot in the inset the
cumulative scattering probability in a given direction & = Z(k,k"). This is obtained by integrating over the radial coordinate: W(6) = [d|q|W (6, |q]) in a.

Note the strong scattering maxima along the b axis.

the observed anisotropic impurity states (Fig. 4a). It is clearly highly
anisotropic and its maximum |q|-integrated intensity is found to
occur along the b axis. Although applications of the Boltzmann
transport equation can be complex and do depend on the Fermi
surface, our analysis nevertheless provides a plausible explanation

4

for how the scattering rates of the anisotropic impurity states (Figs 2
and 3) should affect the transport nematicity.

Opverall, our data demonstrate that insertion of Co-dopant atoms
on the Fe sites in Ca-122 generates a dense ensemble of ~ 84,
long highly anisotropic impurity states (Fig.2). Because their a
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axis oriented extended structure (Fig.2) is observed within the
strongly anisotropic magnetic environment, it seems plausible that
these anisotropic impurity states are locally magnetic in origin®®.
Notwithstanding their microscopic mechanism, the measured
characteristics of these dopant-induced impurity states can provide
a simple yet comprehensive explanation for both the complex QPI
phenomenology®® and the transport anisotropy'** of underdoped
iron-superconductors. This is because scattering of quasiparticles
from such impurity states is demonstrably highly anisotropic,
with its maximum rate along the b axis (Figs 3 and 4). Finally,
on the basis of this example, it seems plausible that equivalent
atomic-scale electronic phenomena can play an important role in
the phase diagrams of other correlated-electron materials when
dopant atoms are introduced.

Received 12 October 2012; accepted 28 December 2012;
published online 17 February 2013
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