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Scanning Tunneling Microscopy and Spectroscopy on Iron-Pnictides

Yi Yin, M. Zech, T. L. Williams, J. E. Hoffman
Harvard University, Department of Physics, Cambridge, MA 02138

Abstract

Tremendous excitement has followed the recent discovery of superconductivity up to 7, =
56 K in iron-arsenic based materials (pnictides). This discovery breaks the monopoly on
high-T,. superconductivity held by copper-oxides (cuprates) for over two decades and renews
hope that high-T,. superconductivity may finally be theoretically understood and widely
applied.

Since scanning tunneling microscopy (STM) and spectroscopy (STS) have been key tools
in the investigation and understanding of both conventional and unconventional supercon-
ductivity, these techniques are also applied to the pnictides. While the field is still in its
early stages, several important achievements by STM and STS have been reported on the
pnictides. In this paper, we will review their contribution towards an understanding of
superconductivity in this new class of materials.
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1. Introduction so-called 122 type, non-oxides AFe,As,

One of the most exciting events in con-
densed matter physics in 2008 was the dis-
covery of superconductivity in the iron-
arsenic based compounds (pnictides) [1, 2,
3, 4, 5, 6]. After the initial fluorine
doped LaFeAsO;_,F, with a superconduct-
ing transition temperature of T, = 26 K [1],
superconductors with 7. up to 56 K have
been obtained by replacing lanthanum with
other rare earth elements of smaller ionic
radii [3, 4, 5] or by Th doping [7]. Due
to their stoichiometry, these compounds are
referred to as 1111 type. Subsequently,
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(A=Ba, Sr, Ca, Eu) were also found to be
superconducting when appropriately doped
or pressurized [8, 9, 10, 11, 12, 13, 14, 15].
Both 1111 and 122 unit cells contain an
FeAs layer, implying that superconductivity
emerges out of this layer in the pnictides.

Like the cuprates, the pnictides have
a layered structure. Consequently, high-
quality single crystals can be mechanically
cleaved to obtain atomically flat and clean
surfaces suitable for characterization by sur-
face sensitive probes such as scanning tun-
neling microscopy (STM) and spectroscopy
(STS). This cleaving procedure, however,
cannot be applied to samples less than

~ 100 pm in size. To date, the largest sin-
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gle crystals, reaching 3 x 5 x 0.2 mm? in size,
are members of the non-oxide 122 family,
grown with Sn or FeAs flux [9, 16]. In con-
trast, only tiny single crystals of the 1111
family exist, as large as 200 x 100 x 30 pm3
(17, 18]. Therefore, most of the STM/STS
studies have been carried out on Ba/Sr122
samples, with only a few STS measurements
on 1111 poly-crystals.

The 122 family of pnictides becomes su-
perconducting upon the introduction of ei-
ther hole or electron dopants. For exam-
ple, BaFeyAss becomes a hole-doped su-
perconductor upon replacement of Ba?t by
K™ [8], or an electron-doped superconduc-
tor upon replacement of Fe?* by Co3t or
Ni?* [19, 20]. The emergence of supercon-
ductivity through chemical substitution di-
rectly into the superconducting layer is in
stark contrast with the cuprates, where the
substitution of impurity elements for even
a small percentage of the Cu atoms can de-
stroy superconductivity [21].

Low temperature STM and STS have
already proven to be important tools for
the investigation of cuprates, since they
are capable of probing the electronic den-
sity of states (DOS) with atomic resolu-
tion [22]. This information is crucial be-
cause the local DOS provides direct in-
formation about the superconducting elec-
tronic structure, its spatial inhomogene-
ity [23, 24, 25, 26], its behavior in prox-
imity to impurities [27, 28, 29], its doping
dependence [25] and its magnetic field de-
pendence [30, 31, 32, 33, 34]. This success
motivates the application of STM and ST'S
to the pnictides to gain insight to the un-
derlying mechanism of superconductivity in
these compounds.

In this review article, we will summa-
rize STM and STS investigations of pnictide
superconductors during the first year after

their discovery. After an introduction to low
temperature STM in Section 2, we will dis-
cuss the crystal structure and surface char-
acterization of the pnictides in Section 3.
Then we will focus on STS measurements
of the pnictides: superconducting spectra
and spectral maps in Section 4 and vortex
imaging in Section 5. In Section 6, we con-
clude with suggestions for future STM/STS
experiments that could shed additional light
on these materials.

2. STM Techniques

An STM consists of a sharp metallic tip
which is scanned across an electrically con-
ducting sample surface at very small separa-
tion, typically several angstroms. Both tip-
sample separation and lateral position can
be varied with sub-A precision by means of
a piezoelectric scanner (see Fig. 1). When
a negative bias voltage is applied to the
sample, electrons in occupied states of the
sample will tunnel through the vacuum bar-
rier to the empty states of the tip, result-
ing in a measurable tunneling current. A
positive bias voltage applied to the sample
will likewise cause electrons to tunnel from
tip to sample. The tunneling current [ de-
pends exponentially on the tip-sample dis-
tance d [35] according to

IToxe ™ k=1/2m¢/h (1)

where ¢ is the average work function of tip
and sample; the work function measured
by STM is usually of order 3eV in met-
als. Materials commonly used as STM tips,
chosen for featureless DOS near the Fermi
energy Fp, are platinum (Pt), platinum-
iridium (Ptlr) alloys, and tungsten (W).

If the tunneling current is kept constant
while the STM tip is scanned over the sam-
ple surface, a contour of constant integrated



DOS is followed. This technique is referred
to as constant-current mode, and in the case
of homogeneous elemental metals the con-
tour of constant DOS corresponds to the
topography of the sample surface. If the lo-
cal DOS varies spatially, the resulting image
contains a mixture of DOS and topographic
information. With the appropriate tunnel-
ing parameters, however, the contribution
of the topography dominates the image.
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Figure 1: Schematic of an STM. A voltage is ap-
plied between the conducting sample surface and
a sharp metallic tip, leading to a measurable tun-
neling current with exponential dependence on the
tip-sample separation. If this current is kept con-
stant while the STM tip is scanned over the surface,
the surface topography and/or variation in the local
DOS can be revealed.

In addition to revealing the geometrical
surface structure of a sample, STM can also
measure the sample DOS as a function of
energy, up to several eV from the Fermi level
in occupied and unoccupied states. This is
usually done by sweeping the bias voltage V'
and measuring the tunneling current I while
maintaining constant tip-sample separation
d. By numerically differentiating I(V'), the
conductance dI/dV can be obtained. To re-

duce noise, a lock-in technique can be used:
a small AC modulation is summed with the
bias voltage and the tunneling current is de-
modulated to yield dI/dV. The interpreta-
tion of dI/dV spectra can be complex but
it can be shown that, under ideal condi-
tions, dI/dV is a good measure of the sam-
ple DOS.

If these dI/dV spectra are recorded on
a dense array of locations in real space,
spatial variation in the sample DOS can
be extracted. This is referred to as DOS-
mapping. Applications of this technique in-
clude the measurement of local gap varia-
tions and imaging of vortices in magnetic
field. The magnitude A of the gap can be
estimated by halving the distance between
the coherence peaks. A “gap map” can be
obtained by plotting A for every spectrum
within a DOS map.

STM has been applied with great suc-
cess to cuprate superconductors, address-
ing pairing symmetry, gap inhomogeneity,
dopant placement, and vortex pinning [22].
STM is a tool unique in its ability to pro-
vide atomic-resolution real-space maps of
the electronic density of states. From a
practical standpoint, STM is also ideally
suited to study new layered superconduct-
ing materials which may be initially avail-
able only in small single crystals.

3. Crystal Structure and Surface

Characterization

Pnictides are layered compounds which
can be mechanically cleaved to expose the
ab-plane (see Fig. 2). Consequently, all
of the STM/STS studies on cleaved single
crystal pnictides so far are taken along the
(001) direction, but the exact composition
of the exposed surface is still an open ques-
tion. In the cuprate superconductor most



widely studied by STM, BisSroCaCusOgyg
(Bi2212), cleaving usually occurs between
mirror BiO planes coupled by weak van
der Waals forces [22], removing a complete
BiO layer and leaving behind a charge-
neutral surface. Among known pnictide
superconductors, no such natural, charge-
balanced cleavage planes exist. Pnictide
cleaving recalls the cuprate superconduc-
tor YBayCusO7_s (Y123), which cleaves be-
tween BaO and CuO chain layers without
neutral exposed planes [36].

For 1111 pnictides such as LaFeAsO, the
inter-coupling between (LaO)* and (FeAs)~
layers is mostly ionic, but weak compared
to the ionic bonding within LaO layers
and the covalent bonding within FeAs lay-
ers [37, 38]. Thus we expect LaFeAsO crys-
tals to cleave between LaO and FeAs layers,
exposing a charged surface plane. This ex-
pectation is substantiated by angle resolved
photoemission spectroscopy (ARPES) mea-
surements of the enclosed Fermi surface vol-
ume on the cleaved surface of isostructural
LaFePO [39].

When studying materials that have a po-
lar cleaved surface, the electronic structure
detected using surface-sensitive techniques
is likely to be different from that of the bulk,
affecting measurements of carrier density,
Fermi level, and effective doping [40]. In
addition, atomic reconstruction, adsorption
of charged contaminants, and electronic re-
construction might occur at the surface in
order to compensate for the charge imbal-
ance [41].

In 122 pnictides, A*" (A=Ba, Sr, Ca, Eu)
sheets are sandwiched between (FeAs)™ lay-
ers. In this case, both inter-plane bond-
ing and A?* in-plane bonding are relatively
weak compared to the covalent FeAs bond-
ing. Therefore, crystals are likely to cleave
either between A?T and (FeAs)™ planes,
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Figure 2: Crystal structure of the pnictides. (a)
Tetragonal LaFeAsO 1111 type with room temper-
ature lattice constants a = b = 4.03A and ¢ =
8.73 A [1]. (b) Tetragonal BaFeyAsy 122 type with
room temperature lattice constants a = b = 3.96 A
and ¢ = 12.39 A [42]. The FeAs layer is the effective
superconducting layer in both compounds.

leaving behind a charged surface, or within
the A%* plane, leaving about half of the
A2* atoms on each of the exposed, charge
neutral surfaces. The predominance of the
latter scenario is substantiated by Fermi
surface volume measurements from ARPES
studies of BaFeyAs,y [43, 44].

On Sri_,K,FeAs with T, = 32 K, cleaved
at 10K, Boyer et al. found a strong 2 x 1
stripe feature modulating a square atomic
lattice with spacing ay = 4.0 A along the
stripe direction (Fig. 3a) [45]. This atomic
spacing is compatible with the lattice con-
stant ao of either Sr or As planes [42].
Serendipitously, in a small number of areas
the next atomic plane is exposed, display-
ing a square lattice shifted by half a unit cell
with respect to the atoms along the stripes.
This finding leads Boyer et al. to conclude
that the stripes are a surface reconstruction
of a nearly complete Sr/K layer sitting on
top of an FeAs layer.

A 2 x 1 stripe feature has also been ob-
served by Yin et al. [46] and by Massee et
al. [47] in BaFes_,Co,Asy with T, = 25.3K
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Figure 3: Topographic images of different sin-
gle crystalline 122 compounds as recorded by
four groups, revealing stripe-like surface features.
(a) 20 x 20nm? constant-current topography of
Sri_.K,FesAsy by Boyer et al., cold-cleaved and
recorded at 5.3K [45]. The inset shows a 5 x 5 nm?
zoom. (b) 20 x 20nm? constant-current topogra-
phy of BaFe; sCop.2Asy by Yin et al., cold-cleaved
and recorded at 6.25K [46]. The inset shows a
5 x 5nm? zoom. (c) 18.9 x 18.9nm? constant-
current topography of BaFe; g5Cog.14Ass by Massee
et al., cleaved at room temperature and recorded
at 4.2K [47]. (d) 20 x 20nm? constant-current to-
pography of SrFesAs, by Hsieh et al., cleaved at
room temperature and recorded at 40K [48]. (e)
Fourier transformation of the topographic image in
(b). The main features are a central high-intensity
area representing long length scale inhomogeneity,
and 4 distinct points (with their symmetric equiv-
alents): A and A* result from atomic spacing be-
tween and along the stripes, respectively; B results
from the alternating stripe intensity; C results from
the shift of atoms along alternate rows. (f) Re-
verse Fourier transformation of (e) after filtering
out the central high-intensity area, demonstrating
more clearly the atomic locations of the original to-
pography without the longer wavelength disorder.

Image clearly suggests that alternate rows of Ba
have been removed, exposing the shifted rows of
As atoms beneath. (g) Schematic of the surface af-
ter cleaving scenario suggested by (f). Large green
dots correspond to Ba atoms, small purple ones to
As atoms. (f) and (g) are the same scale as the
inset in (b).

and 22K, respectively. Yin et al., after
cleaving at 7' < 30 K, have observed a com-
plex unit-cell-doubling stripe feature, where
alternate rows display contrasting bright-
ness and clarity, as well as atomic shifts by
approximately half a lattice constant along
the row direction, demonstrated in Fig. 3b.
The alternating row intensity may be at-
tributed to either height or density of states
variations. This complex surface structure
could be explained by the removal of every
second row of Ba atoms by cleaving. This
scenario is supported by Fourier transform
analysis of the topography (see Fig. 3e-f):
the less distinct, shifted rows (see inset of
Fig. 3b) would consist of two rows of un-
derlying As atoms between each row of Ba
atoms. This is also supported by increas-
ing evidence from ARPES measurements,
which indicate that 122 compounds pre-
dominantly cleave charge neutral [43, 44].

Massee et al., cleaving BaFe; 36Coq.14As2
at room temperature, also report stripe fea-
tures with an average separation of ~ 8 A,
shown in Fig. 3c. Within some rows, sin-
gle atoms are resolved, revealing an in-row
spacing of 3.9A. Massee et al. emphasize
that details of the topography vary from
cleave to cleave and that sometimes only 2D
magze-like networks are present.

The stripe feature is also reported in
the parent compound SrFe;As,, cleaved at
room temperature and measured at T' =
40 K, by Hsieh et al. [48] (see Fig. 3d). Their
surface shows some areas of clear atomically
resolved unit-cell-doubling stripes, sepa-



rated by some indistinct areas. In addi-
tion, part of the stripe region is covered
with maze-like networks. This maze-like
network dominates the surface when the
measurement temperature is increased to
200 K. This indicates that surfaces of the in-
vestigated compounds are not as stable as,
for example, the surface of Bi2212, where
atomic resolution has been reported even at
room temperature [49, 50].

Another configuration which may be
achieved by the removal of half the Ba
atoms is a /2 x v/2 surface structure, if ev-
ery second Ba row diagonal to the ab lat-
tice vectors (see Fig. 2) is removed. There
exists preliminary evidence supporting this
scenario [51].

4. Tunneling Spectroscopy

The identification of the superconducting
order parameter, including the gap size and
symmetry, is a necessary step to determin-
ing the microscopic superconducting mech-
anism. The possibility of multiple gaps,
potentially with different symmetries aris-
ing from the multi-band electronic struc-
ture, has motivated intense efforts in study-
ing the electronic structure of the pnictides
with several complementary spectroscopic
techniques, among them STS.

The power of STM/STS is to measure the
electronic structure with sub-atomic spa-
tial resolution. The reliability of this mea-
surement depends on the condition of the
tunnel junction. Tip preparation methods
have been honed by years of STM stud-
ies, so the condition of the tunnel junc-
tion depends mainly on the sample qual-
ity and material-specific surface stability.
Differential tunneling conductance spectra,
dI/dV, measured on different pnictides will
be reviewed in this section. We present

some STS measurements from polycrys-
talline oxypnictides, then focus on the tun-
neling spectra of 122 single crystals.
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Figure 4: Single point spectra recorded on poly-
crystalline samples. (a-b) Spectra recorded at 4.2 K
on SmFeAsQq g5 by Millo et al. [52]. (a) Spectrum
in one of the regions where coherence peaks were
observed; the red dashed line denotes a fit to a d-
wave superconductor. (b) Spectrum recorded on
the ~ 70% of the sample surface which did not show
coherence peaks. (c-d) Normalized tunneling spec-
tra recorded by Pan et al. on NdFeAsOg gsFo .14 [53].
(¢) Evolution of the gap with temperature. (d)
Temperature dependence of the gap magnitude
compared to a thermally broadened s-wave BCS
model.

4.1. Point Spectra

Two papers present tunneling spec-
troscopy on polycrystalline 1111 samples.
Millo et al. have detected an ~ 8meV d-
wave-like gap with clear coherence peaks
in the SmFeAsOg g5 compound, with T, =
52K (Fig. 4a-b) [52]. However, ~70% of the
sample surface is dominated by \/-shaped
spectra with only gap-edge kinks at 7meV,
attributed to suppressed superconductiv-
ity on the sample surface or effects from
a non-superconducting FeAs phase of the
material. It should be noted that, even



though different in shape, both gaps disap-
pear above T.. The authors calculate the
reduced gap 2A /kgT, = 3.55 — 3.8.

Pan et al. [53] present dI/dV spectra
measured on a NdFeAsOggsFo.14 sample
with T, = 48 K. A ~ 9meV gap with corre-
sponding 2A/kgT. = 4.5 is found at 17K.
However, most of the spectra do not show
sharp coherence peaks, leading to a very
short lifetime in both s-wave and d-wave fit-
ting. At low temperatures, the temperature
dependence of the spectra is consistent with
BCS predictions (see Fig. 4d). However, for
sample temperatures above T, a new gap-
like feature of unclear origin appears with a
gap width larger than the superconducting
gap.

We turn now to STS data taken on
cleaved single crystal surfaces. Boyer et
al. have observed spectra with a 10 meV
gap on cold-cleaved Sry_ K, FesAs, sam-
ples with 7, = 32K [45]. The spectral
shape is strongly reminiscent of the d-wave
gap in the cuprates. The observed gap
value is comparable to the 12meV gap in
the hole-like, I'-centered, inner («) band
observed in ARPES measurements on a
Bag Ko.4FeaAsy sample with similar T, [54].
However, the 12meV gap measured by
ARPES is isotropic and nodeless in momen-
tum space. ARPES observed an additional
gap of 6meV in the hole-like, I'-centered,
outer () band in this material [54].

Yin et al. [46] performed spectroscopy
on an electron-doped BaFe; sCog2As, com-
pound with 7. = 25.3K, resolving only a
single energy gap A =6 .25meV. This re-
sult is compatible with measurements taken
on a similar compound by Massee et al.,
who observe a single ~ 7meV gap [47]
(see Fig. 5). The spectra recorded by
both groups show a clear superconducting
gap structure with pronounced coherence

peaks at all locations in the measurement
region of the sample surface, ruling out
nanoscale phase separation between super-
conducting and non-superconducting (mag-
netic) regions. Furthermore, Yin et al.
prove the superconducting nature of the gap
by vortex imaging, discussed in Section 5.

The gap size of 6 — 7meV measured by
Yin et al. and Massee et al. is in reason-
able agreement with ARPES measurements
in electron doped BaFe; g5Cog 15As2 [55]. In
contrast to hole doped Bag ¢Kg 4FeaAsy [54],
the o band is located entirely below the
Fermi surface, leaving behind only the
~ 6meV gaps in the hole-like g band and
two other electron-like bands.
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Figure 5: Spectra recorded on single crys-
talline BaFey_,Co,Ass. (a) Representative point
spectra recorded on BaFe; 3CogsAsy by Yin et
al. [46]. (b) Spectra, binned by gap size and
then averaged, recorded by Massee et al. on
BaFe g6Cop.14As2 [47]. Massee et al. point out that
larger gapped spectra appear to be deeper com-
pared to smaller gapped spectra [47]; this can also
be observed in spectra from Yin et al.

Although spectra vary between different
STM experiments, some common features
can be extracted.

(1) Most spectra have a \/-shaped back-
ground, which is likely related to the normal
state of the pnictides. This assumption is
supported by the observation of \/-shaped



spectra in parent compounds [47] and in
vortex cores where superconductivity is sup-
pressed (Fig. 9b). In Bi2212, by contrast,
the background is roughly linear [22].

(2) To date, no clear information about
the gap symmetry can be extracted from
tunneling spectra. In the polycrystalline
samples, fitting to the observed weak coher-
ence peaks requires short quasiparticle life-
times which make s and d-wave fits indistin-
guishable [53]. Furthermore, since all spec-
tra have been recorded at or above 4.2 K,
thermal broadening makes it difficult to ex-
tract the gap symmetry [56]; nodeless s-
wave spectra may be smeared out and ap-
pear to fit a d-wave model. Ultra low tem-
perature STS measurements are therefore
expected to shed light on the gap symmetry
mystery. In addition, the \/-shaped back-
ground appearing in almost all of the spec-
tra will have to be subtracted or normalized
out in some fashion before any reasonable fit
can be obtained.

(3) STM spectra have until now not
shown any evidence of multiple gaps. Be-
cause STM measures spectra averaged in
momentum-space, the relative contribution
of different bands needs to be considered.
At present, it is unclear if the matrix ele-
ment that describes the coupling between
states in tip and sample might be different
for electron or hole like pockets and whether
it varies between different bands. In addi-
tion, other gaps with weak coherence peaks
may be hidden within momentum-space av-
eraged spectra.

(4) Calculated reduced gaps vary among
the different experiments. For single crys-
tal samples, values range from 5.7 to 7.4
(see Table 1) falling in the strong coupling
regime. All single-crystal results exceed the
values for weak coupling s-wave or d-wave
BCS superconductors, which are 3.5 and

Table 1: Reduced gap in pnictide superconductors

Compound Ref. Te A kQ%,
Blc
SmFeAsOoA85 52 52K 8.3meV 3.7
NdFeAsOq.86F0.14 53 48 K 9.2meV 4.5
SrlfnggFegASz 45 32K 10.0 meV 7.3
BaFe; g§Cog.2Aso 46 25K

6.3 meV 5.7
BaFeq1 . 86Cog.14As2 47 22K 7.0 meV 7.4

4.3, respectively [57].

4.2. Gap maps

With the same STM/STS techniques
used in Bi2212, a map of the magnitude of
the superconducting gap A can be obtained
for the pnictides. Fig. 6a shows such a gap
map taken at zero magnetic field and 6.25 K
for BaFe; gCog2Ass as recorded by Yin et
al. [46].
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Figure 6: Gap maps recorded by Yin et al. over a
20 x 20nm? area of on BaFe; §Cog.2Asy at 6.25 K
(a) and Massee et al. over a 18.9 x 18.9nm? area of
BaFe; g6Cog.14As9 at 4.2K (b)

The gap magnitude ranges from 4.5 to
8.0meV with an average of A = 6.25 meV +
0.73meV. The fractional variation in gap
size is calculated to be /A = 12%. Massee
et al. [47] display a similar average gap of
7meV, gap range of 5.5 meV, and fractional
variation of 13% [58] in the same material,
see Fig. 6b.

The gap maps of both groups reveal nm-
sized patches of different gap magnitude,



but in the data by Massee et al., these
patches are smaller in size compared to Yin
et al.’s data. Massee et al. relate the nm-
sized length scale of the gap variations to
the Co-Co separation and postulate Co dop-
ing is the source of the small gap inhomo-
geneity in the pnictides [47].

The zero bias conductance (ZBC) de-
creases with increasing gap size in the pnic-
tides (see Fig. 5a and b). As first calcu-
lated by Massee et al., there is an anti-
correlation between the magnitude of the
superconducting gap and the ZBC. This be-
havior in pnictides may be explained by im-
purity scattering [59].

Both electronic homogeneity and depen-
dance of ZBC on the gap size in the pnic-
tides differ markedly from observations in
the cuprates. While both Yin et al. and
Massee et al. measure a 12-13% fractional
variation in gap magnitude on their sam-
ples, the typical fractional variation re-
ported in optimally doped Bi2212, /A =
TmeV/33meV ~ 21%, is almost twice this
value [25]. In addition, spectra in the
cuprates show larger ZBC values with in-
creasing gap magnitude, which is the oppo-
site behaviour to that of the pnictides [25].
In Yin et al., spectra with shallower super-
conducting gaps (larger ZBC) have weaker
coherence peaks, which is consistent with
a shorter quasiparticle lifetime, but Massee
et al. show the opposite trend, which needs
further investigation.

A possible resolution to the contrast be-
tween pnictides and cuprates may arise
from several recent studies of the pseu-
dogap phase in the cuprates. Using a
normalization technique, Boyer et al. re-
ported the removal of the effects of the
pseudogap, obtaining a relatively homo-
geneous low temperature gap distribution
in BipSroCuOgy, [60]. Ma et al. studied

BisSry_,La,CuO¢,s and, due to the cho-
sen doping, were able to measure spectra
in which the energy scales of superconduct-
ing and pseudogap were distinct [61]. In
these studies, the separated superconduct-
ing gap seems to show a different correla-
tion between ZBC and gap magnitude com-
pared to what is usually observed in the
cuprates: the larger the gaps, the smaller
the ZBC. Therefore, the apparent opposite
relation between coherence peak height and
gap width in the cuprates may be due not to
the superconducting gap itself but to a com-
peting pseudogap, which depletes the spec-
tral weight for pairing [62].

5. Imaging of Vortex Lattice by STS

Vortex lattice geometry in BCS-type su-
perconductors was first observed by Bitter
decoration [63]. Subsequent application of
high resolution STM/STS techniques [64,
65, 66] revealed detailed information about
the vortex internal structure [64, 34]. This
information about vortex core states, as
well as vortex shape and interactions be-
tween vortices, is fundamentally linked to
the properties, including pairing symmetry,
of the superconducting charge carriers.

5.1. Vortex Lattice Imaging

Vortex imaging via STS relies on the
fact that within vortex cores, the quasi-
particle DOS differs dramatically from the
superconducting DOS outside the vortex.
Since coherence peaks are significantly de-
pressed inside the vortex core, vortices
can be imaged by mapping the differen-
tial conductance at the coherence peak en-
ergy [64]. Other approaches include map-
ping at an energy corresponding to a vortex
core state [32]. ST'S mapping is also sensi-
tive to non-vortex variations in the quasi-
particle DOS, caused by surface impurities,



adsorbates, defects, or any other inhomo-
geneity.

Yin et al. have imaged vortices by
mapping the conductance at an energy
close to the superconducting coherence
peaks. Fig. 7 shows the conductance maps,
recorded at both 9T (a) and 6T (b). Vor-
tices appear as broad depressions caused by
the decreased DOS at the coherence peak
energy inside the vortex. The per-vortex
flux is in good agreement with the expected
superconducting magnetic flux quantum,
(I)O = h/2€

Much can be learned about vortex inter-
actions and pinning by studying the loca-
tions of vortices with respect to each other
and to other structures within the supercon-
ductor. Vortex interactions can be roughly
categorized into three scenarios. First, in
the absence of strong pinning sites within
the material, the vortex-vortex interaction
force dominates, and the vortices crystal-
ize into a hexagonal lattice, shown schemat-
ically in Fig. 8a. For example, Fig. 8d
shows the first STS-imaged vortex lattice in
NbSe,, recorded by Hess et al. [64], reveal-
ing an almost perfect hexagonal symmetry.

In the presence of strong pinning sites,
the vortex arrangement with respect to
those sites depends on the anisotropy of the
material. In highly anisotropic supercon-
ductors, a one-dimensional vortex line may
split like a stack of pancakes into point-like
objects with the freedom to move indepen-
dently in each superconducting layer [67].
In this scenario, pancakes may find pinning
sites independently in each layer, resulting
in a high correlation between observed vor-
tex and pinning locations in any given layer.
This second scenario is shown schematically
in Fig. 8b, and is realized in Bi2212 (Fig. 8e,
Pan et al. [32]), where the vortices (depicted
as circles of radius 30 A) are clearly corre-

10

Figure 7: 100 x 100nm? differential conductance
maps recorded in 9T (a) and 6 T (b) magnetic field
by Yin et al., revealing the sample DOS at 5meV.
Vortices appear as dark features due to the suppres-
sion of the coherence peaks inside the vortex core.
Vortices form a disordered lattice. The average per-
vortex flux values of ¢(9T) = 2.05 x 10~15 Tm? and
&(6T) = 2.17 x 10~ Tm? are in good agreement
with the expected superconducting magnetic flux
quantum Py = 2.07 x 107 Tm?. In addition to
the vortices, impurities are visible in (a) and (b),
appearing as smaller, deeper coherence peak de-
pressions. There is no statistically significant cor-
relation between vortex and impurity locations. (c)
and (d): idealized data showing both vortices (open
dark circles) and impurities (red dots).

lated with the impurities (visible as small,
irregular black spots).

Finally, in a more isotropic superconduc-
tor with strong pinning sites, the vortices
must remain as line objects, and can bend
only slightly between layers to maximize
their overlap with impurities throughout
the bulk. In this scenario, there may be very
little observable correlation between vortex
locations and impurities in any one layer.



This third scenario is depicted schemati-
cally in Fig. 8c.

As observed by low temperature STS
imaging in the cuprates [30, 33, 32],
the vortices imaged by Yin et al. in
BaFe; gCop2Asy form a disordered lattice,
indicating the presence of strong pin-
ning sites. This observation is consistent
with recent small-angle neutron scatter-
ing experiments on a similar compound,
BaFe; gsCop.14As2 [68]. In addition to the
vortices, there are also sharp minima in
conductance, independent of magnetic field,
which may be attributed to strong scatter-
ers near the surface. There is no correla-
tion between the locations of the vortices
and these near-surface impurities. Fig. 8f
shows the same data as Fig. 7 but with vor-
tex cores emphasized as circles of radius the
coherence length. At 9T, roughly 10.6% of
the field of view is covered by vortex cores
and 4 out of 49 impurities lie within a vor-
tex core. This number corresponds to 8.2%,
which is not a statistically significant devia-
tion from 10.6%. This analysis proves that
bulk pinning, and not surface pinning, must
play a significant role in this superconduc-
tor.

5.2. Vortex Spectroscopy

Microscopic calculations of vortex core
states predict different spectral features de-
pending on the pairing symmetry of the su-
perconductor. Vortex core states in conven-
tional s-wave superconductors are expected
to show a ZBC peak, caused by tunneling
of electrons occupying states bound to the
vortex core [69, 70, 71, 72]. This effect is
demonstrated in Fig. 9a by DOS spectra
measured in the vortex core of NbSey, which
show a pronounced ZBC peak. It is impor-
tant to note that the ZBC peak is observed
only in clean superconductors, where the
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Figure 8: (a-c) Three different vortex interaction
regimes. (a) Vortices in a clean superconductor.
Both surface and bulk pinning are absent and the
vortices arrange in a perfect hexagonal Abrikosov
lattice due to the repulsion between vortices. (b)
Pancake vortices in a superconductor with weak in-
terlayer coupling. Some of the pancake vortices are
pinned to impurities (yellow dots) within the lay-
ers and marked correlation between vortex and im-
purity locations is observed. Between the layers,
pancake vortices are connected by Josephson vor-
tices (blue lines). (c¢) Vortices in a superconductor
where bulk pinning dominates. The flux penetrates
the sample in a tubular fashion, but no hexagonal
lattice can be formed as vortices are pinned by bulk
defects. There is no correlation between surface de-
fects and vortex locations. (d-f) Examples of these
three scenarios, imaged by STS (d) in NbSes by
Hess et al. [64] in 1T magnetic field at 1.8K, (e)
in BisSryCaCusOg s by Pan et al. [32] in 7T mag-
netic field at 4.2K, and (f) in BaFe; §Cog 2Ass by
Yin et al. [46] in 9 T magnetic field at 6.25 K.

electronic mean free path ¢ is much larger
than the coherence length £. In this partic-



ular sample of NbSe, [73], £ = 690 A and
¢ =77 A, putting it clearly in the regime of
clean superconductors. For dirty supercon-
ductors, however, there is no ZBC peak and
one observes instead an almost flat DOS,
due to quasiparticle scattering [65].
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Figure 9: Comparison between vortex core spec-
tra taken on a conventional s-wave superconductor
and a pnictide superconductor. (a) dI/dV spec-
tra in 0.02T magnetic field at 1.85K in NbSeq
(Tc. = 7.2K), taken at a vortex center (uppermost
spectrum), 75 A away from a vortex core (middle
spectrum), and 2000 A away form the vortex core
by Hess et al. [64]. (b) A 14.5nm long linecut
of dI/dV spectra taken through a vortex location
in BaFe; §Cog.oAso, showing the smooth evolution
from the off-vortex DOS with pronounced coher-
ence peaks to the on-vortex DOS with suppressed
coherence peaks and no ZBC peak. The data were
taken at 9T magnetic field and T'= 6.15K by Yin
et al. (c) Azimuthally averaged radial dependence
of the differential conductance g(r,0) around a sin-
gle vortex as measured (black squares) and fit by an
exponential decay (red line) by Yin et al. The con-
stant background ¢., has been removed in order to
emphasize the exponential decay on the logarithmic
scale of the y-axis. The exponential fit leads to an
average coherence length of ¢ = 27.6 A with stan-
dard deviation 2.9 A for all vortices investigated.

In contrast to conventional s-wave super-
conductors in the clean limit, the conduc-
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tance measured by Yin et al. at the vor-
tex center in BaFe;gCogoAsy shows only
an enhanced sub-gap density of states but
no ZBC peak. This is apparent in Fig. 9b
where a linecut through one of the vortices
at 9T magnetic field is displayed.

The spatial dependence of the vortex
spectroscopy also enables the first direct
measure of the superconducting coherence
length in this material. By fitting an expo-
nential decay to the decrease of ZBC from
the value at the vortex center to the value
far away from the vortex, a coherence length
of ¢ = 27.6A is revealed (see Fig. 9c).
This corresponds to an upper critical field of
H., = 43T, calculated from the Ginzburg-
Landau expression Hep = ®(/2mE2.

Since the compound under investigation
has a mean free path that is three times
larger than the coherence length [46], it is
considered to be a clean superconductor and
therefore the lack of sub-gap peaks cannot
be explained by scattering effects and re-
mains an open question.

6. Conclusion

Although research in the pnictides is
still in its early stages, there exist some
significant achievements by STM/STS on
these compounds. To date STM/STS
studies have contributed information about
the cleaved surface structure, nature of
the superconducting gap, and vortex core
states. Investigations of numerous surfaces
have revealed a stripe feature in almost
all 122 compounds, both doped and un-
doped. dI/dV spectra of doped single crys-
tals show a clear superconducting gap with
pronounced coherence peaks. In addition to
single point spectra, maps of the gap distri-
bution have been displayed by two different
groups on comparable single crystalline 122



samples, providing information about the
spatial inhomogeneity of the gap. From vor-
tex imaging, a short coherence length has
been directly measured for the first time by
any technique.

Looking forward, there are several prob-
lems that remain to be addressed by
STM/STS. The biggest roadblock to fur-
ther STM/STS studies is surface charac-
terization. Surface morphologies have been
observed to depend sensitively on cleaving
conditions. In addition, surface instability
and polar cleavage planes are complex and
unsolved problems which have made it very
difficult to achieve repeatable atomic reso-
lution topographies on these compounds.

Another key issue is the gap symmetry.
Single point spectra at ultra-low temper-
atures would allow better fitting without
the complications of thermal broadening. A
different approach to extract the gap sym-
metry is to probe the local DOS around
both magnetic and non-magnetic impuri-
ties, which has been successfully applied to
the cuprates [27, 28]. Similar experiments
in the pnictides, and comparison to the-
ory [74], could address the gap symmetry
question.

In addition, momentum space informa-
tion might be accessed by Fourier trans-
forming DOS maps and extracting quasi-
particle interference (QPI) patterns [34].
The QPI patterns should be used to explore
the pairing symmetry as proposed in [75]:
in the case of dominant non-magnetic scat-
terers, a detected absence of interference
peaks surrounding the reciprocal lattice vec-
tor would be evidence of the out-of-phase
extended s-wave pairing.

In conclusion, there is much potential
for significant contributions by STM/STS
to resolve the most important open ques-
tions in pnictide superconductivity, but ad-
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ditional work is needed to overcome surface-
related challenges.
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