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ABSTRACT

In- and out-of-plane magnetic penetration depths were measured in three iron-based pnictide supercon-
ducting systems. The “122” system was represented by electron-doped Ba(Fe;_,Coy),As, with the doping
through the whole phase diagram with x ~ 0.038, 0.047, 0.058, 0.074 and 0.10 (T, ranged from 13 to 24 K)
and by hole-doped (Ba;_,K,)Fe,As, with doping close to optimal, with measured x =~ 0.45 (T. ~ 28 K) and
an underdoped sample with x ~ 0.15 (T, =~ 19 K). The “1111” system was represented by single crystals of
NdFeAs(O;_4Fy) with nominal x = 0.1 (T, ~ 43 K). All studied samples of both 122 systems show a robust
power-law behavior, A(T)  T", with the sample-dependent exponent n =2-2.5, which is indicative of
unconventional pairing. This scenario could be possible either through scattering in a S, state or due to
nodes in the superconducting gap. In the Nd-1111 system, the interpretation of the results is complicated
by magnetism of the rare-earth ions. For all three systems, the anisotropy ratio, y, = Ac/4q, was found to
decrease with increasing temperature, whereas the anisotropy of the coherence lengths,
Ve =Cap/éc = HCLZC/HE, has been found to increase (both opposite to the trend in two-band MgB,). The
overall anisotropy of the pnictide superconductors is small, in fact much smaller than that of the cuprates
(except YBa,Cu307_, (YBCO)). The 1111 system is about two times more anisotropic than the 122 system.
Our data and analysis suggest that the iron-based pnictides are complex superconductors in which a mul-

tiband three-dimensional electronic structure and strong magnetic fluctuations play important roles.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Precision measurements of the temperature-dependent London
penetration depth are among the most useful tools to probe low-
energy quasiparticles in superconductors [1]. The information ob-
tained can be used to distinguish between different possible super-
conducting gap structures on the Fermi surface and ultimately
shed light on the superconducting pairing mechanism. While
determination of the type of superconductivity requires phase-
sensitive experiments, such experiments are very difficult and so
far have been performed only on a few superconducting systems
[2,3]. Other direct probes that access the density of states are an-
gle-resolved photoemission (ARPES) [4] and tunneling [5]. These
techniques are very useful and important. However, extreme sen-
sitivity to the state of the surface (only the topmost surface layer
is probed) and limited directional resolution make them difficult
to use if the Fermi surface is significantly three-dimensional. The
magnetic penetration depth on the other hand is a bulk probe that
can be coupled to all components of the superfluid response tensor
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[6], thus probing all directions in the reciprocal space. In fact, it
was microwave measurements of the penetration depth that first
established the d-wave nature of superconductivity in the high-
T, cuprates [7].

Superconductivity in LaFeAsO;_,Fy with T, ~ 26 K was discov-
ered less than a year ago [8] and shortly after materials with other
rare-earth (R) elements were synthesized, raising the critical tem-
peratures above 50 K in RFeAsO,F, (R=Nd, Sm, Pr) [9-12]. This is
significantly higher than the highest T, reported in conventional
s-wave superconductors and not surprisingly these discoveries
have attracted a lot of attention. The compounds with the original
structure, RFeAsO,F,, are now frequently abbreviated as “1111". In
superconducting samples, x is always less than 1, while y can be
zero (fluorine-free 1111 pnictides). Later in the year, superconduc-
tors of a different crystal structure were discovered, based on the
parent AFe,As, (abbreviated as “122”, here A is an alkaline earth
element) [13]. In the 122 system, either the A or Fe sites can be
doped to achieve superconductivity with holes or electrons as car-
riers. Unlike the oxygen-based 1111 system, large single crystals of
the oxygen-free 122 system have become readily available [14-
17]. For several obvious reasons, experiments aimed at under-
standing the superconducting gap symmetry can be done only on
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single crystals. First, they allow for the study of the anisotropy of
the response, which is linked to the structural, electronic and
superconducting anisotropy of the material. This is especially
important for superconductors with anisotropic gaps and gaps
with nodes, having reduced symmetry as compared to the lattice
[18]. Second, the interpretation of the results on polycrystalline
materials is often hindered by various extrinsic factors, such as
grain boundaries, morphological defects and uncertainty in the
sample volume and internal structure. For most electromagnetic
measurements, these factors could lead to incorrect conclusions
regarding the superconducting pairing.

Many experiments have been performed to determine the pair-
ing symmetry of the pnictide superconductors and their review is
beyond the scope of this paper. This special volume of Physica C
covers most of the different techniques used in these studies. We
will only comment on the penetration depth measurements in sin-
gle crystals. Similar to the case of YBCO [7], the first report came
from the microwave cavity perturbation technique that found
fully-gapped superconductivity in PrFeAsO;_, [19]. That work
was followed by the radio-frequency measurements of A(T) in sin-
gle crystals of SmFeAs(O;_xFy) [20] and NdFeAs(O;_xFx) [21]. These
have found an exponential low-temperature behavior consistent
with a fully-gapped state. However, the crystals studied were very
small (<50 pm), resulting in a low signal-to-noise ratio in the data.
Single crystals of the 1111 system are still small and unfortunately
single crystals of the non-magnetic La-1111 have yet to be synthe-
sized. Other rare-earth (Nd, Pr, Sm,) systems are known to be mag-
netic [22] and it is quite possible that this “exponential” behavior
has the same origin as in the electron-doped cuprates, such as
Nd; gsCep.15Cu04_x (NCCO), that for 10 years were believed to be
s-wave superconductors until the influence of the Nd>* magnetism
was resolved [23,24,25]. There are several bulk measurements,
such as NMR, that show the absence of a coherence peak and a
T> behavior of the 1/T; relaxation rate, indicating that the super-
conductivity is not fully gapped [26]. Field-dependent specific heat
measurements were interpreted in terms of gap with nodes [27].
On the other hand, ARPES measurements indicate fully-gapped
Fermi surfaces (at least in the k, = 0 plane), albeit that not all five
sheets are observed. (We also note that if we take values of A(0)/
T, reported by ARPES and calculate the superfluid density, the re-
sult will be very far from the experimental observations). At this
point we would like to leave the question of the order parameter
symmetry in the 1111 system wide open and simply state that
additional experiments are needed.

The situation with the 122 system has been found to be even
more interesting, thanks to the availability of large high quality
single crystals. Microwave cavity perturbation measurements were
used to study three hole-doped (Ba;_,Ky)Fe,As, (BaK-122) crystals
with various amount of disorder and they report a fully-gapped
Fermi surface with two distinct gaps [28]. Our radio-frequency
measurements performed on BaK-122 crystals from different
sources and grown from different fluxes indicate a robust power-
law behavior of the penetration depth, A/ oc T" [29]. uSR measure-
ments performed on samples with x = 0.5 have found a close to lin-
ear variation of the superfluid density [30]. Furthermore, studies of
the electron-doped Ba(Fe;_,Coy),As, (FeCo-122) also consistently
show a power-law behavior across the broad range of cobalt con-
centrations with the exponent n in the range of 2-2.5[31,32]. Sim-
ilar results in a 122 system were obtained by Bristol group on
crystals from yet different source [17,33].

Even more surprising is the recent report of a robust T-linear
behavior of the penetration depth in very clean LaFePO single
crystals [34]. Although not containing arsenic and having a con-
siderably lower T.~ 6K, this material is very close to the ar-
senic-containing 1111 system with regard to its electronic
structure.

It is indeed very puzzling that these precision measurements
performed on high quality crystals provide such different results.
Obviously, more measurements and controlled doping- and pres-
sure-dependent studies are needed.

Another important issue is the anisotropy in these materials.
Initial reports have provided various estimates, some of which
are very large. The current picture is that none of the pnictide
superconductors possess considerable values of anisotropy. Within
the Ginzburg-Landau theory, the anisotropy of the penetration
depths, 7,(T) = A/, of the upper critical fields,
P:(T) = éwp/E = HIS’/H)S and of the normal-state resistivities,
Yo(T) = pc/pap, are related at the transition temperature, T, via
V:(Te) = y:(Te) = 1iyp(Tc) (see Ref. [26] in Ref. [35]). It has been
found that at T the 1111 system shows 7,(T.) ~ 4 and increases
to about 18 at 1 K. Similar behavior was inferred from measure-
ments of the first critical field in Pr-1111 crystals with a miniature
Hall probe [36] as well as in Nd- and Sm-1111 crystals from torque
measurements [37-39]. The 122 system is even less anisotropic, y,
is about 2 at T, and it increases to about 6 at 1 K. Such low aniso-
tropies make the pnictides very distinct from the high-T. cuprates
(except for YBCO which is also only moderately anisotropic).

In this paper we review our most up to date results on the
anisotropic London penetration depth in single crystals of the
122 system for both the hole-doped Ba;_ K(Fe,As, (measured
X~ 0.45 and 0.15) and the electron-doped Ba(Fe;_,Coy),As, (mea-
sured x ~ 0.038, 0.047, 0.058, 0.074 and 0.10) as well as the Nd-
based member of the 1111 system, NdFeAs(O,_F.), nominal
x~0.1. In all 122 crystals, we find a power-law behavior of the
penetration depth, A(T) ~ T", down to the lowest temperature cor-
responding to T/T. ~ 0.02 with the exponent n close to 2, but some-
what larger. In the Nd-1111 system, the situation is less clear due
to much smaller crystal sizes and the influence of the magnetism of
the Nd®* ions. For all systems we show the experimentally deter-
mined anisotropy of the penetration depth, y,(T), which increases
with decreasing temperature. Taking into account the opposite
trend in the temperature dependence of y:(T) (e.g., in the Co-122
system, showing a weak decrease from about 2 at T, to about 1
at low temperatures [15] the overall behaviors of the tempera-
ture-dependent anisotropies are literally opposite to those ob-
served in MgB, [40,41].

2. Experimental
2.1. Fe-based pnictide single crystals

Single crystals of the 122 system were grown at ambient pressure
using a flux-growth technique. Single crystals of Ba(Fe;_,Co,),As>
(“FeCo-122", x ~ 0.038, 0.047, 0.058, 0.074 and 0.10, T, ranged from
13 to 24 K) were grown out of self flux [15]. Single crystals of
(Baj_xKy)FesAs; (“BaK-122", x=0.45(T. ~ 28 K) and
x=0.15(T, ~ 19 K)) were grown out of a tin flux [14]. The actual co-
balt and potassium concentrations were determined by wavelength
dispersive X-ray spectroscopy in the electron probe microanalyzer
of a JEOL JXA-8200 Superprobe. The quality of the samples was
checked with magneto-optics. Fig. 1a shows uniform trapped mag-
netic flux in a FeCo-122 crystal with x = 0.074 (also see Ref. [42]).

Single crystals of the 1111 system were obtained by using a
high-pressure synthesis technique. Samples with the nominal
composition of NdFeAs(OggFp 1) (Nd-1111) were grown in a cubic
multianvil apparatus from Rockland Research Corporation at a
maximum pressure of about 3.3 GPa. The synthesis yields dense
polycrystalline NdFeAsOg oFo 1 samples that contain plate-like sin-
gle crystals as large as 500 pm. The extraction of these crystals is
possible with the help of magneto-optical imaging that allows for
the detection of the best superconducting regions [21,43]. This is
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Fig. 1. (a) Magneto-optical image of trapped flux in a Ba(Fe;_yCoy),As; (x = 0.074)
single crystal; (b) polarized-light image of a polished surface of a NdFeAs(OgoFo.1)
pellet; (c) superimposed image of the trapped flux clearly showing ~200 nm long
superconducting crystallite.

shown in Fig. 1b and c. The first panel is the polarized-light image
of a polished surface of a 5 mm diameter pellet obtained using
high-pressure synthesis. Sensitivity to the orientation of the light
polarization plane with respect to the crystal structure (producing
different colors) serves as an additional indication that we are deal-
ing with well ordered crystallites. Tetragonal symmetry of the unit
cell suggests that the crystals should grow as plates with the ab-
plane being the extended surface and the c-axis along the shortest
dimension. We therefore expect that, statistically, crystallites with
the largest areas are those whose c-axis is perpendicular to the im-
age plane. This was directly confirmed by X-ray diffraction after
these crystallites were extracted. Fig. 1c shows an overlay of a
magneto-optical image that clearly reveals one relatively large
good single crystal. In our definition of “good” we look for a spa-
tially uniform trapped magnetic flux and we also check for the uni-
formity of Meissner screening [43]. Apparently, only some
crystallites are superconducting and this is why magneto-optical
imaging was very important for the identification of good single
crystals. The tunnel-diode resonator data reported in this paper
were obtained on one of the largest crystals available for a 1111
system with dimensions of 120 x 650 x 80 um®.

2.2. Magneto-optical imaging

Magneto-optical (MO) imaging was performed in a “He optical
flow-type cryostat using Faraday rotation of polarized light in a
Bi-doped iron-garnet film having an in-plane magnetization. The
spatial resolution of this technique is about 3 pm with sensitivity
to magnetic fields of about 1 G. The temporal resolution is about
30 ms [42,44]. In a 1111 system (see Fig. 1b and c), obtained using

high-pressure synthesis, magneto-optical imaging was used to
identify the most homogeneous Meissner screening and trapped
flux within the samples and in our opinion provides a good evalu-
ation of the quality of a superconductor at least down to the mes-
oscopic scale of about 3 pm [43]. For the 122 system, slabs with
sizes of ~1x1x02mm>? having mirror-like surfaces, were
cleaved with a razor blade from larger crystals. The obtained sam-
ples were subsequently imaged with a magneto-optical setup to
ensure their quality, (Fig. 1a).

2.3. Tunnel-diode resonator (TDR) technique

The penetration depth A(T) was measured by placing the sam-
ple inside the coil of a tank circuit biased by a tunnel-diode and
resonating at a radio-frequency with a self-resonant frequency of
fo~ 14 MHz. The excitation ac magnetic field H, ~ 10 mOe is
much less than the lower critical field H; ~ 100 Oe, as estimated
from low-field magnetization measurements. Therefore, in zero
dc applied fields the sample is in the Meissner state. Upon insertion
of a sample with magnetic susceptibility y into the coil, the reso-
nant frequency change, 5f(T) = fo — f(T), is given by [1,45,46],

2nf(T) = 1//ITC| _ of(T) __ALT) _
fmax/fo <107 fo 2L

Here f(T) is the actual resonant frequency, L(T) is the inductance
of the coil containing the sample, fy is the resonant frequency of the
empty resonator and J&fq represents the maximum frequency
shift we encounter in our experiments. Vsgmpie and Veo; are the vol-
umes of the sample and of the coil, respectively, and y(T) is the dy-
namic magnetic susceptibility of the entire sample defined as
x = dM/dH(this also includes demagnetization effects). With a local
magnetic permeability u (e.g., due to magnetic Nd>* ions) the glo-
bal dynamic susceptibility of a slab can be written as

411;{:;1@ tanhi—l (2)

R0
and in the case of dilute magnetic impurities, i(u) = A./,/Il, where
/. is the London penetration depth of the “non-magnetic” material
[47,48]. Therefore, by measuring the frequency shift due to the
influence of the sample, one can measure the change in the London
penetration depth. The frequency shift measured by TDR or micro-
wave techniques is usually analyzed in terms of the relative change
in the penetration depth,

Af = f(Timin) = f(T) = G/ I(T)AZ(T) (3)

where the tanh(R/4(t)) term is neglected assuming 2 < R (which is
true at low temperatures) and

Vsample
~— 4ty (T 1
Sy Amm) (1)

_ fO Vsample
C= E 2vcail (4)

is the geometric calibration factor that can be measured by pulling
the sample out of the coil and calculating the effective dimension R
[45]. The \/u(T) term in Eq. (3) has led to the erroneous misidenti-
fication of s-wave pairing in the Nd-based electron-doped super-
conductors [23,24] and quite possibly is playing an important role
in the iron-based pnictides. With various experimental contriv-
ances, such as active temperature stabilization of the circuit and
thermally separating it from the sample, we are able to resolve fre-
quency shifts of about 0.1 Hz at the resonant frequency of 107 Hz.
This results in a frequency resolution of 10 ppb, which translates
into Angstrom resolution in the London penetration depth.

The anisotropy of the sample leads to additional experimental
complications, but can be dealt with by measuring the same sam-
ple in different orientations. Let us consider the simplest case with
two different London penetration depths, /4 and /., as shown in
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Fig. 2. For such a geometry, the anisotropic London equation reads
[1,49],
;2 9°B,
< ox?

, OB,
ab ayz

and the overall magnetic susceptibility is given by

+ 7

=B, (5)

Jab d . 2~ tanh(by)/ A
—4ny =1—-"®tanh <)_> —2.b Z ——— (6)

>
d ab & 1%h?

where k,=m(1/2+n) and b, :bd(l +(knzab/d)2>. It is easy to

show that Eq. (6) gives the correct result for limiting cases. For
example, if J, <d and /. < b, we obtain b,~b and with
Ef‘zokrjz =1/2, we have —4ny=1-/4/d tanh(d/iwm)— Ac/b
tanh(b//.), as expected. More often one has Z. > A4 and in this
case, for typical crystal dimensions, one has i./b > Aq/d, so that
the susceptibility is dominated by Z.. Nevertheless, by measuring
the same sample in different orientations and comparing samples
of different aspect ratios, one can extract both i,(T) and A.(T). In
the following, when we write only A(T), it signifies A4, (T). When
we explicitly distinguish the two, it will be indicated.

Another complication arises from the demagnetization factor of
the sample. Strictly speaking, it can only be defined for ellipsoidal
samples, but for real samples an effective demagnetizing factor is
still a useful concept. A more difficult problem is to determine
the effective sample dimension by which to normalize the penetra-
tion depth in this demagnetizing geometry. A semi-analytical solu-
tion for this problem was found in Refs. [21,45], where it was
shown that the magnetic susceptibility is given by an equation
similar to that for the case of an infinite slab,

1 A R
—4ny = TN {1 % tanh (;ﬂ (7)

where R is an effective sample dimension and N is the demagneti-
zation factor. For a disk of thickness 2d and radius w and for a mag-
netic field applied perpendicular to the plane of the disk (i.e. along
d),

w
2{1 + {1 + (%)2] arctan (¥) — 2

w

R~

®)
J

In the thin limit, d < w, R ~ 0.2w. For this case, the demagnetiza-
tion correction is given by,

1 w
142
T—n~ 1 "2 ®
In Eq. (7), the tanh(R/2) term is only an approximation (it is exact
for an infinitely long slab of thickness 2w). For an infinitely long cyl-
inder, instead of tanh(R/2), the exact solution of the London equa-
tion gives the ratio of the modified Bessel functions of the first
kind, I;(R/2)/Io(R/4). However, these distinctions are important
only close to T. (as long as 1 > 0.4w) and even then the results

2 (a) (b)

Fig. 2. Experimental configurations. (a) geometry relevant to Eq. (5) when w — .
(b) finite w with field normal to conducting planes. In-plane penetration depth is
assumed isotropic.

are quite similar. At low temperatures, R/2 > 1) and the hyperbolic
tangent factor is essentially unity and therefore irrelevant. For rect-
angular slabs Egs. (7)-(9) can be applied with the effective lateral
dimension

db
b+2d/3

Eq. (10) was obtained by fitting the numerical solutions of Eq. (6) in
its isotropic form, i.e., for i, = Agp, to Eq. (7). A straightforward gen-
eralization of Eq. (8) would lead to a similar expression, but without
the factor of 2/3 in the denominator.

W= (10)

3. Results and discussion
3.1. Ba(Fe;_xCoy)2As>. (% =~ 0.038, 0.047, 0.058, 0.074 and 0.10)

This system so far possesses the most uniform and robust
superconductivity of all Fe-based pnictides in our experiments,
with the results highly reproducible between different batches
and agreeing well for different types of measurements.

Fig. 3 shows the change in the penetration depth measured for
several different doping levels in Ba(Fe;_xCoy),As; single crystals
plotted vs. the power-law of reduced temperature, (T/T.)", where
n was obtained by fitting the data. The values of doping levels
and the exponent n are shown in the figure.

Another way to look at our data is to construct the normalized
superfluid density,

2(0)\? AN(T)\ 2

o= (m) = (1+55) 1
where AA(T) = A(T) — A(0) is the measured change of the penetra-
tion depth. The superfluid density is directly related to the super-
conducting gap structure on the Fermi surface. It is not sensitive
to the phase of the order parameter, but it is sensitive to the angular
dependence of the gap magnitude and can be used to analyze the
unconventional behavior [1,6].

One problem that exists is that one needs to know the value of
2(0). While it is possible to measure it using the TDR technique,
this requires additional manipulations of the samples [46] and
these results will be reported elsewhere. Here we used measure-
ments of the first critical field, Hy, by looking at the first signs of
nonlinearity in precision low-field M(H) curves. This procedure
works quite well for large samples. Specifically, the sample was

Co (x), exponent
—o—0.038,n=2.1

015 ——-0.047,n=2.0 .
—O-0.058,n=2.3
—a-0.074,n=24
O 0.10 -
=2
<
0.05 -

An=C(T/T,)"

0.00 0.05 0.10 0.15
(TITC)"

Fig. 3. Relative change in the penetration depth in Ba(Fe;_Co,),As, single crystals
for indicated x plotted vs. the power-law of reduced temperature, (T/T,.)".
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cooled in zero field to 5 K (lowest temperature of our SQUID mag-
netometer, but a lower temperature would be better). After that a
small field interval magnetization loop was measured. If the loop
was reversible (no noticeable hysteresis), another loop was mea-
sured using a higher maximum value of field, Hy,qx. Results of such
measurements are shown in Fig. 4 for several values of Hjgy.
Clearly, the irreversible behavior appears at the field where the
deviation from linear behavior is observed. We estimate this field
as 65+ 5 0e. We now discuss the procedure used for accounting
for the demagnetization factor. By measuring dM/dH|y _, o and
knowing the sample volume we can estimate the effective demag-
netization factor, N = 0.64, which also agrees with the one calcu-
lated according to the procedure described in Ref. [1]. We need
one more ingredient to estimate A(0), and that is the coherence
length, ¢&. It was measured directly by scanning tunneling spectros-
copy to be ¢ =2.76 nm at 5 K [50]. With this information and using
the well-known expression [51]

Dy A
Hy s (lné + 0.485) (12)
we estimate A(5K) =210 £ 10 nm. By extrapolating the data shown
in Fig. 3 to T=0 we finally obtain 2(0) ~ 190 + 10 nm. (The corre-
sponding Ginzburg-Landau parameter is then k=1/¢=76+4).
Taking into account the literature data of 4(0) ~ 254 nm for La-
1111 [52] and 4(0) ~ 190 nm for Sm-1111 [53] from PSR measure-
ments, we adopt 4(0) = 200 nm for the calculations. The resulting
p(T) is shown in Fig. 5 for two values of A(0) =200nm and
650 nm. The larger value of A(0) =650nm is taken from the
theoretical analysis of our data by Wisconsin group [54]. Their
explanation invokes the so-called S pairing model [26,55] in which
non-magnetic impurities act as pair-breakers, similar to magnetic
impurities in conventional fully-gapped s-wave superconductors.
As shown in Fig. 6a, by tuning the scattering parameters and /(0)
it is possible to fit our data quite well, although the values for
2(0) are required to be a bit larger and the corresponding lower crit-
ical field is about 23 Oe. We note, however, that at very low temper-
atures, the S. scenario will always give exponential behavior, so one
of the ways to check its validity is to perform these measurements
at very low temperatures using a dilution refrigerator (work in pro-
gress). A related result, originally from Ref. [34], is shown in Fig. 6b.
Down to 100 mK, the penetration depth is linear in temperature and
the S. model cannot fit the data.

One of the possible reasons for a power-law behavior of the
penetration depth, AA(T) < T" with n =~ 2, could be that it is a dirty
superconductor with line nodes [56]. However, so far, no direct

2)(104 T T T T T T T T T T T
T=5K
kg AARHIRIARK sk ok
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1x10° | ***** * 5
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5x10° + A 170 e
000
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Fig. 4. Partial magnetization loops minus the initial slope at 5 K.

0.0 0.2 04 0.6 0.8 1.0

Fig. 5. Superfluid density in a Ba(Fe;_,Coy),As, single crystal near optimal doping
of x=0.074. Inset: zoomed in at the lowest temperatures showing the non-
exponential behavior. Solid lines show standard weak-coupling s- and d- wave
behavior.

evidence of line nodes exists for the iron-based pnictides. An alter-
native interpretation proposed in Refs. [31,32] is the existence of
point nodes on three-dimensional sheets of the Fermi surface. In
such a case n=2 is expected for the clean case and scattering
would likely increase this power as observed in our experiments.
For a certain doping level such a scenario can be realized for S.
pairing with the nodes located between Fermi surface sheets
[57]. If the actual shape of the Fermi surface strongly deviates from
cylindrical, the equator of the Fermi surface can reach the points
where the order parameter changes sign and becomes gapless at
a single spot forming a point node. However, such a mechanism
depends sensitively on the Fermi surface shape and position (in
stark contrast to d- or p-wave states where the nodes are enforced
by the symmetry), which in turn depends sensitively on the doping
level. Since we have observed a robust and almost universal
AA(T)  T? behavior across all doping levels [31], such a scenario
needs to be further investigated.

Finally, Fig. 7 shows the results of both A2y (T) and AZ(T) and
the anisotropy ratio, y,. In order to obtain the anisotropy ratio,
the value of /,(0)=200nm was used and the value for
2¢(0) ~ 1200 nm was obtained by matching the anisotropy ratio
at T, with the anisotropies of y: ~2 and 7, ~ 4 [32,35]. Contrary
to the situation in MgB; [40], in Ba(Fe;_xCox),As, crystals y,(T) in-
creases with the decrease of temperature (and y:(T) decreases [32]).
While an exact treatment is not currently available, it is plausible
that such behavior is related to the complex multiband structure
of the iron-based pnictides. In MgB, the anisotropy is dominated
by a larger 2D c-band at low temperatures, whereas a more isotro-
pic m-band contributes at higher temperatures. In the pnictides
such simple arguments may not be valid, especially if one consid-
ers inter-band pairing. One conclusion is clear and it is that the
electromagnetic anisotropy of the pnictide superconductors is
low, in fact much lower than in the high-T, cuprates.

3.2. (Ba;_xKy)FesAs, (x ~ 0.45 and 0.15)

Several (Ba;_yxKy)Fe,As, single crystals of various shapes and as-
pect ratios, from different batches of Sn-flux grown samples, were
studied. A separate report, where crystals grown from both Sn and
from FeAs flux were investigated, will be published elsewhere [29]
(both show very similar results). The penetration depth for two
single crystals is shown in Fig. 8. The lower right inset (a) of
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Fig. 6. (Reprinted from Ref. [54] by permission from the authors). (a) Change of the London penetration depth in Ba(Fe;_,Coy),As, single crystals with x = 0.038 (underdoped),
x=0.074 (near optimal doping) and x = 0.1 (overdoped). (b) AA(T) in clean LaFePO single crystals showing T-linear behavior down to 100 mK [34].

Fig. 8 shows the full temperature range of superconductivity for
two samples with nominal potassium content of x ~ 0.45 (sample
#1 with onset T, ~ 28 K) and underdoped x ~ 0.15 (sample #2 with
onset T, ~ 19 K). Below T =0.3T,, the penetration depth does not
show exponential decay as expected from a single superconducting
gap with s-wave symmetry. Instead, as it can be seen in the upper
left inset (b) of Fig. 8, a power-law fit suggests a nearly quadratic
behavior of A(T). This behavior is apparent when A(T) is plotted
vs. (T/T.)? as shown in the main frame of Fig. 8. This result implies
that the electrodynamic properties are universal, at least within
the 122 family. Fig. 9 shows the superfluid density in (Ba;_Ky)-
Fe,As, single crystal #1 with x=0.45 for the choice of
2(0) = 180 nm [58,59]. Obviously, the clean s-wave scenario (dou-
ble-dot-dashed line in Fig. 9) does not reproduce the full tempera-
ture dependence of p(T). Given the multiband structure of the iron-
based pnictide superconductors it is tempting to fit the data to a
two-gap model with two s-wave gaps where their amplitudes
and the relative contribution of each gap become the free parame-
ters. Such a fit appears to work over the entire temperature scale as
shown in Fig. 9. Two partial superfluid densities obtained for
Ay=23.5K and 4, =5 K are shown as solid lines in Fig. 9.

The resulting superfluid density with 90% contribution from 4,
is shown as a dashed line. This fit, however, fails when the low-
temperature region is examined as shown in the inset. This does
not imply the absence of multi-gap superconductivity but rather

10 g

Ba(Fey g26C00 74)2AS;

Ah(um)

0 5 10 15 20
T(K)

Fig. 7. Changes in the in-plane and out-of-plane penetration depths in single
crystal Ba(Fe;_Co,),As, near optimal doping of x = 0.074. Inset: anisotropy ratio, y,.
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Fig. 8. Penetration depth in two different (Ba;_Ky)Fe,As, crystals showing almost
perfect T? behavior at low temperatures. Lower right inset (a) shows the full
temperature scale. Upper left inset (b) shows power-law fit.

0 10 20
T(K)

Fig. 9. Superfluid density in a (Ba;_sKy)Fe,As, single crystal with x=0.45 for
4(0) = 180 nm. Double-dot-dashed line is the standard s-wave curve. Solid lines
and a dashed line represent an s-wave two-gap model as explained in the text.
Inset: zoomed in at the low-temperature region showing the failure of the two-gap
fit.
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Fig. 10. Two London penetration depths in a (Ba;_.K,)Fe,As, single crystal. Inset:
anisotropies of the penetration depth, y,, and of the upper critical field, y: [60].

it means that the gaps have strong anisotropy and perhaps nodes
and/or strong inter-band scattering effects that need to be incorpo-
rated into the theoretical models.

Finally, the anisotropy of the penetration depth in a (Ba;_,K,)-
Fe,As, single crystal with x = 0.45 is shown in Fig. 10. The proce-
dure used for determining y, was the same as that described
above for the Ba(Fe;_4Coy)2As, crystal and y: was estimated di-
rectly from the reported radio-frequency pulsed-field measure-
ments [60]. The overall behavior of both y; and y; is very close to
the Co-doped system, reinforcing the conclusion that these two
systems are very similar, despite the difference in carrier type.

3.3. NdFeAs(0;_xFy) (nominal x = 0.1)

The measurements of the NdFeAs(O,_,F,) system are more dif-
ficult to perform and, at present, the results are more ambiguous
due to the small sizes of the crystals and the presence of magne-
tism due to the rare-earth ions. The crystals were carved out of a
dense polycrystalline pellet with the help of magneto-optical map-
ping [21,43]. The original samples had the largest dimensions on
the order of 100 um and the measurements were quite noisy due
to a poor filling factor (ratio of the volumes in Eq. (1)). More recent

20
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Fig. 11. Penetration depths in NdFeAs(O;_,F,) (nominal x = 0.1) single crystal. Inset:
the anisotropy ratio y, = Ac/Aa.

crystals are 4-5 times larger than the original report [21] and new
measurements have given some reason to believe that the conclu-
sion stating that the 1111 system is fully gapped is premature.
While these new data are still being analyzed and prepared for
publication, here we report on the anisotropy of the penetration
depth in NdFeAs(O;_4Fy) crystals.

Fig. 11 shows the London penetration depths in a
NdFeAs(OggFo.1) single crystal and the inset shows the anisotropy
ratio, 7, = Z./Aq- Clearly, this material is more anisotropic, so that
7, changes from about 4 at T, to about 18 at low temperatures.
Similar trend was observed in Nd-1111 and Sm-1111 crystals by
torque measurements [37-39]. For comparison, the anisotropy
changes from 2 to 7 in BaK-122 and from 2 to 6 in FeCo-122, so
it is about two times more anisotropic than the 122 pnictides. In
either case, the temperature dependence of y,(T) remains similar
in that it increases upon the decrease of temperature.

4. Conclusions

In conclusion, we have studied several dozens of single crystals
of three families of iron-based pnictide superconductors and from
different growth procedures. While the behavior of the 1111 sys-
tem is still an open question due to small crystal sizes and magne-
tism of rare-earth ions, the London penetration depth is clearly
non-exponential in all 122 samples. For both hole- and electron-
doped compounds and for all doping levels from the underdoped
to overdoped regimes, the penetration depth exhibits a robust
and almost universal power-law behavior, 4(T) oc T" with the expo-
nent n ~ 2-2.5, depending on the studied samples. Three primary
mechanisms that have been suggested to explain such behavior
are: (1) dirty superconductor with line nodes; (2) dirty supercon-
ductor within S. pairing scenario; (3) superconductor with point
nodes. At this stage we cannot give priority to any of these mech-
anisms. However, the universality of the behavior (i.e., the lack of
significant dependence on the doping) suggests that the results
are unrelated to impurity scattering. Perhaps yet another unknown
mechanism is at play and this paper should be considered as a
summary of a comprehensive experimental study of the penetra-
tion depth in single crystals rather than an attempt to promote
any specific pairing model.

We have also reported direct measurements of the electromag-
netic anisotropy, ¥, = 4./, in all studied systems. The anisotropy
of the 1111 system is about twice that of the 122 system, but both
remain quite low compared to the high-T, cuprates. It is possible
that the low anisotropy provides additional support for the exis-
tence of a fairly three-dimensional character to the electronic
structure of the pnictide superconductors making the point-node
scenario more plausible.

Acknowledgements

We thank A. Carrington, A.V. Chubukov, J.R. Clem, P.J. Hirsch-
feld, A. Kaminski, L.I. Mazin, G.D. Samolyuk and J. Schmalian for dis-
cussions and comments. We thank A.V. Chubukov and A.B.
Vorontsov for the permission to use (Fig. 6) and fitting our data.
Work at the Ames Laboratory was supported by the Department
of Energy-Basic Energy Sciences under Contract No. DE-AC02-
07CH11358. R.P. acknowledges support from Alfred P. Sloan Foun-
dation. M.A.T. acknowledges continuing cross-appointment with
Institute of Surface Chemistry, NAS Ukraine.

References

[1] R. Prozorov, R.W. Giannetta, Supercond. Sci. Technol. 19 (2006) R41.
[2] D.J. Van Harlingen, Rev. Mod. Phys. 67 (1995) 515.
[3] K.D. Nelson, Z.Q. Mao, Y. Maeno, C. Liu, Science 306 (2004) 1151.



R. Prozorov et al./Physica C 469 (2009) 582-589 589

[4] A. Damascelli, Z. Hussain, Z.-X. Shen, Rev. Mod. Phys. 75 (2003) 473.

[5] O. Fischer, M. Kugler, 1. Maggio-Aprile, C. Berthod, C. Renner, Rev. Mod. Phys.
79 (2007) 353.

[6] B.S. Chandrasekhar, D. Einzel, Ann. Phys. 2 (1993) 535.

[7] W.N. Hardy, D.A. Bonn, D.C. Morgan, R. Liang, K. Zhang, Phys. Rev. Lett. 70
(1993) 3999.

[8] Y. Kamihara, T. Watanabe, M. Hirano, H. Hosono, J. Am. Chem. Soc. 130 (2008)
3296.

[9] Z.A. Ren, ]. Yang, W. Lu, W. Yi, X.L. Shen, Z.C. Li, G.C. Che, X.L. Dong, L.L. Sun, F.
Zhou, Z.X. Zhao, Europhys. Lett. 82 (2008) 57002.

[10] Z.A. Ren, J. Yang, W. Lu, W. Yi, G.C. Che, X.L. Dong, L.L. Sun, Z.X. Zhao, Mat. Res.
Innov. 12 (2008) 105.

[11] Z.A. Ren, W. Ly, J. Yang, W. Yi, X.L. Shen, Z.C. Li, G.C. Che, X.L. Dong, L.L. Sun, F.
Zhou, Z.X. Zhao, Chinese Phys. Lett. 25 (2008) 2215.

[12] Z.A. Ren, G.C. Che, X.L. Dong, J. Yang, W. Lu, W. Yi, X.L. Shen, Z.C. Li, L.L. Sun, F.
Zhou, Z.X. Zhao, Europhys. Lett. 83 (2008) 17002.

[13] M. Rotter, M. Tegel, D. Johrendt, Phys. Rev. Lett. 101 (2008) 107006.

[14] N.Ni, S.L. Bud’ko, A. Kreyssig, S. Nandi, G.E. Rustan, A.I. Goldman, S. Gupta, J.D.
Corbett, A. Kracher, P.C. Canfield, Phys. Rev. B 78 (2008) 014507.

[15] N. Ni, M.E. Tillman, J.Q. Yan, A. Kracher, S.T. Hannahs, S.L. Bud’ko, P.C. Canfield,
Phys. Rev. B 78 (2008) 214515.

[16] ASS. Sefat, R. Jin, M.A. McGuire, B.C. Sales, DJ. Singh, D. Mandrus, Phys. Rev.
Lett. 101 (2008) 117004.

[17] J.-H. Chu, ]J.G. Analytis, C. Kucharczyk, LR. Fisher, 2008, arxiv:/0811.2463.

[18] V.P. Mineev, KV. Samokhin, Introduction to Unconventional
Superconductivity, Gordon and Breach Science Publishers, Amsterdam, 1999.
p. 190.

[19] K. Hashimoto, T. Shibauchi, T. Kato, K. Ikada, R. Okazaki, H. Shishido, M.
Ishikado, H. Kito, A. Iyo, H. Eisaki, S. Shamoto, Y. Matsuda, Phys. Rev. Lett. 102
(2009) 017002.

[20] L. Malone, ].D. Fletcher, A. Serafin, A. Carrington, N.D. Zhigadlo, Z. Bukowski, S.
Katrych, J. Karpinski, 2008, arxiv:/0806.3908.

[21] C. Martin, M.E. Tillman, H. Kim, M.A. Tanatar, S.K. Kim, A. Kreyssig, R.T. Gordon,
M.D. Vannette, S. Nandi, V.G. Kogan, S. L. Bud’ko, P.C. Canfield, A.l. Goldman, R.
Prozorov, 2009, arXiv:/0903.2220.

[22] ]J.-W.G. Bos, P. Jeglic, E. Suard, M. Brunelli, D. Arcon, S. Margadonna, 2008,
arxiv:/0806.1450.

[23] J.R. Cooper, Phys. Rev. B 54 (1996) R3753.

[24] R. Prozorov, R.W. Giannetta, P. Fournier, R.L. Greene, Phys. Rev. Lett. 85 (2000)
3700.

[25] R. Prozorov, RW. Giannetta, P. Fournier, R.L. Greene, Physica C 341-348 (2000)
1703.

[26] D. Parker, 0.V. Dolgov, M.M. Korshunov, A.A. Golubov, LI. Mazin, Phys. Rev. B
78 (2008) 134524.

[27] M. Gang, Z. Xi-Yu, F. Lei, S. Lei, R. Cong, W. Hai-Hu, Chinese Phys. Lett. 25
(2008) 2221.

[28] K. Hashimoto, T. Shibauchi, S. Kasahara, K. Ikada, T. Kato, R. Okazaki, C.J.v.d.
Beek, M. Konczykowski, H. Takeya, K. Hirata, T. Terashima, Y. Matsuda, 2008,
arxiv:/0810.3506.

[29] C. Martin, R.T. Gordon, M.A. Tanatar, H. Kim, N. Ni, S. L. Bud'ko, P.C. Canfield, H.
Luo, H.H. Wen, Z. Wang, A.B. Vorontsov, V.G. Kogan, R. Prozorov, arxiv:/
0902.1804.

[30] T. Goko, A.A. Aczel, E. Baggio-Saitovitch, S.L. Bud’ko, P.C. Canfield, J.P. Carlo, G.F.
Chen, P. Dai, A.C. Hamann, W.Z. Hu, H. Kageyama, G.M. Luke, J.L. Luo, B.
Nachumi, N. Ni, D. Reznik, D.R. Sanchez-Candela, A.T. Savici, KJ. Sikes, N.L.
Wang, C.R. Wiebe, TJ. Williams, T. Yamamoto, W. Yu, Y.J. Uemura, 2008, arxiv:/
0808.1425.

[31] RT. Gordon, C. Martin, H. Kim, N. Ni, M.A. Tanatar, J. Schmalian, L.I. Mazin, S.L.
Bud’ko, P.C. Canfield, R. Prozorov, Phys. Rev. B 79 (2009) 100506(R).

[32] R.T. Gordon, N. Ni, C. Martin, M.A. Tanatar, M.D. Vannette, H. Kim, G. Samolyuk,
J. Schmalian, S. Nandi, A. Kreyssig, A.l. Goldman, J.Q. Yan, S.L. Bud’ko, P.C.
Canfield, R. Prozorov, Phys. Rev. Lett. 102 (2009) 127004.

[33] A. Carrington, private communication.

[34] ].D. Fletcher, A. Serafin, L. Malone, J. Analytis, J.-H. Chu, A.S. Erickson, L.R. Fisher,
A. Carrington, 2008, arxiv:/0812.3858.

[35] M.A. Tanatar, N. Ni, C. Martin, R.T. Gordon, H. Kim, V.G. Kogan, G.D. Samolyuk,
S.L. Bud’ko, P.C. Canfield, R. Prozorov, Phys. Rev. B 79 (2009) 094507.

[36] R. Okazaki, M. Konczykowski, CJ.v.d. Beek, T. Kato, K. Hashimoto, M.
Shimozawa, H. Shishido, M. Yamashita, M. Ishikado, H. Kito, A. Iyo, H. Eisaki,
S. Shamoto, T. Shibauchi, Y. Matsuda, Phys. Rev. B 79 (2009) 064520.

[37] S. Weyeneth, R. Puzniak, U. Mosele, N. Zhigadlo, S. Katrych, Z. Bukowski, ].
Karpinski, S. Kohout, J. Roos, H. Keller, ]. Supercond. Novel Magn. (2008) 1557.

[38] S. Weyeneth, R. Puzniak, N. Zhigadlo, S. Katrych, Z. Bukowski, J. Karpinski, H.
Keller, J. Supercond. Novel Magn. 22 (2009) 347.

[39] L. Balicas, A. Gurevich, Y.J. Jo, J. Jaroszynski, D.C. Larbalestier, R.H. Liu, H. Chen,
X.H. Chen, N.D. Zhigadlo, S. Katrych, Z. Bukowski, ]J. Karpinski, 2008, arxiv:/
0809.4223.

[40] ].D. Fletcher, A. Carrington, O.]. Taylor, S.M. Kazakov, J. Karpinski, Phys. Rev.
Lett. 95 (2005) 097005.

[41] V.G. Kogan, N.V. Zhelezina, Phys. Rev. B 69 (2004) 132506.

[42] R. Prozorov, N. Ni, M.A. Tanatar, V.G. Kogan, RT. Gordon, C. Martin, E.C.
Blomberg, P. Prommapan, J.Q. Yan, S.L. Bud’ko, P.C. Canfield, Phys. Rev. B 78
(2008) 224506.

[43] R. Prozorov, M.E. Tillman, E.D. Mun, P.C. Canfield, New. ]J. Phys. 11 (2009)
035004.

[44] R. Prozorov, A. Fidler, J. Hoberg, P. Canfield, Nat. Phys. 4 (2008) 327.

[45] R. Prozorov, R.W. Giannetta, A. Carrington, F.M. Araujo-Moreira, Phys. Rev. B
62 (2000) 115.

[46] R. Prozorov, RW. Giannetta, A. Carrington, P. Fournier, R.L. Greene, P.
Guptasarma, D.G. Hinks, A.R. Banks, Appl. Phys. Lett. 77 (2000) 4202.

[47] L.N. Bulaevskii, Sov. Phys. Uspekhi 26 (1983) 544.

[48] L.N. Bulaevskii, A.I. Buzdin, M.L. Kulic, S.V. Panjukov, Adv. Phys. 34 (1985) 175.

[49] P.A. Mansky, P.M. Chaikin, R.C. Haddon, Phys. Rev. B 50 (1994) 15929.

[50] Y. Yin, M. Zech, T.L. Williams, X.F. Wang, G. Wu, X.H. Chen, J.E. Hoffman, Phys.
Rev. Lett. 102 (2009) 097002.

[51] M. Tinkham, Introduction to Superconductivity, McGraw-Hill Book Co., New
York, 1996.

[52] H. Luetkens, H.H. Klauss, R. Khasanov, A. Amato, R. Klingeler, 1. Hellmann, N.
Leps, A. Kondrat, C. Hess, A. Kohler, G. Behr, J. Werner, B. Buchner, Phys. Rev.
Lett. 101 (2008) 097009.

[53] AJ. Drew, F.L. Pratt, T. Lancaster, S.J. Blundell, P.J. Baker, R.H. Liu, G. Wu, X.H.
Chen, I. Watanabe, V.K. Malik, A. Dubroka, K.W. Kim, M. Rossle, C. Bernhard,
Phys. Rev. Lett. 101 (2008) 097010.

[54] A.B. Vorontsov, M.G. Vavilov, A.V. Chubukov, 2009, arxiv:/0901.0719.

[55] A.V. Chubukov, D.V. Efremov, I. Eremin, Phys. Rev. B 78 (2008) 134512/1.

[56] PJ. Hirschfeld, N. Goldenfeld, Phys. Rev. B 48 (1993) 4219.

[57] R. Sknepnek, G. Samolyuk, Y.-B. Lee, B.N. Harmon, J. Schmalian, Phys. Rev. B 79
(2009) 045511.

[58] G.Li, W.Z. Hy, J. Dong, Z. Li, P. Zheng, G.F. Chen, J.L. Luo, N.L. Wang, Phys. Rev.
Lett. 101 (2008) 107004.

[59] U. Welp, R. Xie, A.E. Koshelev, W.K. Kwok, H.Q. Luo, Z.S. Wang, G. Mu, H.H.
Wen, Phys. Rev. B 79 (2009) 094505.

[60] M.M. Altarawneh, K. Collar, C.H. Mielke, N. Ni, S.L. Bud’ko, P.C. Canfield, Phys.
Rev. B 78 (2008) 220505.



	Anisotropic London penetration depth and superfluid density in single crystals  of iron-based pnictide superconductors
	Introduction
	Experimental
	Fe-based pnictide single crystals
	Magneto-optical imaging
	Tunnel-diode resonator (TDR) technique

	Results and discussion
	Ba(Fe1−xCox)2As2. (x≈0.038, 0.047, 0.058, 0.074 
	(Ba1−xKx)Fe2As2 (x≈0.45 and 0.15)
	NdFeAs(O1−xFx) (nominal x=0.1)

	Conclusions
	Acknowledgements
	References


