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We report upper critical field Bc2ðTÞ data for disordered (arsenic-deficient) LaO0:9F0:1FeAs1�� in a

wide temperature and magnetic field range up to 47 T. Because of the large linear slope of Bc2 � �5:4 to

�6:6 T=K near Tc � 28:5 K, the T dependence of the in-plane Bc2ðTÞ shows a flattening near 23 K above

30 Twhich points to Pauli-limited behavior with Bc2ð0Þ � 63–68 T. Our results are discussed in terms of

disorder effects within conventional and unconventional superconducting pairings.
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The recent discovery of relative high transition tempera-
tures Tc in LaO0:9F0:1FeAs1�� [1] has established a new
family of superconductors. Since the usual e-ph mecha-
nism has been ruled out by a much too weak coupling
strength � � 0:2 [2], a variety of nonstandard mechanisms
mostly involving spin fluctuations have been proposed [3–
5]. Naturally, our knowledge about these fascinating sys-
tems is still poor at present. Together with the controver-
sially discussed unconventional (p- or d-wave) vs
conventional (extended s-wave) symmetry, the magnitude
of the superconducting order parameter � (gap)[6,7], the
upper critical field Bc2ðTÞ, and its slope near Tc are funda-
mental quantities characterizing the superconducting state.
Because of the involved Fermi velocities vf in the clean

limit, it provides insight into the underlying electronic
structure which might be affected by a complex interplay
of correlation effects [8,9] and the vicinity of competing
magnetism [10–12]. Controlled disorder provides insight
into relevant scattering processes and in the symmetry of
the pairing, since any unconventional pairing in the sense
of Tc and dBc2=dTjTc

is expected to be suppressed by

strong disorder [13–16]:
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where c ðxÞ is the digamma function and � is the strong-
coupling pair-breaking parameter � ¼ �2

p�0=8�ð1þ
�ÞTc0, which is related to the residual resistivity �0 and
the plasma energy �p in the ða; bÞ plane. Some, but much

weaker, suppression might occur also in the anisotropic or
multiband s-wave case since the scattering may smear out
the gap anisotropy. However, it will be shown that surpris-
ingly nothing similar happens in our case.

For low applied fields, rather different slopes
dBc2=dT � �1:6 T=K up to �2 T=K at Tc � 26 K
[17,18] and up to �4 T=K at Tc � 20 K [19] have been
reported for the As-stoichiometric La-based compounds.
Here we report with dBc2=dT � �5:4 to�6:6 T=K, to our
knowledge one of the highest slopes of Bc2 near Tc ob-

served so far for the La series. Another interesting issue of
high-field studies considered here is the possibility of
Pauli-limiting (PL) behavior. Triplet p-wave pairing or
strong coupling [Bc2ð0Þ � 50 T] would naturally explain
the reported absence of PL behavior [17]. In this context it
is important that we succeeded to detect PL behavior for
our specific sample. It points to Bc2ð0Þ values being much
below often-used WHH (Werthamer-Helfand-Hohenberg)
[20] -based estimates. After presenting various data which
deviate from those of Ref. [17] as well as from our non-
deficient As samples [21–25], we will discuss our Bc2ðTÞ
results in light of these more general issues.
A polycrystalline sample of LaO0:9F0:1FeAs1�� was

prepared as described in our previous work [21–25] and,
e.g., in Ref. [26]. However, in contrast to that work, here a
Ta foil was used to wrap the pellets. Ta acts as an As getter
at high T forming a solid solution of about 9.5 at.% As in
Ta with a small layer of Ta2As and TaAs on top of the foil.
This leads to an As loss in the pellets. The annealed pellets
were ground and polished, and the local composition of the
resulting samples was investigated by wavelength-
dispersive x-ray spectroscopy in a scanning electron micro-
scope. The sample consists of 1–20 �m-sized grains of
LaO0:9F0:1FeAs1�� (�� 0:05–0:1) where the F content
slightly fluctuates between different grains. A powder
x-ray diffraction study with a Rietveld refinement of the

main phase yields slightly enhanced lattice constants: a ¼
4:028 19 �A and c ¼ 8:723 97 �A compared to a ¼
4:020 43ð4:024 51Þ �A and c ¼ 8:695 52ð8:709 95Þ �A for
our cleanest sample with Tc ¼ 26:8 K and an ordinary
sample with Tc ¼ 26 K, respectively [25]. The latter are
almost As-stoichiometric samples with the same F0:1 con-
tent. Surprisingly, the lattice constants of the ADS (As-
deficient sample) are close to those for underdoped
samples near the border of magnetism and superconduc-
tivity in stoichiometric samples. The reduced charge of the
anionic As layers suggests less attraction between them
and the adjacent ‘‘cationic’’ central Fe and the charge
reservoir LaO0:9F0:1 layers. This might explain the increase
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of c and due to the weakened Madelung potential also a
reduced doping of the Fe layer.

The electrical resistance was measured for a platelike
LaO0:9F0:1FeAs1�� ADS with nominal dimensions 3�
2:6� 0:53 mm3 using the standard four-point method. Its
resistivity �ðTÞ is shown in Fig. 1. The resistivity of this
ADS in the normal state at 30 K, with about 0:6 m�cm,
clearly exceeds that reported for other LaO0:9F0:1FeAs
samples. Nevertheless, our ADS was found to exhibit a
rather high Tc value of 28.5 K defined at 90% of � in the
normal state and a relatively sharp transition width (see
inset of Fig. 1) which excludes an anomalous inhomoge-
neity. The low-T region above Tc with � / T2, ascribed to
a pronounced e-e scattering regarded as evidence for a
standard Fermi liquid picture [18], has been somewhat
narrowed from 225 to T � 175 K for this ADS [27]. The
�ðTÞ dependence of this ADS resembles that of under-
doped stoichiometric samples in the range of 0.05–0.07 F
content [25]. Since each As site is surrounded by four Fe
sites, the effect of even a few As vacancies might be
drastic. Thus, a substantial shortening of the mean free
path l up to a few lattice constants a as estimated below
from the observed enhanced field slope at Tc seems to be
quite reasonable.

In Fig. 2, the electrical resistance of the studied ADS is
plotted vs T for applied dc fields up to 14 T. Resistance data
vs applied field of this ADS measured in pulsed fields up to
50 T are plotted in Fig. 3. Gold contacts (100 nm thick)
were made by sputtering in order to provide a low contact
resistivity and therefore to avoid possible heating effects in
the high-field measurements performed in the 50 T magnet
of the Dresden High Magnetic Field Laboratory [28]. The

agreement between measurements up to 29 and 47 T con-
firms that our data are not affected by sample heating. At
high fields a substantial broadening of the transition curves
is observed as shown in both figures. It stems from the large
anisotropy of Bc2ðTÞ expected for layered compounds as
here [4,12]. Bc2 was determined as in Ref. [17] from the
onset of superconductivity defining it at 90% of RN , the
resistance in the normal state. Within a second approach,
the magnetoresistance in the normal state was taken into
account, and RNðTÞ has been described as explained in
[27]. For this modified definition of Bc2, one gets some-
what higher Bc2 values and also higher slopes near Tc.
Generally, the Bc2 values from 0:9RN data refer to those

grains which are oriented with their ab planes along the
applied field. The Bab

c2 ðTÞ curve of our ADS is shown in
Fig. 4. The comparison of the data from dc and pulsed field
measurements in the field range up to 14 T confirms that
both data sets do well agree. The Bc2ðTÞ curve in Fig. 4
shows a surprisingly steep dBc2=dTjTc

¼ �5:4 T=K

(�6:6 T=K within the second approach described above)
which exceeds the slopes reported for cleaner non-ADS
samples by more than a factor of 2 [17,18,26]. This points
to strong impurity scattering in our ADS in accord with its
enhanced resistivity at 30 K. For applied fields up to about
30 T, the Bc2ðTÞ data can be well described by the
standard WHH model [20]. Using dBc2=dT ¼ �5:4 T=K
(�6:6 T=K) and Tc ¼ 28:5 K (28.8 K), this model predicts
B�
c2ð0Þ ¼ �0:69TcðdBc2=dTÞTc

¼ 106 T (131 T) at T ¼
0. However, for applied fields above 30 T or below 23 K,
increasing deviations of the Bc2ðTÞ data from the WHH
curve are clearly visible. They increase with applied field.
Notice that the resulting difference between the measured
Bc2ðTÞ and B�

c2 is comparable for both definitions of the
upper critical field (Fig. 5). The flattening of Bc2ðTÞ at high
fields points to its limitation by the Pauli spin paramagnet-
ism. This effect is measured in the WHH model by the

FIG. 1 (color online). Resistivity at zero magnetic field of the
LaO0:9F0:1FeAs1��, � � 0:05–0:1 ADS studied in the present
Letter. The inset shows the resistivity near Tc. Solid line: A
cleaner almost stoichiometric sample [25].
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FIG. 2 (color online). T dependence of the resistance R for the
ADS for various dc fields up to 14 T. Between 1 and 14 T, the
applied magnetic field was increased in steps of 1 T.
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Maki parameter �:

� ¼ ffiffiffi
2

p
B�
c2ð0Þ=Bpð0Þ; (2)

where Bpð0Þ is the paramagnetically limited field [29]:

Bpð0Þ½Tesla� ¼ 1:86�effð�ÞTc½K�; (3)

where �eff ¼ ð1þ �Þ"���Bc2
ð1� IÞ is a correction to

BCS due to the e boson and e-e interaction [I ¼ Nð0ÞV

is the Stoner factor] [29,30]. �eff depends on the e-boson
coupling constant � and " ¼ 0:5; 1 according to
Refs. [29,30], respectively. Because of PL, Bc2ð0Þ is low-
ered:

Bp
c2ð0Þ ¼ B�

c2ð0Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �2

p
: (4)

Ignoring weak spin-orbit scattering for the sake of sim-
plicity, we get � ¼ 1:31 and Bp

c2ð0Þ ¼ 63 T (68 T) from

Eqs. (2)–(4), using � ¼ 0:5 [23] for a representative value
of the e-boson coupling constant for LaO0:9F0:1FeAs1��,
�eff ¼ 2:09, and B�

c2ð0Þ ¼ 106 T (131 T) without PL. The
Bp
c2ðTÞ line plotted in Fig. 4 is based on Eq. (4) and was

obtained by replacing B�
c2ð0Þ entering its numerator and �

by B�
c2ðT; � ¼ 0Þ of the WHH model. This rough approxi-

mation of Bp
c2ðTÞ has been used to illustrate the PL in the

studied ADS.
High Bc2ð0Þ values and similarly for dBc2=dTjTc

can be

achieved by: (i) strong coupling, (ii) small Fermi velocities
vf, and (iii) strong intraband scattering. Strong coupling

can be excluded empirically for related systems [6,23].
Note that unconventional triplet p- or d-wave pairing
[13–15] and (iii) cannot be reconciled. Hence, singlet
extended s-wave pairing remains as a reasonable scenario.
As mentioned above, the residual resistivity �0 of our ADS
is enhanced compared to that of clean samples (Fig. 1)
examined so far in our studies. This points to strong intra-
band scattering. Adopting in accord with the single iso-
tropic gap found for SmO0:85F0:15FeAs [6] an effective
single-band s-wave picture [31], Bc

c2ð0Þ [and similarly for
Bab
c2 ð0Þ], written in convenient units, ignoring PL reads in

the clean (cl) and general case:
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FIG. 4 (color online). Bab
c2 vs T. Data from dc (�) and pulsed

field measurements (d). The last three ‘‘data points’’ above 47 T
are obtained from Fig. 3 by a linear extrapolation of RðBÞ<
0:9RN to RðBÞ ¼ 0:9RN . Dashed line: Data from Ref. [17]; solid
line: WHH model without PL. Dotted line: B�

c2ðTÞ for � ¼ 1:31
without spin-orbit scattering.
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FIG. 5 (color online). Upper critical field vs T from 90%, 10%,
and 5% of the normal state resistance RN . Open (solid)
symbols: dc field data—Fig. 2 (pulsed field data—Fig. 3).
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Lines: Measurements up to 47 T; symbols: measurements shown
for four selected T values.
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Bc
c2;clð0Þ½T� ¼ 0:0237ð1þ �Þ2:2T2

c ½K�=v2
f½105 m=s�; (5)

Bc
c2ð0Þ ¼ Bc2;clð0Þf1þ 0:13	imp½K�=½Tcð1þ �Þ�g; (6)

where � is the relevant e-boson coupling constant, 	imp is

the scattering rate, and vf denotes the in-plane averaged

Fermi velocity. The mass anisotropy 	2 ¼ M=m which
affects Bab

c2 varies according to the local-density approxi-
mation predictions [4,12,23] between 6.2 and 15. From the
5% level of the resistivity transition curves (see Fig. 5), a
lower limit of about 3.7 for 	 ¼ Bab

c2=B
c
c2 is estimated close

to 	 � 4:5 for the first single crystal of the whole class
(NdO0:82F0:12FeAs [32]). The reduced 	 of these samples
compared with Refs. [7,33] might be ascribed also to
disorder, provided in both cases a less anisotropic Fermi
surface sheet is involved like in MgB2 [34]. The Bc2ðTÞ
data for the 10% RN criterion show no PL up to 33 T.
Hence, for Bc

c2 no PL is expected. To simulate the substan-
tially enhanced dBc2=dT at Tc which, estimated in the
weak-coupling regime, is /Bc2ð0Þ [35], we adopt using
Eq. (6) 	imp � 50 meV, i.e., a situation intermediate be-

tween the clean and dirty limits. The ratio between the
BCS-coherence length 
0 and the mean free path l would
be 3.6, justifying roughly the above use of the dirty limit
theory valid for 
0=l 	 1. The increase of Tc is difficult to
understand within a simple s-wave scenario. For instance,
in V3Si, Nb3Sn, and MgB2, the slopes of Bc2 raise with
increasing disorder measured by �0, whereas their Tc’s
slightly decrease [29,34]. Here the raise of Tc might result
from (i) an enhanced density of states Nð0Þ due to disorder,
if the Fermi energy is located in a tail of a broadened peak
of NðEÞ, (ii) spin fluctuation s-wave pairing supported by
weak e-ph interaction being pair-breaking in p and d
channels, and/or (iii) suppression of competing (local)
antiferromagnetism by a reduction of the nesting. If the
pairing in the clean samples is indeed unconventional,
‘‘nonmonotonic’’ disorder dependencies should first cause
a weakening of that pairing followed by an improved
s-wave pairing as probably observed here.

In summary, we reported a high-field study of a
LaO0:9F0:1FeAs1�� sample with improved superconductiv-
ity. It exhibits a rather high slope dBc2=dTjTc

� �5:4 T=K

to �6:6 T=K depending on the used definition of Bc2ðTÞ.
In all cases at lower T a flattening of the Bc2ðTÞ curve
points to PL behavior with Bc2ð0Þ � 63–68 T extrapo-
lated. We ascribe this behavior to disorder effects in an
extended s-wave state. Thus, controlled disorder provides a
useful tool to study the pairing symmetry of these novel
superconductors. In view of the achieved improved
dBc2=dTjTc

at a higher Tc value, the introduction of As

vacancies or of other defects opens new routes for optimiz-
ing their properties. Its study should provide also a deeper
insight into the specific role of As 4p orbitals played in the
formation of quasiparticles relevant for the physical prop-

erties including the magnetic excitations. The PL found
here suggests to continue measurements at least up to 70 T
in order to elucidate whether there is still much room for
increasing Bc2 beyond that range. Apparently, the solution
of this problem will affect the evaluation of future high-
field applications.
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