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Why should we bother about iron oxypnictides ?

High Tc values 
from ~ 26K in La(O,F)FeAs 

                                      to ~ 54K in Gd(O,F)FeAs 
so called 1111 phase

Kamihara et al., Takahashi et al.

and 36K in (Ba,K)Fe2As2
so called 122 phase

Rotter et al.

or Li1-yFeAs [111 phase] : Tc ~ 18K

 or Fe1+ε(SexTe1-x) [11 phase] : Tc up to 15K 
at ambient pressure (and even 27K at 1.5GPa)

Tapp et al.

Hsu et al.



as recently observed in MgB2 

BCS value

Multigap superconductivity  

electron and Hole pockets



but calculations (Boeri et al.) led to a  
small electron-phonon coupling constant λ ~ 0.2 

(as compared to ~ 1 in MgB2)

ARPES (Ding et al.) measurements on (K,Ba)Fe2As2

Δ ~ 6 meV (2Δ = 3.7kTc ~ BCS) : large hole pocket 
to 12 meV (2Δ=7.5kTc ~ Cuprates) : small hole and electron pockets

in agreement with point contact (Szabo et al.)
ΔL : 9-11 meV - ΔS : 2-5 meV
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NdOFeAs
ΔL ~ 15 meV

Undoped sample : 
magnetic instability (SDW/AFM) 

associated with 
orthorhombic-tetragonal transition
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strong spin fluctuations

unconventional pairing mechanism ?
as in cuprates ?

coexisting...

(K,Ba)Fe2As2

Rotter et al.

or

... or not with the superconducting state

La(F,O)FeAs
a

c

Ce(F,O)FeAs

Huang et al. Zhao et al.



Mazin et al. : unconventional mechanism 
mediated by spin fluctuations, 

s-wave with sign reversal between different sheets of the FS 

AF  “instability” of the Fermi surface 
(Q=(π/a,π/a,0) nesting) [or exchange (via As ions)]
          -> Spin Density Wave

    AF : lowering of the spin energy

Tetrahedral coordination of Fe atoms     Cu : at sites with strong planar coordination

Cuprates :  
Mott insulator  (large Coulomb repulsion, U) 

is a noticeable similarity between the Fe-As mixing and
oxygen-transition metal mixing in transition metal oxides.
However, there is an important difference between the two.
The As bands are much more itinerant and broader than
oxygen 2p bands. Consequently, plenty of As electronic
charge is found in the interstitial region far from any of the
constituting atoms, which is shown separately in Fig. 2.

While the crystal field splitting in most transition metal
oxides leads to a clear separation of transition metal d
bands into the t2g and eg part, this is not the case in
LaOFeAs due to the itinerant character of As. All five
Fe-d bands, therefore, participate in the bonding and in
the Fermi surface of the compound.

Within DFT, the parent compound is very close to a
magnetic instability and at normal pressure DFT selects a
ferromagnetic or an antiferromagnetic state. The ferromag-
netic moment is very small (of the order of 0:15!B) and the
ferromagnetic state becomes unstable for a 10% com-
pressed solid.

The bandwidth of the iron 3d bands is only around 3 eV
while the Coulomb repulsion in this orbital is around 4 eV
[6]. For a single band system with this bandwidth and
Coulomb repulsion, one would expect a Mott insulating
ground state. On the other hand, the perfectly degenerate
system with five degenerate d bands would still be below
the Mott transition, since the critical U for the disappear-
ance of the Fermi liquid solution within DMFT is propor-
tional to N, where N is the band degeneracy of the system
(in case of d electrons 5). The five d bands of Fe in
LaOFeAs are not perfectly degenerate, but one would still
expect a relatively large critical U for the Mott transition
for the odd number of electrons in the d band. In the parent
compound LaOFeAs, the number of d electrons is 6. The
Coulomb repulsion can strongly enhance the splitting be-
tween the bands [7] and the gap can open at the Fermi

level. This interplay of crystal field splitting and correla-
tion effects was addressed in many model Hamiltonian
studies [7–9] and it was shown how a bad metal or bad
semiconductor can appear on the metallic side at finite
temperature. In LaOFeAs we checked that a slightly en-
hanced Coulomb repulsion (U ! 4:5 eV) leads to a finite
gap in the d band. For typical Coulomb repulsion of Fe
(U ! 4 eV) the system is still metallic, but a bad metal
having some characteristics of a bad semiconductor. The
metallic state is however still very correlated with a qua-
siparticle renormalization amplitude between Z" 0:2–0:3.

To describe this type of system, one needs to go beyond
the traditional band structure methods and concentrate on
the spectral function A#k; !$LL0 of the system, which
describes the probability to add or remove an electron
with momentum k, angular momentum L ! #l;m$ and
energy !.

To compute the spectral function of LaOFeAs, we used
dynamical mean field theory (DMFT) [10,11] which takes
into account the strong Coulomb repulsion among the
correlated set of bands and can describe the dual nature
of the electrons in correlated compounds, namely, the
itinerant part of spectra which forms narrow quasiparticle
bands at low energy, and the localized part of spectra at
higher energy, which correspond to the nearly localized
atomic nature of the electron. In this method, the spectral
function is obtained from the one electron Green’s function
A#k; !$ ! !Gy#k; !$ %G#k; !$"=#2"i$ where the latter
takes the form

G#k; !$ ! 1
Ok#!&!$ %Hk % !#!$ : (1)

The one electron part of the Hamiltonian Hk and overlap
matrix Ok is obtained by the LDA method [12] while the
self-energy is computed by solving an auxiliary quantum
impurity problem embedded in a self-consistent medium,
for which we used the numerically exact continuous time
quantum Monte Carlo method [13]. The on-site Coulomb
repulsion on Fe-3d bands is estimated to be 4 eV [6] and
the Hunds coupling of J ! 0:7 eV. The temperature is
fixed at 116 K.

The local spectral function A#!$ ! P
kA#k; !$ at tem-

perature T ! 116 K is shown in Fig. 3(a) together with the
corresponding LDA density of states. The DMFT approach
predicts a renormalized low energy band with a fraction of
the original width (Z" 0:2–0:3) while most of the weight
is transferred into a broad Hubbard band at the binding
energy "% 4 eV. The system remains metallic at finite
temperatures but a very bad metal with a scattering rate at
the Fermi level as high as 0.4 eVat 116 K. With decreasing
temperature the Fermi surface shrinks and the semicon-
ducting gap is likely to open at zero temperature. Indeed
slightly enhanced Coulomb repulsion (U ! 4:5 eV) opens
the gap even at room temperature. The correlation en-
hanced splitting between different orbitals leads to separa-
tion of bands into those that act as fully filled or a fully
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FIG. 2 (color). Density of states within the GGA approxima-
tion. The partial character of Fe, O, and As is shown separately.
Because of the presence of As, a lot of electronic charge is found
in the interstitial regions and cannot be assigned an atomic
character.
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possible but...

LaOFeAs :
Semi-metal 
but EF close to strong Van-Hove Singularity in d 
states i.e. close to Stoner Ferromagnetic instability 
(as predicted for LaOCoAs)



• Local probe (~4 to 40µm) 

• Field profil (arrays) : B(x)

• High sensitivity ~10-5 at 1T but M+H

• High resolution AsGa 2DEG : 700Ω/T
 single vortex detection

Hall probe magnetization :
first penetration field ➞Hc1
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Intrinsic magnetic properties of NdFeAsO0.9F0.1 superconductor from local and global measurements

Fig. 3: Persistent current density, j, estimated from local MO
measurements (see text). For comparison, Mrem (T ) is scaled
to match the amplitude (circles). Also shown is 4�⇥ (triangles,
right axis) to emphasize the ”magnetic” Tc. Upper inset shows
example B (r) and the definition of �B; Lower inset shows an
M (H) loop at 5 K.

netic moment, M , is given by M = jwV [1� w/ (3b)] /2c
where, c is the speed of light, V is sample volume and j
is the persistent (Bean) current that results from vortex
pinning (we avoid calling this quantity ”critical” current,
because it is significantly a⇥ected by the magnetic relax-
ation). In the present case, for magnetic field parallel to
the long side of a slab, 2d = 0.44 cm, 2w = 0.07 cm
and 2b = 0.18 cm and V = 5.54 ⇥ 10�3 cm3. There-
fore, j

⇤
A cm�2

⌅
⇧ 1.2⇥ 105 ⇥M [emu]. Taking the max-

imum half-width of the full hysteresis loop, see inset to
Fig.3, at H = 0, Mrem (5 K) ⇧ 0.2 emu, we estimate
j (5 K) ⇧ 2.4 ⇥ 104 A cm�2. Another way to estimate
shielding current density is to measure the field of full pen-
etration [13], H⇥ = 4wj

�
2 arctan (�) + � ln

�
1 + ��2

⇥⇥
/c,

where � = d/w. Field of full penetration may be esti-
mated from the minimum of the M (H) loop. In our
case, we have � = 6.3, H⇥ ⇧ 1100 Oe and therefore,
j ⇧2.6 ⇥ 104 A cm�2, which is close to the above esti-
mate and implies that superconducting fraction is close
to 100 %. To verify this conclusion we measured re-
versible (Meissner) M (H) at small, +/� 10 Oe, field
span which showed no hysteresis. The overall shielding
was then estimated from 4⇤⌅ = 4⇤ (1�N) M/V H, where
N = (1 + 2�)�1 ⇧ 7.4⇥ 10�2 is the demagnetization fac-
tor (we neglected London penetration depth, ⇥, that en-
ters via ⇥/w correction and thus irrelevant [14]). At 5 K
we found, 4⇤⌅ = �0.98, essentially perfect diamagnetism.
Given the uncertainty in V and N , as well as the neglected
⇥ we see that this sample exhibits close to 100 % diamag-
netic screening.

These results can be compared to local magnetic
measurements. The persistent current may be eval-
uated from the measurements of the z� component

of the magnetic induction on the slab’s top sur-
face using magneto-optical imaging. Defining �B =
|Bz (x = 0, z = d)�Bz (x = w, z = d)| and assuming full
critical state, we have [13]

�Bc

4⇧j ⇧w
= � ln

�
1 + 4�2

⇥2

16�3
⌥

1 + �2
+ 2arctan (2�)� arctan (�)

(1)
where we use ”⇤” to refer to quantities estimated for the
individual crystallites. In the present case, a rectangu-
lar crystallite of 2 ⇧w = 70 µm, 2⇧b = 160 µm and as-
suming thickness, 2⇧d = 30 µm, was analyzed. Therefore
we have � ⇧ 30/70 ⇧ 0.43 and ⇧j

⇤
A cm�2

⌅
⇧ 529�B [G].

With �B ⇧ 605 we estimate ⇧j (5 K) ⇧ 3.2⇥ 105 A cm�2.
Clearly, there is about an order of magnitude di⇥erence
with the estimate from bulk magnetization. The reason
is simple, - critical state is established in each individual
crystallite, not on the scale of the entire sample, so and
there is no macroscopic Bean gradient of the magnetic in-
duction. This is why local measurement on the scale of an
individual grain are required. Note that if 2⇧d were infinite,
the conversion would be ⇧j⇧ 455�B, and for smaller 2⇧d we
expect larger conversion factor. Therefore, we provided
the conservative estimate of the critical current.

Figure 3 summarizes local and global measurements of
the persistent current density in NFAOF. Squares show
⇧j (T ) obtained from �B as defined in the upper inset. For
comparison, full circles show the temperature dependence
of the remanent magnetization rescaled by a single scaling
factor to match the ⇧j (T ) obtained from local measure-
ments. Suppose that the slab was split into crystallites
of width 2 ⇧w each carrying ⇧j ⇤ 105 A cm�2. A total of
n = w/ ⇧w crystallites would produce a total magnetic mo-
ment of ⌃M ⇤ n⇧j ⇧w⇧V ⇤ ⇧j ⇧w. If we want this moment to
match the observed M , then ⇧w ⇤ wj/⇧j ⇤ 0.1w. With
w ⇧ 350 µm we obtain a good agreement with the directly
observed width of the crystallites, ⇧w ⇤ 35 µm. This yields
an important conclusion - in our sample global magnetic
measurements can be used to access intra-grain persistent
current, but the estimated magnitudes will be about 10
times lower.

Figure 3 also shows other important features. The trian-
gles (right axes) show magnetic susceptibility, 4⇤⌅, mea-
sured at H = 10 Oe. The magnetic Tc ⇧ 51 K and resis-
tive Tc ⇧ 53 K [10]. However, the ⇧j (T ) virtually vanishes
above about 35 K. Remarkably, the order of magnitude
and overall temperature dependence of ⇧j (T ) is quite sim-
ilar to that observed in BSCCO-2212 [15] where there is a
clear crossover above ⇤ 30 K associated with decoupling
of pancake vortices (3D ⌅ 2D crossover) [16].

Given this last observation, we now turn to a discus-
sion of the sample’s dynamic properties. Magnetic re-
laxation is a valuable tool for determining vortex-related
parameters of a superconductor [17, 18]. The relaxation
rate depends on the pinning parameters as well as struc-
ture of the Abrikosov vortices and vortex lattice. A per-
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F ig. 1: M ain frame: M eissner screening of a 100 O e Øeld applied
af t er zfc. B ( r ) was t a ken along t he line shown in inse t (b).
Inse t (a): O p t ical image of t he sample used in magne tome t r y
and local st udies. Inse t (b): M O image of a 100 O e Øeld applied
af t er zfc.

we are able to provide in-depth magnetic characterization
of these new superconductors. For the measurements of
total magnetic moment, a slab-like sample that showed
best overall screening and trapping of the magnetic flux
was selected by using magneto-optical imaging. Q uantum
D esign MPMS magnetometer was used for the measure-
ments of the total magnetic moment. Magneto-optical
(MO) imaging was performed in a 4He optical flow-type
cryostat using Faraday rotation of polarized light in a Bi
- doped iron-garnet film with in-plane magnetization [11].
The spatial resolution of the technique is about 3 µm with
a sensitivity to magnetic field of about 1 G. The temporal
resolution is about 30 msec.

We first examined morphological features visible in
polarized-light and then establish the correspondence be-
tween these features and the observed local magnetic be-
havior. Figure 1 (a) shows the entire sample used in the
comparative study. Figure 1 (b) shows the MO image in
a 100 Oe applied magnetic field obtained after zero-field
cooling (zfc). There is Meissner screening, better seen in
the magnetic induction profile shown in the main frame of
Fig. 1 taken along the line shown in Fig. 1 (b). Figures 2
(a) and (d) show two di�erent regions of the polished sam-
ple and provide clear evidence of well - faceted crystallites
with cross-sections as large as 200 ⇥ 100 µm2. Sensitiv-
ity to the orientation of the light polarization plane with
respect to the crystal structure serves as an additional in-
dication that we are dealing 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 examined various cross-sections of the ⌅ 5
mm diameter, 5 mm height pellets. Based on the thickness

F ig. 2: (a) polarized-light image of par t of t he polished sam-
ple surface. (b) dist ribu t ion of t he magne t ic induc t ion upon
p ene t ra t ion into t he sup erconduc t ing st a t e, 550 O e and 5 K is
shown. (c) Sup erposi t ion of (a) and (b). (d) - diÆerent par t
of polished surface. (e) remanent ( t rapp ed) �u x af t er fc and
t urning Øeld oÆ. (f ) Sup erposi t ion of (d) and (e).

of extremely rectangular grains we estimate the thickness
of the plates to be as large as 30 µm. The magnetic flux
penetration is consistent with isotropic in-plane persistent
current densities, further confirming that the large grains
represent the ab� plane of the tetragonal crystallites.

We can correlate this microstructure with the ability of
this superconductor to shield magnetic field and trap the
flux. Figure 2 (b) shows penetration of the magnetic flux
into the region imaged in Fig. 2 (a) after zfc, whereas
Fig. 2 (e) shows remanent (trapped) flux in the region
imaged in Fig. 2 (d). Figures 2 (c) and (e) are the super-
positions of Figs. 2 (a) and (b) and Figs. 2 (d) and (e),
respectively. The correspondence between good supercon-
ducting regions and the largest crystals is evident.

There are several ways to estimate the shielding current
from the measurements of total magnetic moment. For a
slab of dimensions 2w⇥2b⇥2d (magnetic field is along the
d side and w ⇤ b) within the Bean model [12], total mag-
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of extremely rectangular grains we estimate the thickness
of the plates to be as large as 30 µm. The magnetic flux
penetration is consistent with isotropic in-plane persistent
current densities, further confirming that the large grains
represent the ab� plane of the tetragonal crystallites.

We can correlate this microstructure with the ability of
this superconductor to shield magnetic field and trap the
flux. Figure 2 (b) shows penetration of the magnetic flux
into the region imaged in Fig. 2 (a) after zfc, whereas
Fig. 2 (e) shows remanent (trapped) flux in the region
imaged in Fig. 2 (d). Figures 2 (c) and (e) are the super-
positions of Figs. 2 (a) and (b) and Figs. 2 (d) and (e),
respectively. The correspondence between good supercon-
ducting regions and the largest crystals is evident.

There are several ways to estimate the shielding current
from the measurements of total magnetic moment. For a
slab of dimensions 2w⇥2b⇥2d (magnetic field is along the
d side and w ⇤ b) within the Bean model [12], total mag-
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Nd(O,F)FeAs single crystals, Canfield et al.
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Remanent field (after sweeping Ha back to zero)
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4

FIG. 4: (Color online) (a) T dependence of Hc1 determined from the
points deviating from the linearity of the initialM(H) curves by VSM
and Hall Probe measurements. The data of Hc1(T ) by VSM is scaled
by multiplying a number of 3.22 to account for the di  erent demag-
netization e  ects. The solid blue line is a d-wave weak-coupling
BCS fit with �0 = 3.85 meV; the dashed red line is an s-wave weak-
coupling fit. Inset: the original data ofHc1(T ) measured by VSM and
Hall Probe, respectively. The solid lines are the linear fit to the data
of low T . (b) T dependence of �  calculated with the data of Hc1(T )
and Eq. (2). Inset: the enlarged low temperature part, which shows
a clear linear-T dependence of �  . The dotted blue line is the linear
fit, and the dashed red line is an s-wave exponential-T line.

of magnetic penetration depth. For our samples, the coher-
ence length  0  80 Å [17] and the mean free path l > 100
Å [3], and thus our samples are in the moderate clean limit
(l   0). Meanwhile, we believe that nonmagnetic impurity
scattering does not strongly modify the low-T properties of
F-LaOFeAs since Tc of our sample, another important low-T
parameter, does not change much while impurity level (resid-
ual resistivity) increases up to 2-4 times [3]. This situation
also manifests itself by the fact that although di  erent groups
adopt di  erent methods to synthesize F-LaOFeAs supercon-
ductor with di  erent impurity level, the Tc defined as the drop
of resistance is around 25-28 K [1, 4, 7, 11, 17].
To summarize, we conduct both global and local

magnetization measurements on the new superconductor
LaO0.9F0.1FeAs. The temperature dependence of the lower
critical field Hc1 is extracted. It is found that Hc1 show a
linear-T behavior at low temperatures, suggesting a nodal

gap function. We also obtained the lower critical field of
Hc1(0) = 54 Oe, showing a low superfluid density for F-
LaOFeAs. Based on the finite slope of Hc1(T ) curve at low T ,
we estimated the maximum gap value to be �(0) = 4.0 ± 0.6
meV, which is very consistent with the results of recent spe-
cific heat and tunneling experiments on the similar samples.
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FIG. 4: (Color online) (a) T dependence of Hc1 determined from the
points deviating from the linearity of the initialM(H) curves by VSM
and Hall Probe measurements. The data of Hc1(T ) by VSM is scaled
by multiplying a number of 3.22 to account for the di  erent demag-
netization e  ects. The solid blue line is a d-wave weak-coupling
BCS fit with �0 = 3.85 meV; the dashed red line is an s-wave weak-
coupling fit. Inset: the original data ofHc1(T ) measured by VSM and
Hall Probe, respectively. The solid lines are the linear fit to the data
of low T . (b) T dependence of �  calculated with the data of Hc1(T )
and Eq. (2). Inset: the enlarged low temperature part, which shows
a clear linear-T dependence of �  . The dotted blue line is the linear
fit, and the dashed red line is an s-wave exponential-T line.

of magnetic penetration depth. For our samples, the coher-
ence length  0  80 Å [17] and the mean free path l > 100
Å [3], and thus our samples are in the moderate clean limit
(l   0). Meanwhile, we believe that nonmagnetic impurity
scattering does not strongly modify the low-T properties of
F-LaOFeAs since Tc of our sample, another important low-T
parameter, does not change much while impurity level (resid-
ual resistivity) increases up to 2-4 times [3]. This situation
also manifests itself by the fact that although di  erent groups
adopt di  erent methods to synthesize F-LaOFeAs supercon-
ductor with di  erent impurity level, the Tc defined as the drop
of resistance is around 25-28 K [1, 4, 7, 11, 17].
To summarize, we conduct both global and local

magnetization measurements on the new superconductor
LaO0.9F0.1FeAs. The temperature dependence of the lower
critical field Hc1 is extracted. It is found that Hc1 show a
linear-T behavior at low temperatures, suggesting a nodal

gap function. We also obtained the lower critical field of
Hc1(0) = 54 Oe, showing a low superfluid density for F-
LaOFeAs. Based on the finite slope of Hc1(T ) curve at low T ,
we estimated the maximum gap value to be �(0) = 4.0 ± 0.6
meV, which is very consistent with the results of recent spe-
cific heat and tunneling experiments on the similar samples.
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Very high value of the upper critical fields
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Nd(O,F)FeAs-Jia et al.

dHc2/dT : 
~ 1T/K to ~ 10 T/K     

Possible existence of a 
reversible phase ?

Best criterion ?

MgB2 : ~ 0.2 T/K 

Hc2(0) : 25 to 400T* (!) : larger than the Pauli limit  
~1.85Tc (BCS weak coupling)

Jaroszynski et al.

General to all X(O,F)FeAs
samples

(even ~ 20T/K in 122*)

* Welp et al., (K,Ba)Fe2As2
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AC specific heat measurements :
thermodynamic determination of Hc2

• High sensitivity 1/1000but relative variations only (unknown P)

• Well adapted to small samples : 500ng to 500µg

• Continuous T (or H) sweeps

• No arbitrary background (phonon) substraction 
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Strong fluctuation effects ?
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small superfluid density (~1/λ2) : 
about 100x smaller than in MgB2

Uemura plot

cuprates : Tc ∝ 1/λ2 
unconventional coupling

possible “breaking of the Uemura plot” ? (Ren et al.)
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Very high Hc2 values
(K,Ba)Fe2As2 > Nd(Fe,O)FeAs

Pauli, orbital ?

Small superfluid density
unconventional coupling ?

(K,Ba)Fe2As2 ≠ Nd(F,O)FeAs ?

Possible existence of a vortex liquid 
phase in Nd(F,O)FeAs

(but probably not in (K,Ba)Fe2As2)

Small anisotropy
Temperature independent Γλ value

 ~ 4 in Nd(F,O)FeAs
is ΓHc1(T) = ΓHc2(T) ?

Saturation of Hc1 at low T in 
(Nd(F,O)FeAs) : fully open gap


