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Découverte de la supraconductivité
 du mercure pour Tc ~ 4.21K 

(limite expérimentale 4.17K !)

par H. Kamerlingh-Onnes assisté de 
G. Flim et C. Dorsman pour la cryogénie
et son étudiant G. Holst pour la mesure

 

Leyden, le 8 avril 1911

température

R = 0
R ~ 10000x plus faible que à 4.3K

File & Mills (1963) ρNbZr < 10-23 Ωcm 

Heike Kamerlingh-Onnes (1853-1926) : 
liquéfaction de l’hélium en 1908 (Prix Nobel 1913)
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B=0 
sous certaines conditions...

 1933 :  Walther Meissner (1882-1974) et Robert Ochsenfeld (1901-1933)

            mettent en évidence l’expulsion 

           totale du champ magnétique

 

T>Tc T<Tc

19
00

19
50

20
00

 

1934 :   Fritz (1900-1954) et Heintz (1907-1970) London

       réponse électromagnétique (équations de Maxwell + R=0 et B    0) 

       prédit l’existence d’une  longueur de pénétration
 

! 4 ~B + ~B/�2 = 0 �2 =
m

µ0nq2

! ~

rot~v + q

~

B/m = ~0

(4 ~J + ~J/�2 = 0)
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      Alekseï Abrikosov, (1928-) prix Nobel 2003

              existence de VORTEX pour λ>ξ (1957)

                  supraconducteurs de type II 

                                             (type I pour λ<ξ)

n

B

2!

2!

 1950 :  Vitaly Ginzburg (1918-2009, prix Nobel 2003)  et Lev Landau (1908-1968) 
          théorie des transitions de phases :  basée sur l’existence
          d’un paramètre d’ordre complexe 
          (phase       effet Josephson, Brian (1940,-) prix Nobel 1973        SQUID)

  dont les variations spatiales sont définies par une seconde seconde   
  échelle de longueur : la longueur de cohérence (ξ) 
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hormis les éléments simples (de type I, sauf Nb) tous les composés 
supraconducteurs sont de type II

existence d’un état MIXTE

première 
visualisation directe 
(décoration Bitter) 
dans PbIn en 1967
par U.Essman et 

H.Trauble
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ξ = distance moyenne entre électrons d’une paire ⇠ = ~vF /⇡�
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Tc ⇠ !Dexp(�1/�e�ph)

échelle d’énergie du «liant» coefficient de couplage

2�/kBTc = 3.52

 1957 :  théorie microscopique:  John Bardeen (1908-1991), Leon Cooper  
             (1930-) et Robert Schrieffer (1931-) (prix nobel 1972) : 
             condensat de paires se formant 

                sous l’effet du potentiel électrostatique rendu

                attractif par la présence des phonons 

             gap (Δ) dans le spectre des 

             excitations des quasiparticules

SrPd2Ge2 P.Szabo

* d'une jonction N/S

*

voir plusieurs ! MgB2 : 2001 P.Szabo
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1971: Phases de Chevrel : MMo6X8 avec X=S,Se,Te,... M=Sn,Pb,...
      Premiers composés ternaires supraconducteurs 

15K dans PbMo6S8

Années 60 & 70   

 

«A15» : A3B [cubique] 
 23K : Nb3Ge (1971) 

Cours de supraconductivité

M2-Physique

Introduction

o 1908 : Leiden, Hollande, Groupe de H.Onnes : liquéfaction de l’Hélium
! comportement de la résistivité des métaux pour T ! 0

o 1911 :

son étudiant (G.Holst) est chargé de mesurer le mercure (qui peut être obtenu dans un
état très pur) et remarque que la résistance disparâıt juste au-dessus de 4K (R=0).
Cette découverte est onfirmatée en 1912 dans l’étain (3.7K) puis le plomb (7.2K) :
Prix Nobel en 1913.

o 1933 :
Berlin , Meissner et Ochsenfeld mettent en vidence l’expulsion totale du champ
magnétique (B=0) : phénomène de lévitation.

o 1934 :
théorie électromagnétique : LONDON, basée sur les équations de Maxwell +
B=0/R=0, prédit l’existence d’une longueur de pénétration.

o 1950 :
théorie des transition de phases : GINZBURG-LANDAU, prédit l’existence dune
seconde échelle de longueur : longueur de cohérence ! état mixte (Abrikosov).

o 1955 : théorie microscopique BCS : rôle des phonons.

Quelques applications :

- R=0 : lignes de transport, aimants supraconducteurs, limiteurs de courant ( fusibles )
- B=0 : blindages magnétiques, train à lévitation
- Cohérences : SQUID (mesure de M), détecteurs micro-ondes

Matériaux

? Corps purs (sauf Cu,...) : supraconducteurs de type I (sauf Nb, V, Tc), Tc  10K

? Alliages : A15 (�-tungsten) : A3B
- B sommet et centre du cube
- A par groupe de 2 sur les faces.

V3Al : 9.6K ! Nb3Ge : 23.2K

1

Recherche de nouveaux composés : intermétalliques

Mais hormis la découverte de certains composés exotiques  

[dichalcogénures : coexistence ODC/supraconductivité (2H-NbSe2 - 1975), 

fermions lourds (CeCu2Si2 - 1978), supraconducteurs organiques (1979)] 

le sujet semblait clos....  



Bernt Mathias 1976 
6 règles élémentaires pour une recherche fructueuse 

de nouveaux supraconducteurs

high symmetry is good, cubic symmetry is best

high density of electronic states is good

stay away from oxygen

stay away from magnetism

stay away from insulators

stay away from theorists
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mais toutes ces indications (de bon sens...) se sont avérées être fausses !
(sauf peut-être la dernière...)

Hg0.8Tl0.2Ba2Ca2Cu3O8.3 

Tc =138K 

1986 : Oxydes de Cu
Berdnortz et Muller 

(prix Nobel 1987)
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2008 : Les pnictides : Sm(O,F)FeAs : 55K

A noter également en 2001 : MgB2 : 40K, 
mais aussi les autres systèmes covalents 

en cage [K3C60 (30K), Clathrates de Si (8K)] ou pas [C:B (10K), Si:B(1K)] 
avec des prédictions très optimistes : LixBC : Tc ~ 150K s’il existait....



Les différentes structures cristallographiques

Compétition supraconductivité - magnétisme

Symétrie du (des) gap(s)

Champs critiques supérieurs

Piégeage & fluage des vortex

Longueur de pénétration : brisure des paires

10

Plan de l’exposé



Phase -11 :  Fe1+ε(SexTe1-x)
    pas de As mais un chalcogène
     pas de bloc réservoir
    15K (x~0.5) à pression ambiante  (Sales et al.)

        et ~ 35K at 7GPa (x=1) (Margadonna et al.)

Phase -122 (Rotter et al.)

- (Ba,K)Fe2As2 ~ 36K
- Ba(Fe,Ni/Co)2As2 ~ 24K
- BaFe2(As,P)2 ~ 30K
      substitution isovalente (pas de dopage électronique)

Phase -111 (Tapp et al.) Li1-yFeAs ~ 18K

Phase -1111 (Kamihara et al., Takahashi et al.)

          La(O,F)FeAs ~ 26K à Gd(O,F)FeAs ~ 54K 
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A noter Li0.6(NH2)0.2(NH3)0.8Fe2Se2 (Burrard-Lucas et al.) ~ 43K

Further� Li�was� located� at� the� 2b� site� (0,� 0,� ½).� Although� Li�makes� a�minor� contribution� to� the�
scattering� in� the�presence�of�N,�D,�Fe�and�Se,� the�Li�site�occupancy�was�consistently� less� than� the�
formula�(LiND2)Fe2Se2�would�suggest.�Unconstrained�refinement�of�the�site�occupancies�of�the�two�D�
sites� and� the� Li� sites� produced� a� refined� composition� of� Li0.6(1)ND2.8(1)Fe2Se2� which� may� be�
reformulated�Li0.6(1)(ND2)0.2(1)(ND3)0.8(1)Fe2Se2�with�intercalation�of�lithium�amide�and�ammonia.�About�
20�%�of�the�Li�included�in�the�synthesis�appears�as�a�separate�LiND2�phase�present�in�the�products.�
ReͲexamination�of� the�HRPD�data�collected�at�8�K� resulted� in�a� significant� improvement� in� the� fit�
when�ND3�was�accommodated�in�place�of�some�LiND2�and�the�refined�composition�at�8�K�using�HRPD�
data� was� similar� to� that� obtained� from� the� refinement� against� GEM� data� at� 298� K� with� some�
redistribution� of� Li.� The� final�model� is� shown� in� Figure� 1� and� the� supporting� information.� In� the�
model�N–D�bonds�of�about�1�Å�from�[ND2]

–�and�ND3�species�are�directed�towards�the�selenide�ions�
with�DͼͼͼSe�distances�of�2.75�Å�consistent�with�weak�hydrogen�bonding� interactions�comparable�to�
those� found� in� the� lithium/ammonia� intercalates� of� TiS2.

20� The� uncertainty� in� our� refinements� is�
partly�associated�with�the�large�displacement�ellipsoids�for�the�intercalated�species�typical�for�similar�
systems,20,23�but�the�refinements�show�that�most�of�the�N� is�present� in�ND3�molecules�and�the�Li� :�
amide�ratio�exceeds�unity� implying�donation�of�electrons� (0.2(1)�per�FeSe�unit)�to�the�FeSe� layers,�
consistent� with� the� proposed� Rb0.3(1)Fe2Se2� superconducting� phase� suggested� by� NMR�
measurements.17�The�crystal�structure�obtained�from�the�refinement�against�NPD�data� is�shown� in�
Figure�1�and�the�Rietveld�fits�are�shown�in�Figure�2.�

�

�

Figure� 1.� The� crystal� structure� obtained� from� the� refinement� against� neutron� powder� diffraction�
data�on�Li0.6(1)(ND2)0.2(1)(ND3)0.8(1)Fe2Se2�at�298�K� (GEM�data).� In� the�model�each�square�prism�of�Se�
atoms� contains� either� an� [ND2]

–� anion� or� an� ND3� molecule� and� these� are� both� modelled� as�
disordered� over� four� orientations.� The� sizes� of� the� spheres� representing� the� Li� atoms� are� in�
proportion�to�their�site�occupancies.�
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Abstract
We found that hot alcoholic beverages were effective in inducing superconductivity in
FeTe0.8S0.2. Heating the FeTe0.8S0.2 compound in various alcoholic beverages enhances the
superconducting properties compared to a pure water–ethanol mixture as a control. Heating
with red wine for 24 h leads to the largest shielding volume fraction of 62.4% and the highest
zero resistivity temperature of 7.8 K. Some components present in alcoholic beverages, other
than water and ethanol, have the ability to induce superconductivity in the FeTe0.8S0.2

compound.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery of Fe-based superconductors, a great
deal of study on a search for new superconductivity in
related compounds has been actively performed [1–6].
The parent phase of Fe-based superconductors basically
undergoes an antiferromagnetic transition. To achieve
superconductivity, suppression of this antiferromagnetic
ordering is needed. Elemental substitutions suppress the
antiferromagnetic ordering and produce superconductivity.
For example, BaFe2As2, which is one of the parent
phases, becomes superconducting with Ba-, Fe- and As-
site substitution: Ba1−xKx Fe2As2, Ba(Fe1−xCox)2As2 and
BaFe2(As1−x Px)2 [3, 7, 8]. Furthermore, superconductivity
in SrFe2As2 is induced by being exposed to water [9]. Since
various substitutions can induce superconductivity, the search
for dopants to induce or enhance superconductivity of Fe-based
compounds is an attractive area of study.

FeTe undergoes an antiferromagnetic transition around
70 K and does not show superconductivity. Elemental
substitution for the Te site can suppress the magnetism.
For example, S substitution suppresses the magnetic order,
and S-substituted FeTe synthesized using a melting method
shows superconductivity [10]. However, the synthesis of

superconducting FeTe1−x Sx is difficult owing to the solubility
limit caused by a large difference in ionic radius between S
and Te. We have reported that FeTe1−x Sx synthesized using
a solid-state reaction does not show bulk superconductivity
while the antiferromagnetic ordering seems to be suppressed.
However, bulk superconductivity is induced in the FeTe1−x Sx

sample by air exposure, water immersion and oxygen
annealing [11–13]. Recently we have discovered an amazing
method to induce superconductivity. Here we show the
inducement of superconductivity in an FeTe0.8S0.2 compound
by immersing the sample in alcoholic beverages.

2. Experimental details

Polycrystalline samples of FeTe0.8S0.2 used in this study were
prepared using the solid-state reaction method. Powders of Fe,
Te and TeS were sealed into an evacuated quartz tube with
a nominal composition of FeTe0.8S0.2 and heated at 600 ◦C
for 10 h. After furnace cooling, the products were ground,
pelletized, sealed into the evacuated quartz tube and heated
again at 600 ◦C for 10 h. The pellet was cut into several
pieces. Soon after the cutting of the pellet, we immediately
carried out the measurement using one of the pieces to
obtain the as-grown data. Other pieces (∼0.15 g) obtained
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1. Introduction

Since the discovery of Fe-based superconductors, a great
deal of study on a search for new superconductivity in
related compounds has been actively performed [1–6].
The parent phase of Fe-based superconductors basically
undergoes an antiferromagnetic transition. To achieve
superconductivity, suppression of this antiferromagnetic
ordering is needed. Elemental substitutions suppress the
antiferromagnetic ordering and produce superconductivity.
For example, BaFe2As2, which is one of the parent
phases, becomes superconducting with Ba-, Fe- and As-
site substitution: Ba1−xKx Fe2As2, Ba(Fe1−xCox)2As2 and
BaFe2(As1−x Px)2 [3, 7, 8]. Furthermore, superconductivity
in SrFe2As2 is induced by being exposed to water [9]. Since
various substitutions can induce superconductivity, the search
for dopants to induce or enhance superconductivity of Fe-based
compounds is an attractive area of study.

FeTe undergoes an antiferromagnetic transition around
70 K and does not show superconductivity. Elemental
substitution for the Te site can suppress the magnetism.
For example, S substitution suppresses the magnetic order,
and S-substituted FeTe synthesized using a melting method
shows superconductivity [10]. However, the synthesis of

superconducting FeTe1−x Sx is difficult owing to the solubility
limit caused by a large difference in ionic radius between S
and Te. We have reported that FeTe1−x Sx synthesized using
a solid-state reaction does not show bulk superconductivity
while the antiferromagnetic ordering seems to be suppressed.
However, bulk superconductivity is induced in the FeTe1−x Sx

sample by air exposure, water immersion and oxygen
annealing [11–13]. Recently we have discovered an amazing
method to induce superconductivity. Here we show the
inducement of superconductivity in an FeTe0.8S0.2 compound
by immersing the sample in alcoholic beverages.

2. Experimental details

Polycrystalline samples of FeTe0.8S0.2 used in this study were
prepared using the solid-state reaction method. Powders of Fe,
Te and TeS were sealed into an evacuated quartz tube with
a nominal composition of FeTe0.8S0.2 and heated at 600 ◦C
for 10 h. After furnace cooling, the products were ground,
pelletized, sealed into the evacuated quartz tube and heated
again at 600 ◦C for 10 h. The pellet was cut into several
pieces. Soon after the cutting of the pellet, we immediately
carried out the measurement using one of the pieces to
obtain the as-grown data. Other pieces (∼0.15 g) obtained

0953-2048/11/055008+04$33.00 © 2011 IOP Publishing Ltd Printed in the UK & the USA1

Supercond. Sci. Technol. 24 (2011) 055008 K Deguchi et al

from the same pellet were put into a glass bottle (20 ml)
filled with alcoholic beverage, beer (Asahi Super Dry, Asahi
Breweries, Ltd), red wine (Bon Marche, Mercian Corporation),
white wine (Bon Marche, Mercian Corporation), Japanese
sake (Hitorimusume, Yamanaka Shuzo Co., Ltd), shochu
(The Season of Fruit Liqueur, TAKARA Shuzo Co., Ltd) or
whisky (The Yamazaki Single Malt Whisky, Suntory Holdings
Limited). We also performed a control experiment using a
set of samples immersed in pure water, a mixed solution of
water and ethanol, and anhydrous ethanol. Although the water–
ethanol and alcoholic beverage sets of samples were cut from
separate pellets, reproducible results of the control samples,
as described below, indicated a small pellet-to-pellet variation.
The samples in various liquids were heated at 70 ◦C for 24 h.
After the heating, samples were taken out from the bottle
and their superconducting properties were investigated. The
temperature dependence of magnetization was measured using
a SQUID magnetometer down to 2 K under a magnetic field of
10 Oe. The shielding volume fraction was estimated from the
lowest-temperature value of magnetic susceptibility after zero-
field cooling. The electrical resistivity measurements were
performed by the standard DC four-terminal method down to
2 K with a current of 1 mA. The typical values of the distance
between voltage terminals, width and thickness of the samples
were approximately 1, 2 and 2 mm, respectively. Powder x-
ray diffraction patterns were collected using the 2θ/θ method
with Cu Kα radiation. We confirmed that there was almost no
difference in the x-ray pattern between the as-grown sample
and the heated samples within the sensitivity of lab-level x-ray
powder diffraction.

3. Results and discussion

The temperature dependence of normalized susceptibility for
the as-grown FeTe0.8S0.2 sample and the samples heated
at 70 ◦C for 24 h in various water–ethanol mixtures with
ethanol concentrations of 0, 20, 40, 60, 80 and 100% is
shown in figure 1(a). Firstly, we confirmed that the as-
grown sample does not show superconductivity. The samples
heated in water–ethanol mixtures at all concentrations showed
superconductivity. The estimated shielding volume fractions
were 12.4, 8.6, 10.0, 11.1, 9.1 and 5.4%, respectively,
and the average value was 9.4%. We then measured the
magnetic susceptibility for the samples heated in beer (ethanol
concentration = 5%), red wine (11%), white wine (11%),
Japanese sake (15%), shochu (35%) and whisky (40%). The
samples heated in these alcoholic beverages also exhibited
superconductivity as shown in figure 1(b). Surprisingly,
the superconducting diamagnetic signals of all the samples
heated in alcoholic beverages were clearly larger than that of
the samples heated in the water–ethanol mixtures, indicating
that the alcoholic beverages are much more effective for the
evolution of superconductivity in FeTe0.8S0.2 than the pure
water–ethanol mixture. We estimated the shielding volume
fraction of the samples heated in the red wine, white wine,
beer, Japanese sake, whisky and shochu to be 62.4, 46.8,
37.8, 35.8, 34.4 and 23.1%, respectively; we found that the
shielding volume fraction of the red wine sample was the

Figure 1. Temperature dependence of normalized susceptibility for
the as-grown FeTe0.8S0.2 sample and the samples heated in various
liquids. (a) FeTe0.8S0.2 samples were heated at 70 ◦C for 24 h in
various water–ethanol mixtures with ethanol concentrations of 0, 20,
40, 60, 80 and 100%. (b) FeTe0.8S0.2 samples were heated at 70 ◦C
for 24 h in various alcoholic beverages.

largest and the shochu sample was the smallest. To investigate
the reproducibility of these results, we repeated the sample
preparation and the magnetic susceptibility measurement with
the same conditions. The shielding volume fractions for the
different pellets are almost the same.

The obtained shielding volume fractions are summarized
in figure 2 as a function of ethanol concentration. The value
of the shielding volume fraction for each alcoholic beverage is
shown as the mean of seven samples with the standard error,
and that for each water–ethanol mixtures is shown as the mean
of five samples with the standard error. The shielding volume
fractions of the samples heated in water–ethanol mixtures are
between 6 and 9%. In contrast, the shielding volume fraction
of the samples heated in alcoholic beverages is 21–63%,
significantly larger than that with the water–ethanol mixtures.

2
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Figure 2. The shielding volume fraction of FeTe0.8S0.2 samples
heated in various liquids as a function of ethanol concentration.

The value of the sample heated in red wine was more than
six times larger than the average value of the water–ethanol
mixtures. The smallest value among the alcoholic beverages
was obtained with shochu, but was still twice as large as the
average value of the water–ethanol mixtures. The red wine,
white wine and Japanese sake contain approximately the same
ethanol concentration, but they lead to a large difference in the
shielding volume fraction. These results suggest that some
components of the alcoholic beverages other than hydrous
ethanol contribute to the evolution of superconductivity.

Figure 3 is the temperature dependence of normalized
resistivity for the as-grown FeTe0.8S0.2 sample and the samples
heated in beer, red wine, white wine, Japanese sake, shochu
and whisky. The resistivity is normalized at 12 K for
comparison. The as-grown sample did not show zero
resistivity down to 2 K. Although the onset temperature of the
superconducting transition for all the heated samples exhibits
almost the same value of 9.9 K, the zero resistivity temperature
(T zero

c ) of the samples slightly depends on the variety of
alcoholic beverage. The samples heated in red wine and
in white wine show a sharp superconducting transition with
T zero

c = 7.8 K. A similar transition is observed for the
samples heated in beer, Japanese sake and whisky, showing
T zero

c around 7.5 K. The sample heated in shochu exhibits T zero
c

around 7.1 K. The samples with a larger shielding volume
fraction had a tendency to show a higher T zero

c . We found that
the sample heated in red wine showed the largest value in both
shielding volume fraction and T zero

c . Also the smallest value
among the alcoholic beverages was obtained with shochu,
which is highly distilled alcohol, but still clearly larger than
that with pure water–ethanol mixtures.

What is the origin of superconductivity induced by the
heat treatment in alcoholic beverages? One candidate is
the intercalation of ions into the interlayer. There are
some reports on superconductivity induced by elementary

Figure 3. Temperature dependence of normalized resistivity below
12 K for the as-grown sample and the samples heated in various
alcoholic beverages.

intercalation [14, 15]. If a carrier is generated by the
intercalation, superconductivity would be induced. The other
candidate to explain the evolution of superconductivity is
oxygen in the liquid. In fact, oxygen annealing at 200 ◦C for
the as-grown FeTe0.8S0.2 induces bulk superconductivity [13].
However, at a lower temperature of 70 ◦C, hot alcoholic
beverages lead to better superconducting properties compared
to oxygen annealing at 70 ◦C. We assume that the alcoholic
beverages would play an important role in supplying oxygen
into the sample as a catalyst. To elucidate the origin, a
detailed analysis of both the structure and composition should
be performed.

In conclusion, we found that hot commercial alcoholic
beverages were effective in inducing superconductivity in
FeTe0.8S0.2 compared to pure water, ethanol and water–ethanol
mixtures. The largest shielding volume fraction and the highest
T zero

c were achieved by heating the FeTe0.8S0.2 sample in
red wine. A detailed investigation to clarify the key factor
in inducing superconductivity by hot alcoholic beverages is
anticipated.
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Fe(Se/As/P) 
importante

the As-Fe-As bond angles come close to 109.47°,8 which
corresponds to a regular tetrahedron. However, this rule is
not applicable to FeSe.6 Therefore, we focus on the relation-
ship of Tc with Se height. Figure 5 shows the pressure de-
pendence of Tc

offset and Se height !inversely scaled", obtained
from Ref. 6. Astonishingly, Tc

offset varies in accord with the
Se height, even in the plateau in the low-pressure region.
Although there is a subtle shift in the pressure dependence,
which may be due to the difference in ways of applying
pressures !cubic or diamond anvil", there is a clear correla-
tion between both parameters. Furthermore, Tc

offset is in-
versely proportional to the magnitude of the Se height, as can
be observed from the inset of Fig. 4, indicating that the
smaller the Se height, the more enhanced is Tc. However,
this seems to be contradictory to the behavior observed in
other pnictides.8 In other pnictides, it is observed that Tc is
higher when the pnictogen is located at greater heights in the
crystal structures; this behavior is also supported by the the-
oretical aspect.7 In any case, FeSe is a suitable material for
demonstrating the importance of anion position as discussed
below, which is inherently linked to the mechanism of super-
conductivity in iron-based compounds.

We now turn to consider, in a more universal sense, the
nature of the iron-based superconductivity in FeSe with re-
spect to pressure tuning of Tc, which is the focus area in this
study. Figure 6 shows the maximum Tc as a function of anion
height !hanion" for various iron-based superconductors.28,29 In
this study, we successfully derived the Tc-hanion diagram of
iron !partially nickel"-based superconductors. The clear cor-
relation between Tc and hanion is a certain indicator of the
importance of anion positions in these iron-based supercon-
ductors. As shown in Fig. 6, the anion height dependence of
Tc is well described by a Lorenz curve. As the value of anion
height increases, Tc of the iron-based superconductors starts
to increase dramatically up to #55 K at a height of 1.38 Å,
which corresponds to the optimum value of a 1111 system.
However, above the optimum anion height !1.38 Å", Tc de-
creases rapidly with increasing hanion, passing through our
measured FeSe region !1.42–1.45 Å"; finally, the value of
hanion becomes equal to that for nonsuperconducting FeTe
!1.77 Å".30 It should be noted that superconductors with di-
rect substitution in the FeX4 tetrahedral layer or a large de-

viation from a divalent state !Fe2+", e.g., an alkali-metal el-
ement or Co-doping samples of a 122 system or chalcogen-
substituted 11 system, are not particularly suitable for this
trend. This is probably due to !1" the considerable disorder in
the Fe layers; !2" a large gap among anion heights of differ-
ent anions, for example, in FeSe1−xTex, Tc appears to be
dominated only by the Fe-Se distance
!Tc#14 K at hanion=1.478 Å, which is consistent with the
Lorenz curve";31,32 or !3" coexistence of strong magnetic
fluctuation and superconductivity.33–35 We thus conclude that
the appearance of “high-temperature” superconductivity in
iron compounds is confined to a specific area that is around
the optimum anion height !1.38 Å", which corresponds to
the radius of arsenic at ambient pressure. It has been
proposed,7 on the basis of solutions of Eliashberg equations,
that the critical temperature of iron pnictides is inherently
linked to their structural parameters, particularly pnictogen
heights and the a-axis lattice parameter. The result obtained
in this study is in good agreement with the theoretical pre-
diction, albeit the length of the a axis of FeSe monotonically
decreases with increasing pressure,6 which suppresses the
enhancement of Tc. An interesting aspect of FeSe, as ob-
served from Fig. 6, is that Tc does not exhibit this trend
above 1.43 Å !corresponding to the pressure range of 0–2
GPa", which clearly indicates that the system attains a differ-
ent electronic state below the characteristic pressure
!#2 GPa". The shapes of the resistivity curves above Tc
change clearly between 2 and 3 GPa, as pointed out above
!see Fig. 4", which implies a significant transformation to the
high-Tc superconducting phase. It has been previously sug-
gested that there is a difference in the superconducting gap
symmetries of arsenic and phosphide:36 a full-gap strong
coupling s wave for high-Tc arsenide compounds and nodal
low Tc for phosphide compounds, which is widely perceived
in many studies. A theoretical approach7 has suggested that
the pairing symmetry of iron pnictides is determined by the
pnictogen heights between a high-Tc nodeless gap for high
hanion or a low-Tc nodal gap for low hanion, corresponding to
the left-hand side of the Lorenz curve shown in Fig. 6. Al-
though FeSe is located on the right-hand side, i.e., in a region
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FIG. 5. !Color online" Pressure dependence of Tc
offset and Se

height hSe !inversely scaled", as obtained from Ref. 6. The inset
shows Tc

offset as a function of the Se height. The dotted line is a
guide to the eye.
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FIG. 6. !Color online" Tc as a function of anion height !hanion"
for various iron !and nickel"-based superconductors, as obtained
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spectively. The yellow line shows the fitting result by the Lorenz
function. The inset shows a schematic view of hanion.
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Pourquoi s’intéresser aux supraconducteurs à base de Fer ?

- un nouveau composé aux propriétés inconnues

- la compétition entre supraconductivité et magnétisme

comme les cuprates ?

(pourraient alors aider à mieux 
comprendre ces composés dont le 

mécanisme reste à ce jour incompris)

ou un mécanisme originale

et une nouvelle voie vers 
des supraconducteurs à 

haute température critique ?



For x=0.032 sample, Ts and Tm are marked with ! in the
table since different criteria are employed for this concentra-
tion. As we can see from Table II, for small x values, Ts and
Tm are suppressed and split. For higher x values, supercon-
ductivity is stabilized as Ts and Tm continue to be suppressed.
All of the T−x data can be used to assemble a temperature-
doping concentration !T−x" phase diagram for
Ba!Fe1−xNix"2As2 as shown in Fig. 6. It has very similar
appearance as the one for Ba!Fe1−xCox"2As2 except the su-
perconducting dome occurs at a lower x and over a smaller x
range.

Given the similarities, and differences, between the Ni-
doped and Co-doped BaFe2As2 systems, a comparison of the
Hc2!T" curves, which reflect the properties of the supercon-
ductivity in these two systems, is desirable. Anisotropic Hc2
data taken for Ba!Fe0.954Ni0.046"2As2 in the magnetic fields
up to 33 T are summarized in Fig. 7. Although data was
taken on two samples, only one set of R!H" data is shown.
The left panel of Fig. 7 presents the R!H" data taken from 11
to 19 K in 1 K steps for H"c. The right panel presents the
R!H" data taken from 5 to 19 K in 1 K steps for H #c. Offset
and onset criteria to infer Hc2 are shown.

Two Co dopings are logically comparable to the near op-
timally doped Ba!Fe0.954Ni0.046"2As2: the comparably doped

Ba!Fe0.953Co0.047"2As2 which has a similar Tc, and the near-
optimally doped Ba!Fe0.926Co0.074"2As2. Temperature depen-
dent Hc2 curves for Ba!Fe0.954Ni0.046"2As2 are presented in
Fig. 8 in comparison with Ba!Fe0.953Co0.047"2As2 $Fig. 8!a"%
and Ba!Fe0.926Co0.074"2As2 $Fig. 8!b"%. The anisotropy of
near-optimally doped Ba!Fe0.954Ni0.046"2As2 is virtually iden-
tical to near-optimally doped Ba!Fe0.926Co0.074"2As2 as indi-
cated from Fig. 8!b" whereas it is almost 2 times larger than
that of the underdoped Ba!Fe0.953Co0.047"2As2 !similar dop-
ing level, similar Tc" as shown in Fig. 8!a". This is a clear
manifestation of the idea that the anisotropy of the super-
conducting state is not defined by x, but rather by
the low temperature structural/magnetic state of the
system.20 The anisotropic parameter !$=Hc2

"c!T" /Hc2
#c !T"% of

Ba!Fe0.954Ni0.046"2As2 is shown in Fig. 8!c". It was calculated
by taking each data point from Hc2

"c!T" curve and interpolat-
ing Hc2

#c !T" at the same T value, from the Hc2
#c curve. As we

can see, ! varies from 2 far from Tc to 3 near to Tc by offset
criterion or from 1.7 far from Tc to 3 near to Tc by onset
criterion.

Considering two samples and two criteria, for
Ba!Fe0.954Ni0.046"2As2, !dHc2

#c /dT" &Tc
ranges from −2.2 to

−3 T /K and !dHc2
"c /dT" &Tc

ranges from −5 to −5.7 T /K.
Assuming the validity of Werthamer-Helfand-Hohenberg
!WHH" equation, Hc2!0"=−0.693Tc!dHc2 /dT" &Tc

, Hc2
"c!0"

can be estimated to be 70–80 T and Hc2
#c !0" can be between

30 and 40 T. Using the equations ""c= !#0 /2$Hc2
#c "1/2 and

"#c= $#0Hc2
#c /2$!Hc2

"c"2%1/2, the coherence length of in plane

TABLE II. Summary of Ts, Tm, and Tc from resistivity, magnetization, and specific heat measurements for the Ba!Fe1−xNix"2As2 series.
!: see text.

Dopant x

% M C

Ts Tm Tc
onset Tc

offset Ts Tm Tc Tc

Ni 0 134 134 134 134
0.0067 121 118 119 119
0.016 100 94 100 94
0.024 77 66 8.6 6.8 80 68 3.9 2.5
0.032 54! 37! 16.6 15.9 53! 15.1 14.6
0.046 19.4 18.8 18.4 17.8
0.054 15.5 14.3 14.4 13.9
0.072 7.5 5.7 6 5.2

FIG. 6. !Color online" T−x phase diagram of Ba!Fe1−xNix"2As2
single crystals for x&0.072. The precise form of Ts and Tm lines are
not yet determined in the superconducting dome region, but we
assume that they intersect with the superconducting dome near Tc

max

!Ref. 28", which is implied by the shading plotted in the supercon-
ducting dome.
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FIG. 7. !Color online" R!H" data of Ba!Fe0.954Ni0.046"2As2 with
H"c !left panel" and H #c !right panel".
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Although there is a clear break from the linear behavior seen
for T2!4 K2, no sharp jump associated with superconduc-
tivity can be observed around 4 K2. This is not surprising
since the heat capacity jump decreases with decreasing Tc
!Ref. 36": for Co-doped and Ni-doped BaFe2As2, the heat
capacity jump is rather subtle for superconductors with very
low Tc values due to the broadness, such as Ni doped
BaFe2As2 samples with Tc around 2.5 and 4 K, neither of
which showed a clear specific heat jump.

The structural/magnetic and superconducting transition
temperatures are determined from Figs. 10–13 and summa-
rized in Table III and Fig. 14. For the data indexed by !!, the
resistive features have become so broad that the error bars
associated with the determination of the upper !only detect-
able" transition are defined by the temperature of the resis-
tance minima on the high side and the temperature of the
inflection point on the low side. The T−x phase diagram of
the Ba!Fe1−xCux"2As2 series is plotted in Fig. 14. The struc-
tural and magnetic phase transitions are suppressed and in-
creasingly split with Cu doping in a similar manner as Co, Ni
dopings, but superconductivity is only detected for x
=0.044, with a very low Tc!#2 K". Given the narrow range
of superconductivity, the extent of the superconducting dome
and how Tm intersects it !if indeed it does" are speculation.

C. Ba(Fe1−x−yCoxCuy)2As2 (xÈ0.022)

Whereas doping BaFe2As2 with Co, Ni or Cu suppresses
the upper structural/magnetic phase transitions in similar
ways, only Co and Ni appear to induce a superconducting
dome over substantial ranges of x values. Cu, while sup-
pressing the structural and magnetic phase transitions, does
not lead to a significant superconducting region; so far only
one compound with x#0.044 has Tc#2 K. In order to
better understand the effects of Cu on the supercon-
ducting state, two mixed !Cu and Co" doping series,
Ba!Fe1−x−yCoxCuy"2As2 !x#0.022 and x#0.047" were
grown and studied.

For the Ba!Fe1−x−yCoxCuy"2As2 !x#0.022" series, the lat-
tice parameters are normalized to the ones of the closely
related Ba!Fe0.976Co0.024"2As2. a /a0, c /c0, and V /V0 are plot-
ted against yWDS in Fig. 15. With Cu doped into
Ba!Fe0.978Co0.022"2As2, the lattice parameter a increases and
the lattice parameter c decreases. These changes are in quali-
tatively similar manners to the ones when Cu was doped into
BaFe2As2 !Fig. 9", which are presented in Fig. 15 as solid
lines.

TABLE III. Summary of Ts, Tm, and Tc from resistivity, magnetization, and specific heat measurements for the Ba!Fe1−xCux"2As2 series.
!: see text.

Dopant x

" M C

Ts Tm Tc
onset Tc

offset Ts Tm Ts Tm

Cu 0.0077 119 117 119 119 117
0.02 93 86 96 88 94 88
0.026 79 71 78 72 82 75
0.035 57 48 56 42
0.044 40#20!! 2.2 2.1
0.05 30#25!!

0.061 10#10!!

FIG. 14. !Color online" T−x phase diagram of
Ba!Fe1−xCux"2As2 single crystals for x$0.061. Superconductivity
is only determined below 2 K, the extent of the superconducting
region is unknown, but is bounded by x=0.035 on the underdoped
side and x=0.05 on the overdoped side.
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FIG. 15. !Color online" Lattice parameters of the
Ba!Fe1−x−yCoxCuy"2As2 !x#0.022" series, a and c as well as unit
cell volume, V, normalized to the values of Ba!Fe0.976Co0.024"2As2
!a0=3.9598!6" Å and c0=13.004!3" Å" as a function of measured
Cu concentration, yWDS. The solid lines represent the values of a /a0
and c /c0 for the Ba!Fe1−x−yCoxCuy"2As2 !x=0" series shown in
Fig. 9.
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Pour la Tc : xCo = xRh = 2xNi = 2xPd = 3xCu

for Co doping, 2x for Ni doping, 3x for Cu doping, x+3y for
Co/Cu mixed doping. This parameterization is consistent
with our Hall resistivity and Seebeck coefficient
measurements.37 This extra electron !e" parameterization is
consistent with a simple “rigid band” assumption for band
filling, but is also consistent with recent proposals based on a
density functional calculation that the extra electrons are all
localized around the dopant atoms,38 at its heart, the extra
electron parameterization simply assumes that one Ni atom
has twice the effect of one Co atom and one Cu atom has
three times the effect of one Co atom. Based on this param-
eterization, the T−e phase diagrams are presented in Fig.
26!b". As we can see, the superconductivity domes, espe-
cially on the overdoped side, are much better scaled by this
parameter.

A T−e phase diagram similar to Fig. 26!b" has already
been mapped out in our earlier work.19 Via the fact that the
structural, magnetic phase transitions !the superconducting
domes" appear to be parameterized by the doping level
!the number of additional electrons" respectively, we sug-
gested that superconductivity can be stabilized over a

limited, and well delineated, range of e values when the
structural and magnetic phase transitions are adequately sup-
pressed. For example, the data from the Ba!Fe1−xCux"2As2
series clearly demonstrate that, if by the time the structural/
antiferromagnetic phase transitions are suppressed enough,
too many extra electrons have been added, the e-filling win-
dow for superconductivity can be missed. On the other hand,
if we adjust the position of the upper phase line in the T−e
phase diagram by judicious doping, so that it does not miss
the superconducting window, superconductivity can occur.

Another way of seeing the different dependence of Ts /Tm
and Tc is to note that the maximum Tc value for a given
doping series occurs where the extrapolated Ts /Tm line hits
the superconducting dome. When the data is plotted in a
T−e phase diagram, it becomes clear that this point is where
the Tc−e data join the universal dome on the overdoped side.
By choosing the doping carefully, we can adjust the slope of
Ts!e" /Tm!e" and to some extent control where Tc

max is. This is
demonstrated by the Ba!Fe1−x−yCoxCuy"2As2 series: by pro-
gressing from x=0 to x=0.022 to x=0.047, the Ts /Tm line
acquires a larger slope and Tc

max increases.
The idea that the lower e-value extent of the supercon-

ducting dome is determined by the rate of suppression of the
Ts /Tm line carries with it the implication that if this line
could be suppressed even more rapidly, as a function of e,
then Tc

max could achieve even higher values. Unfortunately
with 3d- or even 4d-transition metal doping,19,25 Co and Rh
have already offered the most efficient rate !x :e=1:1". On
the other hand Ts /Tm can be suppressed without any doping
at all by the application of pressure. Recent pressure mea-
surements of T− P phase diagrams for pure and Co-doped
BaFe2As2 !Refs. 39 and 40" show that indeed for pure and
underdoped members of the Ba!Fe1−xCox"2As2 series Tc can
be increased significantly by suppressing Ts /Tm with pres-
sure whereas over doped members of the series manifest
little or no increase in Tc with pressure. Figure 27 summa-
rizes the effects of pressure as well as our 3d and 4d doping
in the BaFe2As2 series. Tc

max is extracted from the T− P phase
diagrams for Ba!Fe1−xCox"2As2 !Ref. 40" and is selected as
the highest Tc value measured for a given x under pressure.
As we can see, whereas Tc

max differs only slightly from the Tc
values found at ambient pressure for the overdoped side of
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FIG. 26. !Color online" !a" T−x phase diagrams for
Ba!Fe1−xTMx"2As2 !TM=Co,Ni,Cu,Co /Cu". !a" T−e phase dia-
grams for Ba!Fe1−xTMx"2As2 !TM=Co,Ni,Cu,Co /Cu".

FIG. 27. !Color online" The comparison of the effects of chemi-
cal doping !Ref. 41" and application of pressure !Ref. 40" for the
Ba!Fe1−xCox"2As2 series.
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For x=0.032 sample, Ts and Tm are marked with ! in the
table since different criteria are employed for this concentra-
tion. As we can see from Table II, for small x values, Ts and
Tm are suppressed and split. For higher x values, supercon-
ductivity is stabilized as Ts and Tm continue to be suppressed.
All of the T−x data can be used to assemble a temperature-
doping concentration !T−x" phase diagram for
Ba!Fe1−xNix"2As2 as shown in Fig. 6. It has very similar
appearance as the one for Ba!Fe1−xCox"2As2 except the su-
perconducting dome occurs at a lower x and over a smaller x
range.

Given the similarities, and differences, between the Ni-
doped and Co-doped BaFe2As2 systems, a comparison of the
Hc2!T" curves, which reflect the properties of the supercon-
ductivity in these two systems, is desirable. Anisotropic Hc2
data taken for Ba!Fe0.954Ni0.046"2As2 in the magnetic fields
up to 33 T are summarized in Fig. 7. Although data was
taken on two samples, only one set of R!H" data is shown.
The left panel of Fig. 7 presents the R!H" data taken from 11
to 19 K in 1 K steps for H"c. The right panel presents the
R!H" data taken from 5 to 19 K in 1 K steps for H #c. Offset
and onset criteria to infer Hc2 are shown.

Two Co dopings are logically comparable to the near op-
timally doped Ba!Fe0.954Ni0.046"2As2: the comparably doped

Ba!Fe0.953Co0.047"2As2 which has a similar Tc, and the near-
optimally doped Ba!Fe0.926Co0.074"2As2. Temperature depen-
dent Hc2 curves for Ba!Fe0.954Ni0.046"2As2 are presented in
Fig. 8 in comparison with Ba!Fe0.953Co0.047"2As2 $Fig. 8!a"%
and Ba!Fe0.926Co0.074"2As2 $Fig. 8!b"%. The anisotropy of
near-optimally doped Ba!Fe0.954Ni0.046"2As2 is virtually iden-
tical to near-optimally doped Ba!Fe0.926Co0.074"2As2 as indi-
cated from Fig. 8!b" whereas it is almost 2 times larger than
that of the underdoped Ba!Fe0.953Co0.047"2As2 !similar dop-
ing level, similar Tc" as shown in Fig. 8!a". This is a clear
manifestation of the idea that the anisotropy of the super-
conducting state is not defined by x, but rather by
the low temperature structural/magnetic state of the
system.20 The anisotropic parameter !$=Hc2

"c!T" /Hc2
#c !T"% of

Ba!Fe0.954Ni0.046"2As2 is shown in Fig. 8!c". It was calculated
by taking each data point from Hc2

"c!T" curve and interpolat-
ing Hc2

#c !T" at the same T value, from the Hc2
#c curve. As we

can see, ! varies from 2 far from Tc to 3 near to Tc by offset
criterion or from 1.7 far from Tc to 3 near to Tc by onset
criterion.

Considering two samples and two criteria, for
Ba!Fe0.954Ni0.046"2As2, !dHc2

#c /dT" &Tc
ranges from −2.2 to

−3 T /K and !dHc2
"c /dT" &Tc

ranges from −5 to −5.7 T /K.
Assuming the validity of Werthamer-Helfand-Hohenberg
!WHH" equation, Hc2!0"=−0.693Tc!dHc2 /dT" &Tc

, Hc2
"c!0"

can be estimated to be 70–80 T and Hc2
#c !0" can be between

30 and 40 T. Using the equations ""c= !#0 /2$Hc2
#c "1/2 and

"#c= $#0Hc2
#c /2$!Hc2

"c"2%1/2, the coherence length of in plane

TABLE II. Summary of Ts, Tm, and Tc from resistivity, magnetization, and specific heat measurements for the Ba!Fe1−xNix"2As2 series.
!: see text.

Dopant x

% M C

Ts Tm Tc
onset Tc

offset Ts Tm Tc Tc

Ni 0 134 134 134 134
0.0067 121 118 119 119
0.016 100 94 100 94
0.024 77 66 8.6 6.8 80 68 3.9 2.5
0.032 54! 37! 16.6 15.9 53! 15.1 14.6
0.046 19.4 18.8 18.4 17.8
0.054 15.5 14.3 14.4 13.9
0.072 7.5 5.7 6 5.2

FIG. 6. !Color online" T−x phase diagram of Ba!Fe1−xNix"2As2
single crystals for x&0.072. The precise form of Ts and Tm lines are
not yet determined in the superconducting dome region, but we
assume that they intersect with the superconducting dome near Tc

max

!Ref. 28", which is implied by the shading plotted in the supercon-
ducting dome.
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un diagramme de phase "générique".... (en tout cas pour les 122)
Thaler et al.

La supraconductivité également être induite 
par substitution isotopique Fe/Ru

Moment de Ru < Moment de Fe
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Figure 5. (a) In-plane magnetic structure for the 1111 and 122 parent
compounds. The ordering wavevector in these compounds is
( 1

2
1
2 L)T = (1 0 L)O. For the 1111 materials, the stacking of

neighboring plane along the c-axis is either ferromagnetic or
antiferromagnetic depending on the rare earth element (see table 2).
For the 122 materials, the stacking is antiferromagnetic along the
c-axis resulting in odd-integer L as the unit cell contains two FeAs
layers. (b) Magnetic structure for 11 materials (Fe1+x Te) in the limit
of smaller x where the low temperature nuclear structure is
monoclinic. The ordering wavevector is ( 1

2 0 1
2 ) and is the same in

both the high and low temperature phases.

ordering is consistent with stripe-like antiferromagnetic order
with ferromagnetically coupled chains along the tetragonal
(110) direction coupled antiferromagnetically along the in-
plane perpendicular direction (see figure 5(a)). The doubling
of the unit cell along the c-axis indicates antiferromagnetic
interactions between neighboring planes. The magnetic
moment direction could not be uniquely determined in this
measurement but the observed intensity is consistent with
moments lying in the a–b plane. The magnetic moment
observed is much smaller than the 2.2 µB moment observed in
metallic Fe. Measurements of LaFeAsO1−x Fx shows that the
magnetic moment is rather independent of concentration for
x < 0.03 and is zero for x > 0.05 [88]. More concentration
points are required to determine how abruptly the magnetic
moment vanishes with fluorine concentrations between 3 and
5%.

The nature of the ordered state in these materials has
been a topic of considerable study. The calculated Fermi
surface for LaFeAsO consists of electron cylinders near
the M point and hole cylinders and a 3D hole pocket
around the ! point [89]. Further investigations indicated
good nesting of these components separated by the 2D
wavevector ( 1

2
1
2 )T consistent with the observed magnetic

structure [90, 91]. This led to the suggestion that the observed
antiferromagnetic state is a SDW induced by Fermi surface
nesting [91]. In addition to this Fermi surface nesting
scenario, it has been proposed that near-neighbor and next-
near-neighbor interactions between local Fe moments are
both antiferromagnetic and of comparable strength leading to
magnetic frustration [92–94]. In addition to describing the

observed magnetic structure, this scenario can also provide
an explanation for the structural phase transition as the
lattice distortion relieves the magnetic frustration [92, 93].
These frustration effects have also been used to explain
the small ordered moment [92, 94]. Starting with a
local moment Hamiltonian consistent with those discussed
previously [92–94], it was suggested that the structural
transition is actually a transition to a ‘nematic’ ordered phase
which will occur at a higher temperature than the SDW
transition [95]. In addition to the view that the magnetic order
is driven exclusively by either Fermi surface nesting or local
moment superexchange interactions, an alternate approach
based on analysis of DFT calculations included aspects of
both [96]. This work concluded that the moments were largely
local in nature but the interactions were relatively long-ranged
itinerant interactions as opposed to superexchange and both the
low temperature magnetic order and structural distortions were
explained [96]. Finally, it was recently proposed that both the
magnetic and structural transitions are driven by orbital physics
and that the structural transition is, in fact, a ferro-orbital
ordering transition [97]. This model explains the coupling of
the structural and magnetic transitions and is consistent with
the rather large ordering temperature [97].

Changes of the ordered magnetic structure with different
rare earth elements (RFeAsO) have been extensively studied
with neutron diffraction as well as local probe methods.
The ordering wavevector of ( 1

2
1
2

1
2 )T observed for R =

La [15] is also observed for R = Nd [98]. However, for
R = Ce [53] and R = Pr [99] the ordering is described by
the wavevector ( 1

2
1
2 0)T suggesting ferromagnetic coupling

between planes. This suggests rather weak interplane coupling
which is strongly influenced by the rare earth ion and the
associated induced structural changes. Unfortunately, for the
case of R = Sm, the high absorption cross-section for Sm
makes neutron scattering measurements very difficult. Neutron
scattering measurements on SmFeAsO were performed [100]
but could only explore the low temperature ordering of the Sm
moments as will be discussed below.

The size of the ordered moment as a function of R has
been a topic of considerable interest. Neutron scattering on
R = Pr indicates a moment of 0.34 µB [101] identical to
that observed for R = La [15] (a moment of 0.48 µB [99]
was independently observed but this was measured below the
Pr ordering temperature). The moment for R = Nd appears
smaller and initially, Fe ordering was not observed [102] with
an upper bound on the ordered moment placed at 0.17 µB.
However, later measurements clearly indicated Fe ordering
with an ordered moment of 0.25 µB [98], the smallest of any
of the rare earths. A particularly interesting case is that of
Ce where neutron scattering indicated a much larger magnetic
moment of 0.8 µB [53] more than twice the size of any other
rare earth. Thus, on the basis of these neutron diffraction
results, the Fe moment size varies considerably with rare earth
element. However, a contradictory picture is obtained from
57Fe Mössbauer measurements. Such measurements for R
= La indicate an internal magnetic field of 4.86 T [103],
5.19 T [50], and 5.3 T [104]. For the other rare earths, the
internal field was measured to be 5.2 T [105] and 5.3 T [106]
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Then, we have measured the electrical resistance of
�Ba1  x K x�Fe2 As2 (x ⇥ 0, 0.4, and 1.0) through a four-
probe method. As depicted in Fig. 3, BaFe2 As2 has the
highest resistance and shows a decrease at 140 K, which is
linked to the SDW anomaly [21]. In contrast to this, the
resistance of K Fe2 As2 is considerably smaller
and decreases smoothly with temperature, as is typical
for a normal metal. The resistance of K-doped
�Ba0:6 K 0:4�Fe2 As2 is similar to K Fe2 As2 and does not
show any sign of an anomaly at about 140 K, in agreement
with our structural data. But the resistance drops abruptly
to zero at  38 K , which clearly indicates supercon-
ductivity. Figure 4 shows details of the transition. By using
the 90=10 criterion, we find the midpoint of the resistive
transition at 38.1 K and a transition width of 1.5 K. The first
deviation from the extrapolated resistance is at  39 K ,
and zero resistance is achieved at 37.2 K. Consequently, we
have discovered superconductivity analogue to the
LaFeAsO materials, but in a oxygen-free compound with
ThCr2Si2 structure. The Tc of 38 K is the highest critical
temperature observed in hole doped iron arsenide super-
conductors so far [25 K in �La1  xSrx�Fe AsO] [20].

In order to confirm superconductivity, we havemeasured
the magnetic susceptibility of finely ground powder of
�Ba0:6 K 0:4�Fe2 As2 using a SQUID magnetometer
(MPMS-XL5, Quantum Design Inc.) Zero-field cooled
(shielding) and field cooled (Meissner) cycles measured
at 1 and 0.5 mT are shown in Fig. 5. The sample becomes
diamagnetic at 38.3 K and shows 10% of the maximum
shielding at 37.2 K. The zero-field cooled branches of the
susceptibilities measured at 1 and 0.5 mT are almost iden-
tical and amount to  0:94 at 1.8 K, which is close to ideal
diamagnetism (4   ⇥  1). The Meissner effect depends
on the applied field and the measured susceptibilities at
1.8 K are  0:64 at 0.5 mT and  0:3 at 1 mT. These
values of the shielding and Meissner fractions should be
considered as estimates due to uncertainties regarding the
density of the compacted powder and demagnetization
effects. However, the susceptibility data unambiguously
prove bulk superconductivity of the �Ba0:6 K 0:4�Fe2 As2
sample.
In summary, we have discovered the first member of a

new family of iron arsenide superconductors.
�Ba0:6 K 0:4�Fe2 As2 with the ThCr2Si2-type structure is a
bulk superconductor with Tc ⇥ 38 K . The structural and
electronic properties of the parent compound BaFe2 As2 are
closely related to LaFeAsO. We have induced supercon-
ductivity by hole doping and have found a significantly
higher Tc in comparison with hole doped LaFeAsO. In
contrast to previously stated opinions, our results suggest
that hole doping is definitely a possible pathway to induce
high-Tc superconductivity, at least in the oxygen-free com-
pounds. Further optimization may lead to even higher Tc’s
in ThCr2Si2-type compounds.

We thank Professor Thomas Fässler for support with
magnetic measurements. This work was financially sup-
ported by the German Research Foundation [Deutsche
Forschungsgemeinschaft (DFG)].

0 50 100 150 200 250 300
0.0

0.2

0.4

0.6

0.8

1.0

1.2  BaFe
2
As

2

 (Ba
0.6

K
0.4

)Fe
2
As

2

 KFe
2
As

2

R
es

is
ta

nc
e 

 (
m

Ω
cm

)

Temperature (K)

FIG. 3 (color online). Electrical resistance of BaFe2 As2,
K Fe2 As2, and �Ba0:6 K 0:4�Fe2 As2.

20 25 30 35 40 45 50 55 60 65 70
0.0

0.5

1.0

1.5

34 36 38 40 42
0.0

0.4

0.8

(Ba
0.6

K
0.4

)Fe
2
As

2

T
90

 = 38.7 K
T

50
 = 38.1 K

T
10

 = 37.2 K

ρ/
ρ 40

 K

Temperature (K)

dρ
/d

T

Temperature (K)

FIG. 4. Resistivity transition of �Ba0:6 K 0:4�Fe2 As2.

0 10 20 30 40 50 60

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

ZFC

FC

FC

(Ba
0.6

K
0.4

)Fe
2
As

2

 0.5 mT

 1.0 mT

4
πχ

Temperature (K)

FIG. 5 (color online). Magnetic susceptibility of
�Ba0:6 K 0:4�Fe2 As2 at 0.5 and 1 mT. FC is field cooled; ZFC is
zero-field cooled.

PRL 101, 107006 (2008) P HY S I CA L R EV I EW LET TER S
week ending

5 SEPTEMBER 2008

107006-3

Cette structure en "stripes" 
n’est (probablement) pas 
due à une interaction de 
type super-échange entre 

spin localisés
(second voisin, et meme 3eme 

voisin pour la structure zig-zag)

Johannes et al.

pattern but not to a ferromagnetic state!. If the resulting mag-
netization is small, the answer is obvious: the second deriva-
tive of the total energy with respect to magnetization is de-
fined by the noninteracting susceptibility at the AFM wave
vector Q, !2E /!m2=−!0

−1"Q! "with the small caveat that an
actual spin density wave is not a single harmonic but in-
cludes all wave vectors Q+G, where G is a reciprocal lattice
vector!. The imaginary part of !0 is directly related to Fermi-
surface nesting being defined, in the constant matrix ele-
ments approximation, as #ij$""#ki!""#k+Q,i!dk, while the
"actually relevant! real part collects information from all
states and may or may not have any relation to the nesting
conditions "for a detailed discussion see Ref. 8!.

Geometrical nesting, as a property of the Fermi surface,
becomes even more disconnected from a real instability in
the strongly nonlinear regime, m$1%B, which is the case for
ferropnictides. Monitoring the evolution of the electronic
bands with increasing spin polarization,9 one observes that at
m%1%B the resulting bands can in no way be described as
anticrossing downfolded nonmagnetic bands with partial
gapping of the Fermi surface. Rather, the entire Fe d band is
fully restructured. Although the lowest-energy AFM state
wave vector indeed coincides with the quasinesting wave
vector in some cases, it is not always true, as exemplified by
the case of FeTe that we will discuss later.

It should be noted that while quasinesting is not particu-
larly relevant for the long-range ordering in the undoped
crystals, it does define the low-energy excitations in nonmag-
netic phases, and these can perfectly well mediate supercon-
ductivity.

Having established a general framework, we now address
specific examples. First, we investigate checkerboard, stripe,
and double-stripe magnetic structures "see Fig. 1! and show
that the stripe order is lower in energy than either the check-
erboard or the double-stripe structure for the 122 systems,
but not for FeTe. We use the BaFe2As2 system as our pri-
mary example, but the results for other 122 systems and
LaFeAsO are very similar. Our calculations were performed
using an all-electron, full-potential linearized augmented
planewave package WIEN2K, in the generalized gradient ap-
proximation, similar to Ref. 12. All structures were fully re-
laxed "except where stated otherwise! using the Vienna ab
initio simulation program "VASP!,13 with the projector aug-
mented wave formulation14 and also using GGA. In Table I
we show the magnetic stabilization energies of the three dif-
ferent antiferromagnetic structures.

In Figs. 2"a!–2"c!, we show the DOSs for BaFe2As2 in

each of the three magnetic configurations along with the non-
magnetic DOS. Compared to the nonmagnetic DOS, we see
that the checkerboard pattern has a very similar spectrum at
and near the Fermi energy and gains one-electron energy by
shifting spectral weight from the region between −0.5 and
−1.0 downward to the region between −1.0 and −2.0. The
double-stripe pattern actually incurs an energy penalty at and
just below EF but gains energy by shifting weight downward
from between −0.2 and −0.7 to between −1.0 and −2.0. The
ground-state configuration, in contrast to the other two, gains
energy all the way from EF to −0.9 by shifting weight down-
ward. This is accomplished through the opening of a large
pseudogap "this terminology has no connection with the
pseudogap in cuprates and simply signifies a depression in
one-electron DOS around the Fermi level!. Though all three
magnetic configurations are stable with respect to a nonmag-
netic state, it is visibly the case that the stripe ordering has
the greatest one-electron energy advantage. This is reflected
in the much larger gain in total energy "see Table I!.

Let us now compare the results with the same calculations
for FeTe. As indicated in a number of papers, FeTe is always
formed with an excess Fe, so the fact that experiment gives
the double-stripe structure as the low-temperature ground
state15 should be taken cum grano salis. However, as Table I
shows, it is definitely the stoichiometric ground state in den-
sity functional calculations, and this is the only thing that
matters for our analysis.16 We note here that we do not fully
relax the FeTe structure but only relax the internal positions.
As before these relaxations are done separately for magnetic
and nonmagnetic cases.

(a) (b) (c)

FIG. 1. Top-down view of the "a! checkerboard, "b! stripe, and
"c! double-stripe magnetic patterns for a single FeAs or FeTe layer.
The light colored sites have majority up spin, and the darker sites
have majority down spin.

TABLE I. Stabilization energies for various magnetic configu-
rations in the 122 and FeTe systems. All energies are per Fe atom.
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pattern but not to a ferromagnetic state!. If the resulting mag-
netization is small, the answer is obvious: the second deriva-
tive of the total energy with respect to magnetization is de-
fined by the noninteracting susceptibility at the AFM wave
vector Q, !2E /!m2=−!0

−1"Q! "with the small caveat that an
actual spin density wave is not a single harmonic but in-
cludes all wave vectors Q+G, where G is a reciprocal lattice
vector!. The imaginary part of !0 is directly related to Fermi-
surface nesting being defined, in the constant matrix ele-
ments approximation, as #ij$""#ki!""#k+Q,i!dk, while the
"actually relevant! real part collects information from all
states and may or may not have any relation to the nesting
conditions "for a detailed discussion see Ref. 8!.

Geometrical nesting, as a property of the Fermi surface,
becomes even more disconnected from a real instability in
the strongly nonlinear regime, m$1%B, which is the case for
ferropnictides. Monitoring the evolution of the electronic
bands with increasing spin polarization,9 one observes that at
m%1%B the resulting bands can in no way be described as
anticrossing downfolded nonmagnetic bands with partial
gapping of the Fermi surface. Rather, the entire Fe d band is
fully restructured. Although the lowest-energy AFM state
wave vector indeed coincides with the quasinesting wave
vector in some cases, it is not always true, as exemplified by
the case of FeTe that we will discuss later.

It should be noted that while quasinesting is not particu-
larly relevant for the long-range ordering in the undoped
crystals, it does define the low-energy excitations in nonmag-
netic phases, and these can perfectly well mediate supercon-
ductivity.

Having established a general framework, we now address
specific examples. First, we investigate checkerboard, stripe,
and double-stripe magnetic structures "see Fig. 1! and show
that the stripe order is lower in energy than either the check-
erboard or the double-stripe structure for the 122 systems,
but not for FeTe. We use the BaFe2As2 system as our pri-
mary example, but the results for other 122 systems and
LaFeAsO are very similar. Our calculations were performed
using an all-electron, full-potential linearized augmented
planewave package WIEN2K, in the generalized gradient ap-
proximation, similar to Ref. 12. All structures were fully re-
laxed "except where stated otherwise! using the Vienna ab
initio simulation program "VASP!,13 with the projector aug-
mented wave formulation14 and also using GGA. In Table I
we show the magnetic stabilization energies of the three dif-
ferent antiferromagnetic structures.

In Figs. 2"a!–2"c!, we show the DOSs for BaFe2As2 in

each of the three magnetic configurations along with the non-
magnetic DOS. Compared to the nonmagnetic DOS, we see
that the checkerboard pattern has a very similar spectrum at
and near the Fermi energy and gains one-electron energy by
shifting spectral weight from the region between −0.5 and
−1.0 downward to the region between −1.0 and −2.0. The
double-stripe pattern actually incurs an energy penalty at and
just below EF but gains energy by shifting weight downward
from between −0.2 and −0.7 to between −1.0 and −2.0. The
ground-state configuration, in contrast to the other two, gains
energy all the way from EF to −0.9 by shifting weight down-
ward. This is accomplished through the opening of a large
pseudogap "this terminology has no connection with the
pseudogap in cuprates and simply signifies a depression in
one-electron DOS around the Fermi level!. Though all three
magnetic configurations are stable with respect to a nonmag-
netic state, it is visibly the case that the stripe ordering has
the greatest one-electron energy advantage. This is reflected
in the much larger gain in total energy "see Table I!.

Let us now compare the results with the same calculations
for FeTe. As indicated in a number of papers, FeTe is always
formed with an excess Fe, so the fact that experiment gives
the double-stripe structure as the low-temperature ground
state15 should be taken cum grano salis. However, as Table I
shows, it is definitely the stoichiometric ground state in den-
sity functional calculations, and this is the only thing that
matters for our analysis.16 We note here that we do not fully
relax the FeTe structure but only relax the internal positions.
As before these relaxations are done separately for magnetic
and nonmagnetic cases.
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FIG. 1. Top-down view of the "a! checkerboard, "b! stripe, and
"c! double-stripe magnetic patterns for a single FeAs or FeTe layer.
The light colored sites have majority up spin, and the darker sites
have majority down spin.

TABLE I. Stabilization energies for various magnetic configu-
rations in the 122 and FeTe systems. All energies are per Fe atom.
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pattern but not to a ferromagnetic state!. If the resulting mag-
netization is small, the answer is obvious: the second deriva-
tive of the total energy with respect to magnetization is de-
fined by the noninteracting susceptibility at the AFM wave
vector Q, !2E /!m2=−!0

−1"Q! "with the small caveat that an
actual spin density wave is not a single harmonic but in-
cludes all wave vectors Q+G, where G is a reciprocal lattice
vector!. The imaginary part of !0 is directly related to Fermi-
surface nesting being defined, in the constant matrix ele-
ments approximation, as #ij$""#ki!""#k+Q,i!dk, while the
"actually relevant! real part collects information from all
states and may or may not have any relation to the nesting
conditions "for a detailed discussion see Ref. 8!.

Geometrical nesting, as a property of the Fermi surface,
becomes even more disconnected from a real instability in
the strongly nonlinear regime, m$1%B, which is the case for
ferropnictides. Monitoring the evolution of the electronic
bands with increasing spin polarization,9 one observes that at
m%1%B the resulting bands can in no way be described as
anticrossing downfolded nonmagnetic bands with partial
gapping of the Fermi surface. Rather, the entire Fe d band is
fully restructured. Although the lowest-energy AFM state
wave vector indeed coincides with the quasinesting wave
vector in some cases, it is not always true, as exemplified by
the case of FeTe that we will discuss later.

It should be noted that while quasinesting is not particu-
larly relevant for the long-range ordering in the undoped
crystals, it does define the low-energy excitations in nonmag-
netic phases, and these can perfectly well mediate supercon-
ductivity.

Having established a general framework, we now address
specific examples. First, we investigate checkerboard, stripe,
and double-stripe magnetic structures "see Fig. 1! and show
that the stripe order is lower in energy than either the check-
erboard or the double-stripe structure for the 122 systems,
but not for FeTe. We use the BaFe2As2 system as our pri-
mary example, but the results for other 122 systems and
LaFeAsO are very similar. Our calculations were performed
using an all-electron, full-potential linearized augmented
planewave package WIEN2K, in the generalized gradient ap-
proximation, similar to Ref. 12. All structures were fully re-
laxed "except where stated otherwise! using the Vienna ab
initio simulation program "VASP!,13 with the projector aug-
mented wave formulation14 and also using GGA. In Table I
we show the magnetic stabilization energies of the three dif-
ferent antiferromagnetic structures.

In Figs. 2"a!–2"c!, we show the DOSs for BaFe2As2 in

each of the three magnetic configurations along with the non-
magnetic DOS. Compared to the nonmagnetic DOS, we see
that the checkerboard pattern has a very similar spectrum at
and near the Fermi energy and gains one-electron energy by
shifting spectral weight from the region between −0.5 and
−1.0 downward to the region between −1.0 and −2.0. The
double-stripe pattern actually incurs an energy penalty at and
just below EF but gains energy by shifting weight downward
from between −0.2 and −0.7 to between −1.0 and −2.0. The
ground-state configuration, in contrast to the other two, gains
energy all the way from EF to −0.9 by shifting weight down-
ward. This is accomplished through the opening of a large
pseudogap "this terminology has no connection with the
pseudogap in cuprates and simply signifies a depression in
one-electron DOS around the Fermi level!. Though all three
magnetic configurations are stable with respect to a nonmag-
netic state, it is visibly the case that the stripe ordering has
the greatest one-electron energy advantage. This is reflected
in the much larger gain in total energy "see Table I!.

Let us now compare the results with the same calculations
for FeTe. As indicated in a number of papers, FeTe is always
formed with an excess Fe, so the fact that experiment gives
the double-stripe structure as the low-temperature ground
state15 should be taken cum grano salis. However, as Table I
shows, it is definitely the stoichiometric ground state in den-
sity functional calculations, and this is the only thing that
matters for our analysis.16 We note here that we do not fully
relax the FeTe structure but only relax the internal positions.
As before these relaxations are done separately for magnetic
and nonmagnetic cases.
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FIG. 1. Top-down view of the "a! checkerboard, "b! stripe, and
"c! double-stripe magnetic patterns for a single FeAs or FeTe layer.
The light colored sites have majority up spin, and the darker sites
have majority down spin.

TABLE I. Stabilization energies for various magnetic configu-
rations in the 122 and FeTe systems. All energies are per Fe atom.
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Columb energy that varies from 4.0 eV to 6.9 eV18,19,20,
and we have explored the parameter space within the
range U=2.0-5.0 eV and J=0.89 eV on Fe in our calcu-
lations.
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FIG. 1: (Color online)Undoped LaOFeAs band structure
of (a) AFM state and (b) PM state. Red lines represent
DFT calculation results; blue lines are band structures re-
constructed from the tight-binding model using maximally
localized Wannier functions (MLWF). Since spin-up and spin-
down bands are degenerate for AFM state, we plot only spin-
up bands here. For both figures, Fermi energies are indicated
by the green line at 0 eV.

Our calculations show an unambiguous antiferromag-
netic (AFM) ground state with staggered moment 2.3
µB for undoped LaOFeAs, which is 84 meV per Fe lower
than paramagnetic (PM) and ferromagnetic (FM) states.
The energy difference between the latter two is found to
be negligible. In fact, the FM state has a very small
magnetic moment (∼0.05 per Fe); therefore it can be re-
garded as a PM state. The AFM ground state has been
confirmed by independent VASP calculations using the
projector augmented wave (PAW) method21. The op-
timized structure has a lattice constant of a=4.0200 Å
and c=8.7394 Å; and the bond lengths for Fe-As and
La-O are 2.35 Å and 2.40 Å respectively. For reference,
the paramagnetic state has an optimized lattice constant
of a=3.9899 Å and c=8.6119 Å, while the bond lengths
for Fe-As and La-O are 2.34 Å and 2.33 Å, respectively.
Both the AFM and PM band structures are shown in
Fig. 1 with red curves. In both states, a small disper-
sion along the c-axis (from Γ to Z and from A to M)

indicates interactions between layers are weak, and thus
the separation of the structure into LaO and FeAs lay-
ers is possible. The PM state band structure reproduces
previous DFT calculation results5,6, exhibiting 5 bands
across the Fermi level. The AFM state band structure
is qualitatively different, exhibiting only 3 bands across
EF . In VASP calculations, AFM states are 14 meV per
Fe lower than PM and FM states. Similar to PWSCF cal-
culations, the band structures of the AFM state are very
different from the PM state. These results indicate the
delicacy of the magnetic states in this system, and that
the magnetism strongly affects the electronic structure.
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To further examine and confirm these findings, we have
performed two series of additional calculations. First, we
have performed GGA+U calculations using VASP. Haule
et. al used a dynamical mean field theory (DMFT)-LDA
approach, and found that a critical value of U=4.5 eV
led to a Mott transition with a gap at the Fermi surface.
We have calculated the electronic structure using VASP’s
implementation of GGA+U, and also find a Mott tran-
sition for the LaOFeAs system at a critical U ∼ 3 eV
for Fe. Note that lower bound of the empirical value of
U chosen in calculation is 3.5-4.0 eV for Fe d orbitals
(18). The ground state is found to be always AFM for
all tested U within 0.0-5.0 eV in our calculations, but
the DOS changes dramatically (Fig. 4). A Mott gap
of about 1.0 eV is observed in the GGA+U calculation
at U = 4.5 eV. Experimentally, it is observed that below
100K, the resistivity of undoped LaOFeAs increases when
temperature decreases, but appears to remain metallic1,
suggesting that the system is in fact on the edge of a
Mott transition.8.

Second, we have investigated bulk FeAs. The AFM
state is again found to be the ground state, in agreement
with experiment10, as well as with previous calculations
based on full-potential linearized augmented planewave
(FLAPW) method11. In addition, an isolated layer of

LaOFeAs
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Columb energy that varies from 4.0 eV to 6.9 eV18,19,20,
and we have explored the parameter space within the
range U=2.0-5.0 eV and J=0.89 eV on Fe in our calcu-
lations.
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Our calculations show an unambiguous antiferromag-
netic (AFM) ground state with staggered moment 2.3
µB for undoped LaOFeAs, which is 84 meV per Fe lower
than paramagnetic (PM) and ferromagnetic (FM) states.
The energy difference between the latter two is found to
be negligible. In fact, the FM state has a very small
magnetic moment (∼0.05 per Fe); therefore it can be re-
garded as a PM state. The AFM ground state has been
confirmed by independent VASP calculations using the
projector augmented wave (PAW) method21. The op-
timized structure has a lattice constant of a=4.0200 Å
and c=8.7394 Å; and the bond lengths for Fe-As and
La-O are 2.35 Å and 2.40 Å respectively. For reference,
the paramagnetic state has an optimized lattice constant
of a=3.9899 Å and c=8.6119 Å, while the bond lengths
for Fe-As and La-O are 2.34 Å and 2.33 Å, respectively.
Both the AFM and PM band structures are shown in
Fig. 1 with red curves. In both states, a small disper-
sion along the c-axis (from Γ to Z and from A to M)

indicates interactions between layers are weak, and thus
the separation of the structure into LaO and FeAs lay-
ers is possible. The PM state band structure reproduces
previous DFT calculation results5,6, exhibiting 5 bands
across the Fermi level. The AFM state band structure
is qualitatively different, exhibiting only 3 bands across
EF . In VASP calculations, AFM states are 14 meV per
Fe lower than PM and FM states. Similar to PWSCF cal-
culations, the band structures of the AFM state are very
different from the PM state. These results indicate the
delicacy of the magnetic states in this system, and that
the magnetism strongly affects the electronic structure.
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To further examine and confirm these findings, we have
performed two series of additional calculations. First, we
have performed GGA+U calculations using VASP. Haule
et. al used a dynamical mean field theory (DMFT)-LDA
approach, and found that a critical value of U=4.5 eV
led to a Mott transition with a gap at the Fermi surface.
We have calculated the electronic structure using VASP’s
implementation of GGA+U, and also find a Mott tran-
sition for the LaOFeAs system at a critical U ∼ 3 eV
for Fe. Note that lower bound of the empirical value of
U chosen in calculation is 3.5-4.0 eV for Fe d orbitals
(18). The ground state is found to be always AFM for
all tested U within 0.0-5.0 eV in our calculations, but
the DOS changes dramatically (Fig. 4). A Mott gap
of about 1.0 eV is observed in the GGA+U calculation
at U = 4.5 eV. Experimentally, it is observed that below
100K, the resistivity of undoped LaOFeAs increases when
temperature decreases, but appears to remain metallic1,
suggesting that the system is in fact on the edge of a
Mott transition.8.

Second, we have investigated bulk FeAs. The AFM
state is again found to be the ground state, in agreement
with experiment10, as well as with previous calculations
based on full-potential linearized augmented planewave
(FLAPW) method11. In addition, an isolated layer of
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constructed from the tight-binding model using maximally
localized Wannier functions (MLWF). Since spin-up and spin-
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up bands here. For both figures, Fermi energies are indicated
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Our calculations show an unambiguous antiferromag-
netic (AFM) ground state with staggered moment 2.3
µB for undoped LaOFeAs, which is 84 meV per Fe lower
than paramagnetic (PM) and ferromagnetic (FM) states.
The energy difference between the latter two is found to
be negligible. In fact, the FM state has a very small
magnetic moment (∼0.05 per Fe); therefore it can be re-
garded as a PM state. The AFM ground state has been
confirmed by independent VASP calculations using the
projector augmented wave (PAW) method21. The op-
timized structure has a lattice constant of a=4.0200 Å
and c=8.7394 Å; and the bond lengths for Fe-As and
La-O are 2.35 Å and 2.40 Å respectively. For reference,
the paramagnetic state has an optimized lattice constant
of a=3.9899 Å and c=8.6119 Å, while the bond lengths
for Fe-As and La-O are 2.34 Å and 2.33 Å, respectively.
Both the AFM and PM band structures are shown in
Fig. 1 with red curves. In both states, a small disper-
sion along the c-axis (from Γ to Z and from A to M)

indicates interactions between layers are weak, and thus
the separation of the structure into LaO and FeAs lay-
ers is possible. The PM state band structure reproduces
previous DFT calculation results5,6, exhibiting 5 bands
across the Fermi level. The AFM state band structure
is qualitatively different, exhibiting only 3 bands across
EF . In VASP calculations, AFM states are 14 meV per
Fe lower than PM and FM states. Similar to PWSCF cal-
culations, the band structures of the AFM state are very
different from the PM state. These results indicate the
delicacy of the magnetic states in this system, and that
the magnetism strongly affects the electronic structure.
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To further examine and confirm these findings, we have
performed two series of additional calculations. First, we
have performed GGA+U calculations using VASP. Haule
et. al used a dynamical mean field theory (DMFT)-LDA
approach, and found that a critical value of U=4.5 eV
led to a Mott transition with a gap at the Fermi surface.
We have calculated the electronic structure using VASP’s
implementation of GGA+U, and also find a Mott tran-
sition for the LaOFeAs system at a critical U ∼ 3 eV
for Fe. Note that lower bound of the empirical value of
U chosen in calculation is 3.5-4.0 eV for Fe d orbitals
(18). The ground state is found to be always AFM for
all tested U within 0.0-5.0 eV in our calculations, but
the DOS changes dramatically (Fig. 4). A Mott gap
of about 1.0 eV is observed in the GGA+U calculation
at U = 4.5 eV. Experimentally, it is observed that below
100K, the resistivity of undoped LaOFeAs increases when
temperature decreases, but appears to remain metallic1,
suggesting that the system is in fact on the edge of a
Mott transition.8.

Second, we have investigated bulk FeAs. The AFM
state is again found to be the ground state, in agreement
with experiment10, as well as with previous calculations
based on full-potential linearized augmented planewave
(FLAPW) method11. In addition, an isolated layer of
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FIG. 3. (Color online) (a) Schematic FSs and definition of the FS
angle (θ ). (b) and (c) Polar plots of the SC gap size at 8 K for the
(b) α, β and (c) γ FSs as a function of θ . Dashed circles show the
averaged SC gap values on each FS. (d) Plot of the SC gap size as a
function of |coskx cosky |. The dashed line and purple dots represent
the best fit assuming the gap function |%| = %0| cos kx cos ky | and
|%| = |%1 coskx cosky + %2(coskx + cosky)/2|, respectively.

a possible transition from nodeless to nodal pairing states
in the OD region. Our observation of a nodeless gap in the
K0.7 sample indicates that x = 0.7 is a lower limit for the
critical doping of the transition, if the nodes appear vertically.
From the viewpoint of the electronic structure, the significant
difference between the K1 and x ! 0.7 samples is the FS
topology near the M point at which the shrunk electron FS
in K0.7 completely vanishes in K1. It is thus inferred that the
change of FS topology could be associated with the transition
of the pairing symmetry. Based on the rigid-band-shift model,
we suggest that the critical doping would be 0.8 ! x ! 0.9.

To clarify the isotropy and anisotropy of the gap function
in the K0.7 sample, we have estimated the SC gap size (|%|)
from the energy separation between the coherence peak and
EF, and plotted the gap size as a function of the FS angle
(θ ) in Figs. 3(b) and 3(c). The results confirm the absence
of vertical line nodes in the K0.7 sample. It is also apparent
that the gap is strongly FS dependent but nearly isotropic on
each FS. We obtained averaged gap values |%| of 7.9 ± 0.8,
4.4 ± 0.8, and 7.6 ± 0.8 for the α, β, and γ FSs, respectively,
corresponding to 2|%|/kBTc ratios of 8.3 ± 0.9, 4.6 ± 0.9, and
8.0 ± 0.9. These experimental results clearly show the opening
of multiple isotropic SC gaps in the OD region.

The FS dependence of the SC gap in the OPD K0.4
sample has been reported to be basically consistent with
the gap function derived from short-range pairing possibly
mediated by the antiferromagnetic (AF) fluctuations, %(k) =
%1 coskx cosky + %2(coskx + cosky)coskz/2.20 It is intrigu-
ing to check its validity in the OD region, since the kF position
and the SC gap size for each FS are markedly different from
those in the OPD region. At first, we neglect the second
term and compare the experimental results with the simple

formula %(k) = %0 coskx cosky , which is known as one of
the extended s-wave symmetries,11 as discussed earlier for the
K0.4 sample.4,6 This formula predicts the opening of a larger
(smaller) gap on a smaller (larger) FS and a sign change of the
SC gap between hole and electron FSs, resulting in an s±-wave
state. The fitting result (%0 = 9.0 meV) [black dashed line
in Fig. 3(d)] shows a basic agreement with the present data,
suggesting a dominant contribution of the s±-wave pairing
to the superconductivity. It is also found that the gap size
of the γ FS is slightly overestimated. This is due to the
fact that the γ FS is smaller than the α FS, while their gap
sizes are comparable. When we introduce the second term,
we see a better agreement with the experiment, as indicated
by purple dots in Fig. 3(d). Here we use coskz = 1, and thus
%(k) = %1 coskx cosky + %2(coskx + cosky)/2, because the
present data reflect the electronic structure at kz ∼ 0.20,21 For
a finite positive %2, |%| at the & point becomes larger than that
at the M point, since coskx + cosky is 2 and 0 at the &(0,0) and
M(π,0) points, respectively. Therefore, two branches naturally
appear in Fig. 3(d) with a single set of fitting parameters (%1,
%2) = (8.3 meV, 0.7 meV). The upper and lower branches
correspond to |%| on the &- and M-centered FSs, respectively.
The present results show that the observed multiple nodeless
gaps in the OD sample are fitted by a single gap function
consistently with the s±-wave pairing.

We compare in Fig. 4 the present results in the OD
sample with those in the UD and OPD samples and discuss
the generic properties over a wide doping range. There are
three important aspects in the doping dependence of ARPES
data. First, the opening of multiple SC gaps is generic
among the K0.25, K0.4, and K0.7 samples [Figs. 4(a)–4(c)].
While the gap magnitude itself is strongly doping dependent,
the obtained 2|%|/kBTc ratios remain nearly constant at
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FIG. 1. (Color online) (a) Plot of ARPES intensity at EF as a function of the in-plane wave vector measured at 10 K for the K0.7 sample
(OD; Tc = 22 K). The intensity is obtained by integrating the spectral intensity within ±10 meV with respect to EF. Solid curves show the
schematic FSs. (b) ARPES intensity plot along the !-M line as a function of binding energy and wave vector. Solid curves are guides for the
eyes to trace the band dispersion. (c)–(h) ARPES intensity plots in the vicinity of EF and (i)–(n) corresponding EDCs measured in the normal
state (30 K) along cuts 1–6 indicated by green lines in (a). Dashed curves and dots are guides for the eyes. White vertical dashed lines in (c)–(h)
represent the !-M line. (o) Symmetrized EDCs of the blue (dark gray) curves in (i), (k), and (n).

small electron FSs at the ! and M points in the K0.7 sample,
respectively. We note that recent ARPES studies on the OPD
sample reported the presence of a third holelike band crossing
EF and its degeneracy with the α band at kz ∼ 0.20,21 Since
the present result obtained by the He I line (hν = 21.218 eV)
basically reflects the electronic structure around the kz ∼ 0
plane,20,21 the observed α band would be composed of
degenerated couple of bands. It is also important to note that the
present result does not show the FS reconstruction observed in
some of the previous studies on Fe-based superconductors.22,23

In addition, the observed FS volume consistently evolves
while changing the bulk hole concentration [Figs. 4(d)–4(f)].
These facts suggest the bulk origin of the observed electronic
structure.

Figures 2(a) and 2(b) show the ARPES intensity plot
and the corresponding energy distribution curves (EDCs)
measured in the SC state. Both the α and β bands show a
local energy maximum at their corresponding Fermi wave
vectors (kF) and disperse back toward higher binding energy.
This behavior is reminiscent of the dispersion relation of
Bogoliubov quasiparticles in a superconductor, indicating the
opening of a SC gap. The SC gap is more clearly seen in
Fig. 2(c), where the 8 K EDC at kF of the α band exhibits
a leading edge shift toward higher binding energy and the
emergence of a coherent peak as compared to the 30 K
EDC in the normal state. To accurately determine the gap
size and its k dependence, we have performed high-resolution
measurements (%E = 4 meV) at various kF points of the α, β,
and γ bands. The EDCs obtained after the symmetrization
procedure are shown in Figs. 2(e)–2(h). The symmetrized
EDCs below Tc [Figs. 2(e)–2(g)] show two peaks irrespective
of the kF position, indicating the nodeless character of the SC
gap at kz ∼ 0 in the K0.7 sample. The present result rules out the
possibility of d-wave or extended s-wave superconductivity

with vertical line nodes, but leaves open the possibility for
having horizontal nodes away from kz = 0. It has been reported
that gap nodes appear on the K1 compound,24–26 implying
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Before point contact measurements the crystals were cleaved to
reveal fresh surface. For the measurements in the c direction the
fresh shiny surface was obtained by detaching the degraded sur-
face layers by a scotch tape. The microconstrictions were prepared
in situ by pressing a metallic tip (platinum wire formed either
mechanically or by electrochemical etching) on a fresh surface of
the superconductor. For the measurements with the point contact
current in the ab plane a reversed tip-sample configuration was
used. The freshly cleaved edge of the single crystal jetting out in
ab direction was pressed on a piece of chemically etched copper.
A special PC approaching system allowed for lateral as well as ver-
tical movements of the PC tip by a differential screw mechanism.
Details of the technique can be found elsewhere [23].

Fig. 1 shows typical PCAR spectra obtained on Ba0.55K0.45Fe2As2

with the PC current preferably within the ab plane. The spectra
present double enhanced conductances, the typical features of
the Andreev reflection of quasiparticles coupled via two supercon-
ducting energy gaps. The first enhancement starts below 20 mV
with the gap-like humps at about 10 mV while the second one is
located below !5–7 mV. On the spectra 2 and 3 also two symmet-
rical maxima at 2–3 mV are displayed. Majority of the spectra mea-
sured in the ab direction revealed a heavily broadened enhanced
conductance near the zero bias as indicated by the spectrum 4. This
is most probably caused by the sample inhomogeneities on the
nanoscale.

The presented spectra are normalized to their respective normal
state and fitted to the two gap BTK model (symbols). The resulting
values of energy gaps are spread in the range of 2–5 meV and 9–
10 meV for the small and large gap, respectively. The values of
smearing parameters were 10%, 60%, 30%, and 100% of each energy
gap value for curves 1, 2, 3, and 4, respectively. For each presented
fit different values of z for the two bands were also necessary. Typ-
ically, zL for the band with a large gap was about 0.4–0.8, while zS

was twice smaller. Parameter a varied between 0.4 and 0.8.
Although the s-wave two gap BTK formula has been successfully
used to fit our PCAR data a possibility of unconventional pairing
symmetry cannot be completely ruled out. Obviously, rather
strongly broadened spectra as presented here could be in principle
fitted also by model taking into account anisotropic or nodal gaps,
if an appropriate current injecting angle was selected [27].

In Fig. 2a temperature evolution of the second spectrum from
previous figure is presented. All the spectra (lines) were normal-
ized to the conductance measured at 27 K and fitted to the BTK
model with a proper temperature smearing involved. Obviously,

the spectrum at the lowest temperature reminds the two gap spec-
trum of MgB2 for a highly transparent junction with conductance
enhancements due to Andreev reflection of quasiparticles. As the
temperature is increased the double enhanced point contact con-
ductance corresponding to two energy gaps is gradually smeared
out and spectrum intensity decreases. Indeed, the spectra could
be well fitted to the two gap BTK formula. The best fit for each tem-
perature is shown by open circles. The extracted values of the gaps
at different temperatures are shown in Fig. 2b (symbols) following
nicely a BCS prediction (lines) rescaled to the size of the respective
gap. The values of the energy gaps at lowest temperature are for
the small DS ! 2.7 meV and the large one DL ! 9.2 meV, which cor-
responds to the coupling strengths 2DS/kTc ! 2.7 and 2DL/kTc ! 9
for Tc = 23 K. The smearing parameters (about 60% of the respective
gap values), the barrier strengths z ! 0.3 and 0.6 as well as the
weight factor a ! 0.5 obtained at 4.4 K were kept constant at high-
er temperatures. From the data obtained on more junctions we ob-
serve that the gaps are scattered as 2DS/kTc ! 2.5–4 and 2DL/kT
c ! 9–10.

The measurements on the Ba0.55K0.45Fe2As2 single crystals with
the PC current in the c direction yield completely different picture
showing just a reduced conductance around zero bias. In Fig. 3 the
temperature dependence of such a spectrum is displayed. The zero
bias conductance minimum is step by step smeared and filled up
with increasing temperature. However, the filling effect, which
cannot be explained just by the spectral broadening by tempera-
ture, is not finished at Tc but continues up to about 70–80 K, the
temperature at which the magnetic transition in the system takes
place [28]. Thus, this feature is not related to superconductivity.
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Fig. 3: (Colour on-line) (a) Theoretical SC gap value |∆(k)|=
∆0|cos kx cos ky| with ∆0 = 13.5meV as a function of the
two-dimensional wave vector [18,19]. Dashed lines represent
zero-gap (nodal) lines. The schematic four FSs are super-
imposed (pink curves). (b) Plot of the SC gap values at 15K
as a function of |cos kx cos ky|. The dashed line shows the best
fit using the gap function |∆(k)|=∆0|cos kx cos ky|.

lead to the opening of an unconventional sign-changing
s-wave (extended s-wave) gap on the hole and electron
pockets [10–12], consistent with the observed nodeless
SC gaps. Our finding further suggests that the same
gap amplitude (±∆) is not required between the well-
connected FS sheets. This may be related to different
intra-band pairing strengths along different FSs.
Since the full set of SC gaps as a function of momentum
is now available, it is tempting to quantitatively compare
the present results with existing theoretical models. Here
we examine the simple formula ∆(k) =∆0 cos kx cos ky,
known as one of the SC gap form for the extended
s-wave symmetry [18,19]. This formula predicts i) the
opening of larger (smaller) SC gap on smaller (larger) FS,
ii) a sign change between hole and electron FSs, and
iii) a full-gap opening on each FS. We note that, although

the cos kx cos ky value becomes zero between the Γ and
M line (dashed lines in fig. 3(a)), it does not create a
gap node in the case of Ba0.6K0.4Fe2As2, since observed
FSs do not intersect this nodal line. In fig. 3(b), we plot
the experimentally determined gap values as a function
of |cos kx cos ky|. The observed gap sizes of the four FS
sheets basically follow the ∆0|cos kx cos ky| function with
∆0 = 13.5meV. However, a closer look reveals a finite
deviation between the experiment and the model. For
example, according to the model, the gap size on the β
FS varies from 6 (along Γ-M) to 8.5meV (along Γ-X),
whereas the experimentally observed nearly isotropic gap
value (5.8± 0.8meV) does not follow this trend. Similar
deviation is also seen in the δ FS. These results indicate
that the observed FS-dependent SC gaps are not simply
explained by a cos kx cos ky order parameter with a single
energy scale ∆0, suggesting that multi-orbital effects
should be seriously taken into account to understand the
pairing mechanism of the iron-based superconductors. In
addition, the inter-layer coupling may also change the gap
function.
In summary, we have reported comprehensive ARPES

results for the SC gap on four different FSs on optimally
doped Ba0.6K0.4Fe2As2 (Tc = 37K), including the newly
discovered electron-like δ FS. We have found that the
δ-band shows the opening of a slightly smaller SC gap
below Tc compared to another electron pocket (the γ
FS), but its magnitude is still in the strong-coupling
regime, supporting the inter-band scattering scenario
for the pairing mechanism. Furthermore, our detailed
measurements revealed that the momentum dependence
of the SC gaps basically agree with the simple SC gap
function ∆0 cos kx cos ky, while there is a finite deviation
suggesting the importance of multi-orbital effects. The
nearly isotropic but Fermi surface dependent character of
the SC gap puts a strong constraint on theoretical models
promoted to explain the superconducting mechanism in
the iron-based superconductors.
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Er(0) ~ 4-5 kBTc  (Lumsden et al.)

Même si la structure magnétique n’est pas la même 
dans tous les composés parents [pnictides vs 

Fe(Se,Te)] TOUS présentent une résonnance dans 
le spectre des excitations de spin à Q=(1/2,1/2) 

MAIS Er(T) suit 
l’évolution du gap 

dans les pnictide et 
Er independant de 

T dans Fe(Se,Te) ?

TEMPERATURE DEPENDENCE OF THE RESONANCE AND . . . PHYSICAL REVIEW B 85, 054511 (2012)
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(b)

(c)

FIG. 2. (Color online) (a) Raw data for energy scans at Q =
(1/2,1/2,1/2) for multiple temperatures below Tc. At 2 K the 7 meV
resonance is clearly present. A strong reduction in scattering for
energies below 4 meV is also visible, indicating the opening of a gap
in the system. Subsequent Q scans, however, show that this is not a
true gap. As the temperature increases to Tc the resonance suppresses
and the partial gap closes up. (b) Temperature subtraction of scans
shown in panel (a). All of the data is fit with a Gaussian leaving the
center energy as a free parameter to be determined. (c) Position of
the resonance energy vs temperature as determined from the fits in
panel (b); note that circles above T = 15 K are meant to indicate
that the resonance has been completely suppressed. The temperature
dependence of the superconducting gap (Ref. 42) is also graphed,
explicitly demonstrating that the resonance does not shift in energy
as a function of temperature so as to remain inside 2! as required by
the spin exciton scenario.

analyzer to remove contamination from higher-order
reflections. We coaligned two single crystals in the [H,H,L]
scattering plane and loaded them in a liquid-He orange
cryostat. The total mass was ∼10 g with an in-plane and
out-of-plane mosaic of 2.0◦ and 2.1◦ full width at half

maximum (FWHM), respectively. We defined the wave vector
Q at (qx,qy,qz) as (H,K,L) = (qxa/2π,qyb/2π,qzc/2π )
reciprocal-lattice units (rlu) using the tetragonal unit cell
(space group P 4/nmm), where a = 3.8 Å, b = 3.8 Å, and
c = 6.0 Å. In the parent compound, FeTe, the AFM Bragg
peaks occur at the (1/2,0,1/2) and equivalent wave vectors,
corresponding to the crystallographic spin arrangement
depicted in Fig. 1(a).6,7 In the nonsuperconducting
FeTe1−xSex samples (x ! 0.3), spin excitations coexist at
both the (1/2,0,1/2) AFM wave vector, and the (1/2,1/2,L)
wave vector associated with nesting of electron and hole
pockets on the Fermi surface.35,36,38–40 Upon reaching
optimal doping, spin excitations at the AFM wave vector are
suppressed, however, they remain strong near the nesting
vector and consist of a commensurate resonance mode (in the
superconducting state) sitting on top of an incommensurate
magnetic signal that follows an hourglass dispersion at low
energies.34 We chose the [H,H,L] scattering plane for our
experiments since this zone gives us full freedom to probe the
L dependence of the resonance. In general, the excitations
in this system are extremely diffuse and, as a result, much
broader than the instrumental resolution. To quantify this, we
have calculated the resolution along the (H,1 − H ) direction
at the (0.5,0.5) position as a function of energy. The resulting
instrumental resolution width in FWHM is roughly 20 times
smaller than the incommensurate peak separation. Thus our
data collection is a good measure of signal centered directly
at the (0.5,0.5) position.

III. RESULTS

In previous work on electron-doped BaFe2−x(Co,Ni)xAs2
superconductors, the neutron spin resonance has been found
to be dispersive along the c axis, occurring at slightly different
energies for L = 0 and L = 1.21–24 Although previous mea-
surements suggest that the resonance in FeTe1−xSex is two
dimensional,29,30 there have been no explicit measurements
of the resonance at different L values. With this in mind, we
have carried out detailed energy scans of bulk superconducting
FeTe0.6Se0.4 at the resonance wave vector (1/2,1/2,L) as
a function of temperature and L. Figures 1(c)–1(e) show
constant-Q scans at the signal Q = (0.5,0.5,0), (0.5,0.5,0.5),
(0.5,0.5,1) and background Q = (0.65,0.65,0) positions
above and below Tc. Consistent with earlier results,29,30 we see
a clear enhancement of scattering around E ≈ 7 meV below
Tc at the signal wave vectors for all the L values probed.
Figure 1(f) overplots the temperature differences between 2
and 25 K data for three L values. It is clear that for all L
values the resonance energy is the same within the errors of
our measurements (E = 6.95 ± 0.5 meV). Therefore the mode
is indeed two dimensional and has no dispersion along the c
axis.29,30

In previous neutron-scattering experiments on optimally
electron-doped BaFe2−xCoxAs2, careful temperature depen-
dence measurements revealed that the energy of the resonance
with increasing temperature tracks the temperature depen-
dence of the superconducting gap energy.27 These results, as
well as the magnetic-field effect of the resonance,28 provided
compelling evidence that the resonance energy is intimately
associated with the superconducting electronic gap energies.
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Figure 3 | Energy and temperature dependence of �00(QAFM,!) and evolution of the resonance peak below Tc. a, Temperature dependence of
� 00(QAFM,!) at three different energies: within the spin gap (3 meV), at }!res (9.5 meV) and above 2� (16 meV). b, Energy scans at QAFM showing
� 00(Q,!) at different temperatures. The lines in a and b are guides to the eye; the error bars represent the statistical error. c, Temperature evolution of the
resonance energy }!res(T) defined by the maxima in b. The line has the same functional dependence as the superconducting gap � obtained by
angle-resolved photoemission24,25, that is !res(T) /�(T). d, Interpolation of the data in a and b showing � 00(QAFM,!) in the !–T plane for T up to 280 K.
The vertical bar shows the interval of the reported 2� values25–27. The dotted line is the same as the fit in c. The dashed line has the same functional
dependence and tracks the average value of 2�(T) as a function of T. Note the logarithmic T-scale in a and d.

280K. We observe a smooth increase on cooling down to Tc at
all three energies. Whereas at 16meV the intensity also evolves
smoothly across Tc, there are pronounced anomalies at 3 and
9.5meV, indicating the abrupt gap opening. We note that there is
no indication of a pseudogap opening above Tc, which is consistent
with the linear behaviour of� 00(Q,!) at small! (Fig. 2).

However, because the superconducting gap decreases on heating
to Tc (refs 24, 25), it does not suffice to study the T -dependence
of � 00(Q,!) at a fixed energy. Hence, we investigated the evolution
of the resonance peak by carrying out energy scans at several
temperatures below Tc (Fig. 3b). An important result is that
}!res decreases on heating as well, and it follows the same
functional dependence as � with remarkable precision, that is
}!res(T )/�(T ) (Fig. 3c).

A comprehensive summary of our data in the !–T plane is
shown in Fig. 3d. An extended animation thereof, including the
Q-dependence, is presented in the Supplementary Information.
As indicated by the vertical bar, the resonance maximum always
remains inside the 2� gap, although its tail might extend beyond.
The value of � = (6±1)meV that we use for the superconducting
gap is an average of the reported experimental values obtained by a
number of different methods25–27.

What are the implications of our results for the physics and in
particular the superconducting mechanism of the iron arsenides?
We begin by comparing the normal-state spin excitations of
BaFe1.85Co0.15As2 to those of the cuprates. Remarkably, the overall
magnitude of � 00(Q,!) is similar in both families14,15. However,
the cuprate spectra show anomalous features such as a ‘spin
pseudogap’3,4 and a broad peak reminiscent of the resonantmode in
the normal state14. In contrast, we have shown that the normal-state

spin-excitation spectrum of BaFe1.85Co0.15As2 is gapless and can
be well described by a simple formula for nearly AFM metals16.
We point out that despite the comparable normal-state magnitude
of � 00(Q,!) in iron arsenides and cuprates, Tc and the resonance
enhancement of � 00(Q,!) below Tc are significantly lower in the
former, which is an indication that the spin–fermion coupling is
weaker in arsenides than in cuprates.

Turning now to the superconducting state, we first note that
the impact of superconductivity on the spin excitations can be
fully accounted for by the opening of � and the appearance
of the resonance, without qualitative changes to the excitation
geometry. Considering the resonance as a bound state within the
superconducting gap, }!res < 2� is required, and our value of
}!res/2�= (0.79±0.15) is in good agreement with the predictions
for a sign-reversed s±-wave gap17,18. Furthermore, we have shown
that }!res monotonically decreases with the closing of the gap�(T )
on heating, as expected from conventional Fermi-liquid-based
approaches28. Once more, the simplicity of this behaviour is in
notable contrast to its counterpart in the cuprates23, where the
temperature insensitivity of}!res has inspired theories that attribute
the spin resonance to a collective mode characteristic of a state
competing with superconductivity29. However, we also point out
that the value we obtain for }!res/2� is larger but not very far
from the value of 0.64 reported in ref. 30 to constitute a universal
value connecting the resonance phenomena in cuprates, heavy-
fermion superconductors and arsenides. Clearly, more precise
measurements of� are necessary.

Finally, although in contrast to hole-hoped Ba1�x

K
x

Fe2As2
(ref. 24) conclusive evidence for two distinctly different supercon-
ducting gaps in BaFe2�x

Co
x

As2 has not yet been presented, the
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Figure 3 | Energy and temperature dependence of �00(QAFM,!) and evolution of the resonance peak below Tc. a, Temperature dependence of
� 00(QAFM,!) at three different energies: within the spin gap (3 meV), at }!res (9.5 meV) and above 2� (16 meV). b, Energy scans at QAFM showing
� 00(Q,!) at different temperatures. The lines in a and b are guides to the eye; the error bars represent the statistical error. c, Temperature evolution of the
resonance energy }!res(T) defined by the maxima in b. The line has the same functional dependence as the superconducting gap � obtained by
angle-resolved photoemission24,25, that is !res(T) /�(T). d, Interpolation of the data in a and b showing � 00(QAFM,!) in the !–T plane for T up to 280 K.
The vertical bar shows the interval of the reported 2� values25–27. The dotted line is the same as the fit in c. The dashed line has the same functional
dependence and tracks the average value of 2�(T) as a function of T. Note the logarithmic T-scale in a and d.

280K. We observe a smooth increase on cooling down to Tc at
all three energies. Whereas at 16meV the intensity also evolves
smoothly across Tc, there are pronounced anomalies at 3 and
9.5meV, indicating the abrupt gap opening. We note that there is
no indication of a pseudogap opening above Tc, which is consistent
with the linear behaviour of� 00(Q,!) at small! (Fig. 2).

However, because the superconducting gap decreases on heating
to Tc (refs 24, 25), it does not suffice to study the T -dependence
of � 00(Q,!) at a fixed energy. Hence, we investigated the evolution
of the resonance peak by carrying out energy scans at several
temperatures below Tc (Fig. 3b). An important result is that
}!res decreases on heating as well, and it follows the same
functional dependence as � with remarkable precision, that is
}!res(T )/�(T ) (Fig. 3c).

A comprehensive summary of our data in the !–T plane is
shown in Fig. 3d. An extended animation thereof, including the
Q-dependence, is presented in the Supplementary Information.
As indicated by the vertical bar, the resonance maximum always
remains inside the 2� gap, although its tail might extend beyond.
The value of � = (6±1)meV that we use for the superconducting
gap is an average of the reported experimental values obtained by a
number of different methods25–27.

What are the implications of our results for the physics and in
particular the superconducting mechanism of the iron arsenides?
We begin by comparing the normal-state spin excitations of
BaFe1.85Co0.15As2 to those of the cuprates. Remarkably, the overall
magnitude of � 00(Q,!) is similar in both families14,15. However,
the cuprate spectra show anomalous features such as a ‘spin
pseudogap’3,4 and a broad peak reminiscent of the resonantmode in
the normal state14. In contrast, we have shown that the normal-state

spin-excitation spectrum of BaFe1.85Co0.15As2 is gapless and can
be well described by a simple formula for nearly AFM metals16.
We point out that despite the comparable normal-state magnitude
of � 00(Q,!) in iron arsenides and cuprates, Tc and the resonance
enhancement of � 00(Q,!) below Tc are significantly lower in the
former, which is an indication that the spin–fermion coupling is
weaker in arsenides than in cuprates.

Turning now to the superconducting state, we first note that
the impact of superconductivity on the spin excitations can be
fully accounted for by the opening of � and the appearance
of the resonance, without qualitative changes to the excitation
geometry. Considering the resonance as a bound state within the
superconducting gap, }!res < 2� is required, and our value of
}!res/2�= (0.79±0.15) is in good agreement with the predictions
for a sign-reversed s±-wave gap17,18. Furthermore, we have shown
that }!res monotonically decreases with the closing of the gap�(T )
on heating, as expected from conventional Fermi-liquid-based
approaches28. Once more, the simplicity of this behaviour is in
notable contrast to its counterpart in the cuprates23, where the
temperature insensitivity of}!res has inspired theories that attribute
the spin resonance to a collective mode characteristic of a state
competing with superconductivity29. However, we also point out
that the value we obtain for }!res/2� is larger but not very far
from the value of 0.64 reported in ref. 30 to constitute a universal
value connecting the resonance phenomena in cuprates, heavy-
fermion superconductors and arsenides. Clearly, more precise
measurements of� are necessary.

Finally, although in contrast to hole-hoped Ba1�x

K
x

Fe2As2
(ref. 24) conclusive evidence for two distinctly different supercon-
ducting gaps in BaFe2�x

Co
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As2 has not yet been presented, the
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Figure 3 | Energy and temperature dependence of �00(QAFM,!) and evolution of the resonance peak below Tc. a, Temperature dependence of
� 00(QAFM,!) at three different energies: within the spin gap (3 meV), at }!res (9.5 meV) and above 2� (16 meV). b, Energy scans at QAFM showing
� 00(Q,!) at different temperatures. The lines in a and b are guides to the eye; the error bars represent the statistical error. c, Temperature evolution of the
resonance energy }!res(T) defined by the maxima in b. The line has the same functional dependence as the superconducting gap � obtained by
angle-resolved photoemission24,25, that is !res(T) /�(T). d, Interpolation of the data in a and b showing � 00(QAFM,!) in the !–T plane for T up to 280 K.
The vertical bar shows the interval of the reported 2� values25–27. The dotted line is the same as the fit in c. The dashed line has the same functional
dependence and tracks the average value of 2�(T) as a function of T. Note the logarithmic T-scale in a and d.

280K. We observe a smooth increase on cooling down to Tc at
all three energies. Whereas at 16meV the intensity also evolves
smoothly across Tc, there are pronounced anomalies at 3 and
9.5meV, indicating the abrupt gap opening. We note that there is
no indication of a pseudogap opening above Tc, which is consistent
with the linear behaviour of� 00(Q,!) at small! (Fig. 2).

However, because the superconducting gap decreases on heating
to Tc (refs 24, 25), it does not suffice to study the T -dependence
of � 00(Q,!) at a fixed energy. Hence, we investigated the evolution
of the resonance peak by carrying out energy scans at several
temperatures below Tc (Fig. 3b). An important result is that
}!res decreases on heating as well, and it follows the same
functional dependence as � with remarkable precision, that is
}!res(T )/�(T ) (Fig. 3c).

A comprehensive summary of our data in the !–T plane is
shown in Fig. 3d. An extended animation thereof, including the
Q-dependence, is presented in the Supplementary Information.
As indicated by the vertical bar, the resonance maximum always
remains inside the 2� gap, although its tail might extend beyond.
The value of � = (6±1)meV that we use for the superconducting
gap is an average of the reported experimental values obtained by a
number of different methods25–27.

What are the implications of our results for the physics and in
particular the superconducting mechanism of the iron arsenides?
We begin by comparing the normal-state spin excitations of
BaFe1.85Co0.15As2 to those of the cuprates. Remarkably, the overall
magnitude of � 00(Q,!) is similar in both families14,15. However,
the cuprate spectra show anomalous features such as a ‘spin
pseudogap’3,4 and a broad peak reminiscent of the resonantmode in
the normal state14. In contrast, we have shown that the normal-state

spin-excitation spectrum of BaFe1.85Co0.15As2 is gapless and can
be well described by a simple formula for nearly AFM metals16.
We point out that despite the comparable normal-state magnitude
of � 00(Q,!) in iron arsenides and cuprates, Tc and the resonance
enhancement of � 00(Q,!) below Tc are significantly lower in the
former, which is an indication that the spin–fermion coupling is
weaker in arsenides than in cuprates.

Turning now to the superconducting state, we first note that
the impact of superconductivity on the spin excitations can be
fully accounted for by the opening of � and the appearance
of the resonance, without qualitative changes to the excitation
geometry. Considering the resonance as a bound state within the
superconducting gap, }!res < 2� is required, and our value of
}!res/2�= (0.79±0.15) is in good agreement with the predictions
for a sign-reversed s±-wave gap17,18. Furthermore, we have shown
that }!res monotonically decreases with the closing of the gap�(T )
on heating, as expected from conventional Fermi-liquid-based
approaches28. Once more, the simplicity of this behaviour is in
notable contrast to its counterpart in the cuprates23, where the
temperature insensitivity of}!res has inspired theories that attribute
the spin resonance to a collective mode characteristic of a state
competing with superconductivity29. However, we also point out
that the value we obtain for }!res/2� is larger but not very far
from the value of 0.64 reported in ref. 30 to constitute a universal
value connecting the resonance phenomena in cuprates, heavy-
fermion superconductors and arsenides. Clearly, more precise
measurements of� are necessary.

Finally, although in contrast to hole-hoped Ba1�x

K
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Fe2As2
(ref. 24) conclusive evidence for two distinctly different supercon-
ducting gaps in BaFe2�x

Co
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As2 has not yet been presented, the
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MgB2
deux paramètre

d'ordre (gap) 
couplés, isotropes 
et de même signe, 
associés à deux 

nappes distinctes 
de la SF

Cuprates
un paramètre 

d'ordre (gap) changant 
de signe sur la SF

grande sensibilité aux défauts
 (violation du "théorème d’Anderson") 

forte diminution de la Tc liée aux diffusions par des impuretés non 
magnétiques (+ effet de "brisure de paires") 

[nous reviendrons sur ce point]

Supraconducteur
«traditionnel»

un paramètre 
d'ordre (gap) isotrope

sy
m

ét
rie

 d
u 

(d
es

) 
ga

p(
s)

Pnictides
un paramètre
d'ordre (gap) 
changant

 de signe entre 
les différentes 

nappes 
de la SF



22

ch
am

p 
cr

iti
qu

e 
su

pé
rie

ur
Très fortes valeurs du champ critique supérieur

0.0

0.1

0.2

0.3

20 30 40 50 60

0.0

0.1

0.2

0.3
 

 

 

!
"(

m
#

c
m

)

 0T         0.2T

 0.5T      1T

 2T         3T

 4T         5T

 6T         7T

 8T         9T

H//c

 

H//ab

 

 

T(K)

 0T        0.5T

 1T        2T

 3T        5T

 7T        9T

Nd(O,F)FeAs - Jia et al.

Jaroszynski et al.

dHc2/dT : 
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Général à tous les composés 1111 & 122
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et même plus....
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Fit Ginzburg-Landau incluant les 
effets orbitaux (Ho) et 
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tively reproduces the experimental FS although it slightly
overestimates the volumes. Since the orthorhombic strain
in FeSe0:42Te0:58 is over an order of magnitude smaller than
shown in the sketch in Fig. 1(d), it has a minute effect on
the shape of the Brillouin zone. For simplicity, we thus plot
all data in the square tetragonal zone.

The relatively simple Fermi surface of FeSe0:42Te0:58 has
motivated us to investigate the interaction induced mass
enhancement by comparing the measured dispersion with
band structure calculations. Figure 3(a) shows the ARPES
intensity along X!M. At the ! point, two intense holelike
bands are clearly resolved and a third weaker band is
discernible. Although the !1 band contributes high inten-
sity to the FS map [Fig. 2(a)], it does not contribute to the
Fermi surface but reaches a top near !15 meV at the !
point. The shallowM-point electron pocket is more clearly
visible in the inset showing data at h" ¼ 36 eV.

At very low energy, we find a one-to-one correspon-
dence between the quasiparticle excitations and the DFT
band structure for FeSe shown in Fig. 3(b). However, the
group velocities are strongly renormalized in the experi-
ment. The effect is most marked for the !3 and # sheets,
which also have the lowest quasiparticle weights. We have
extracted quasiparticle velocities from fits to energy distri-
bution curves from multiple cleaves using empirical spec-
tral functions and by analyzing the second derivatives. For

the !3 hole pocket, we obtain a Fermi velocity vF #
0:09 eV "A corresponding to a renormalization of m$=
mband ¼ vband=vF # 17. A comparable mass enhancement
of vband=vF # 20 is found for the # electron pocket, while
the smaller !2 hole pocket with vband=vF # 6 is slightly
less affected by interactions. Only the !1 band, which does
not contribute to the Fermi surface, retains a relatively high
group velocity comparable to the calculation.

Use of the DFT band structure for FeSe to estimate the
mass enhancement is supported by the polarization depen-
dent ARPES measurements and calculations of the orbital
character shown in Fig. 4. Strikingly, the calculations
predict a different order of bands at the ! point for FeSe
and FeTe, with the dx2!y2 orbital below the dxz;yz bands in
FeSe but above in FeTe. These orbitals can be distin-
guished in ARPES from the polarization dependence of
their matrix elements. Using dominantly odd polarization
(s) with respect to the mirror plane indicated by the dashed
line in Fig. 1(c) suppresses orbitals of even symmetry
(dx2!y2 , dz2 , dxz). Hence, we can relate the bands with

higher intensity in Fig. 4(c) (p pol.) than 4(d) (s pol.) to
even orbitals. This strongly suggests that the !1 band is of
dx2!y2 character while the strong feature at!0:3 eV stems

from dz2 bands, a behavior that is well reproduced by the
calculation for FeSe but inconsistent with the order of
bands predicted for FeTe.
Before proceeding to a discussion of the above results,

we briefly consider possible shortcomings of our analysis.
Given that DFT calculations indicate a polar surface for Fe
(Te, Se) [24], it is not a priori clear that the near surface
electronic structure measured by ARPES is bulk represen-
tative. For a metal, this can be tested stringently by com-
paring the electronic specific heat calculated from the sum
of all low-energy excitations seen in ARPESwith the direct
measurement [35]. To this end, we first calculate the qua-
siparticle masses m$ ¼ @kF=vF using Fermi velocities and
wave numbers averaged along !M and !X. This yields
masses of 3.0(5), 16(5), and 11ð4Þme for !2, !3, and #,
respectively, corresponding to a Sommerfeld coefficient of
29ð6Þ mJ=molK2. The fair agreement with the direct mea-
surement of 39 mJ=molK2 [18] rules out substantial errors

FIG. 3 (color online). (a), (b) Band dispersion along X!M
(21.2 eV, s polarization, T ¼ 12 K). The inset shows data around
the M point, divided by a smooth function to enhance the
contrast (h" ¼ 36 eV). The white line is a guide to the eye.
(c) DFT band structure calculation for FeSe. The dispersion of
the low-energy excitations extracted from the data in (a) is
overlaid.

FIG. 4 (color online). (a), (b) Orbital character of the DFT
wave functions for FeSe and FeTe in a coordinate system defined
by the Fe lattice. (c), (d) Polarization dependence of the ARPES
intensity along the !M mirror plane [see Fig. 1(c) for a definition
of the scattering planes].
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en accord avec les mesures d’ARPES

Forte renormalisation des bandes  
m*/mb ~15-20

[par rapport aux calculs DMFT]

FORTES CORRELATIONS

Tamai et al., Nakayama et al.- voir aussi Aichhorn et al.
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très faible vitesse de Fermi⇠
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voir aussi Pourret et al.
forte valeur du 

coefficient de Seebeck 

 

3

for the optimally doped compound Fe1+yTe0.6Se0.4. We
checked our incertitude on the magnitude of S/T by sev-
eral optimally-doped samples. As seen in the inset of
Fig.3, our data sets S/T in T �⇥ 0 to be 2.8 ±0.3µV/K2.

Purely di�usive Seebeck response of a Fermi liquid is
expected to be T-linear in the zero-temperature limit,
with a magnitude proportional to the strength of elec-
tronic correlations as in the case of the T-linear electronic
specific heat, Ce/T = �. Both of them can be linked to
the Fermi temperature, TF :

S/T = ±⇥2

2
kB

e

1
TF

(1)

� =
⇥2

3
kB

n

TF
(2)

where kB is Boltzmann’s constant, e is the electron
charge, and n is the carrier density. In a multi-band
system with both electrons and holes contributing with
opposite signs to the overall Seebeck response, this one-
band formula sets an upper limit to the Fermi tempera-
ture of the dominant band. In a wide range of half-filled
correlated metals with a carrier density of one carrier per
formula unit, the magnitude of S/T correlates with �[20].

Now, here in our system, one can deduce TF =151 K
from S/T = 2.8µV/K2. This means that the ratio of
the critical temperature to the normalized Fermi tem-
perature, Tc

TF
is as large as 0.1. One can insert the mag-

nitude of S/T reported for two unconventional super-
conductors CeCoIn5 (12µV/K2)[21] and YBa2Cu3O6.67

(-0.4µV/K2)[22] in Eq.1 and extract TF in a similar way.
As seen in Fig. 4, Tc

TF
ratio is of the same order of mag-

nitude in the three systems. This figure is a plot first in-
troduced by Moriya and Ueda[23] suggesting an intimate
link between Tc and the coherence temperature of a cor-
related electron system when superconductivity is medi-
ated by spin fluctuations. As in the case of PuGaIn5[24],
this observation argues in favor of superconductivity me-
diated by electron correlations in Fe1+yTe0.6Se0.4.

Note that the low value of TF or the strength of elec-
tron correlations cannot be deduced from the magnitude
of � alone. In Fe1+yTe, �, can be measured down to
low temperatures and is reported to be 34 mJ/molK2[6].
In the optimally doped Fe1+yTe0.6Se0.4, two recent
studies[19, 25] find �= 23± 3 mJ/molK2, a value sig-
nificantly lower than what was initially reported[5]. The
discrepancy is mostly due to the di⇥culty to extract the
lattice contribution, which by far dominates the total spe-
cific heat at Tc. As seen above, the magnitude of S/T
is an order of magnitude larger in the optimally doped
system. The absolute value of the dimensionless ratio of
thermopower to specific heat (q = NAveS

T� )[20], which is
close to unity in the undoped system approaches 12 in
the optimally-doped case (see Table I). This means that

FIG. 3: Temperature dependence of the Seebeck coe�cient di-
vided by T, S/T in Fe1+yTe1�xSex, with x=0,0.05 and 0.4. In
the superconducting samples a magnetic field was applied to
partially recover the normal state. Inset presents the temper-
ature dependence of S/T for three optimally-doped samples
at B=12 T.

FIG. 4: The Morya-Ueda plot : Tc, as a function of Fermi tem-
perature in a number of unconventional superconductors[24].
The three red open circles represent three superconductors,
for which TF was extracted from S/T using Eq. 1 [See text].

while Fe1+yTe is half-filled, in Fe1+yTe0.6Se0.4 the Fermi
surface occupies only about 0.04 of the volume of the
Brillouin zone. Thus, while the Density Of States(DOS)
per volume becomes lower in the optimally-doped com-
pound, the DOS per carrier becomes much larger.

To underline what is striking about Fe1+yTe0.6Se0.4,
table I compares it also with a conventional supercon-
ductor with a similar Tc, and comparable �, namely
the borocarbide superconductor LuNi2B2C[26, 27]. The
magnitude of the superconducting gap is comparable in
the two systems[28, 29]. On the other hand, both dHc2

dT |Tc

and S/T are 15 to 20 times larger in the iron-based super-

S

T
=

⇡2

2

kB
e

1

TF
= 2.8µV/K2

 faible valeur de la temperature de Fermi ~ 200K
     vF = 1.2 104 m/s   (en utilisant γ = 23 m/molK2) 
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Piégeage et fluage des vortex
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 Lorsqu’on augmente le champ magnétiue 
extérieur, celui ci est totalement écranté 
(sur une longueur λ) et B= 0 au centre

H.Cercellier, H.Grasland microscopie à sonde de Hall
Ba(Ni,Fe)2As2 - 4.2K
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Après une excursion en champ (Ha >> Hc1) 
une grande partie des vortex restent

 piégés même pour H=0 
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Courant critique important ~ qq105 A/cm2

(bas champ et basse température)

dB/dx
~4G/μm

MAIS ce "tas de sable" n’est pas un état 
d’équilibre (on devrait avoir B=0) donc 

les vortex cherchent à sortir
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néanmoins pour cela ils doivent 
franchir les barrières de piegeage

soit par activation thermique

Extérieur

U

soit par effet tunnel
(d’un objet mesoscopique !)

Extérieur

U
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t=t2

B(t)

! B(t)



taux de relaxation S = �@ln(B)/@ln(t)
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Sthermique ⇠ kBT/U ! 0 (! cte ⇠ qq % haute T)
T ! 0

Squantique = ~/AQ / [⇢n/⇠]⇥ [Jc/J0]
1/2

Fe(Se,Te) :
fort ρn (mΩcm) 

faible ξ (~ 10A)
Jc/J0 élevé (~ 1/1000) 

?

T.Klein et al.Relaxation quantique
 importante

S reste fini pour
 T       0

(cryostat He3 : 0.28K
P.  Brosse-Marron)
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Très faible densité superfluide (~1/λ2) :

comme observé 
précédemment 

dans les  cuprates 

~ 100x plus faible que dans 
MgB2 de Tc equivalente

Forte dépendance 
de λ avec Tc

effet de
Brisure de paires



mais les composés de symétrie s+/-  sont très sensitibles à toutes les 
diffusions (et pas seulement les diffusions par des impuretés magnétiques)

                           très forte diminution de Tc

           une partie du condensat détruite même pour T=0
Magnetic penetration depth

Non magnetic impurity scattering 
in a s+/- superconductor

With intraband scattering

Strong pair breaking

Γ/2πT
c0

=3

|Δ
+
|=|Δ

-
|

Γ
π

Small InterBand scattering 

Vorontsov et al. PRB 79 (2009) 140507

Gordon et al. PRB 81 (2010) 180501

Kogan PRB 81 (2010) 184528
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Supraconducteur conventionnel :

/ exp(��/kBT )$ n

�(T ) = �(0) +��(T )

1/�2 = 1/�(0)2(1� T 2/T 2
c )

avec : 

et si <Ω>=0
(ou éventuellement <Ω> << Ωmax) 

�(0) = �0 ⇥ [1/Tc]
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P.Rodière et al. - Ba(Fe,Ni)2As2 - Z.S.Wang

mesures «directes» : Hc1 ou μSQUID

λ0 (nm)
Hc1 2900 (500)

μSQUID 4400 (800)

μSQUID
Hc1

NanoSquid microscopy

Z.S .Wang, J.R. Kirtley, K. Hasselbach 

K.Hasselbach - Z.S.Wang

Cp

ou indirectes : chaleur spécifique
(C.Marcenat - A. Demuer)

Cp 4000 (600)

NanoSquid microscopy

Z.S .Wang, J.R. Kirtley, K. Hasselbach 

ΔCp/Tc n'est pas constant mais varie en Tc (ou Tc2)
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Une explication alternative :  
fluctuations quantiques

avec z=2 (exposant dynamique)

�(0) / 1/T (z+1)/4
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et : 

TDO 5600 (1000)

P.Rodière et al. - Ba(Fe,Ni)2As2 - Z.S.Wang

��(T ) = [�(0)/2]⇥ (T/Tc)
2

λ0 (nm)
Hc1 2900 (500)

μSQUID 4400 (800)

Cp 4000 (600)

Hc1

μSQUID
Cp

TDO

mesures «directes» : Hc1 ou μSQUID

ou indirectes : chaleur spécifique 

P.Rodière 



Onde de Densité de Spin     Antiferromagnétique

Fe en coordination tétraédrique     Cu en coordination planaire

Cuprates :  

ISOLANT de Mott 
(répulsion de Coulomb importante) 

Pnictides :

(mauvais) METAL
supraconductivité multi-bande

Densité superfluide réduite
effets de brisure de paires importants

Fort Hc2 (anisotropie modérée)

Densité superfluide réduite
effets de brisure de paires importants

Fort Hc2 (forte anisotropie BSCCO)

Mécanisme non unconventionel 
médié par les fluctuations de spin (?) 

Mécanisme non unconventionel 
médié par ???

Résonnance excitations de spin Résonnance excitation de spin
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Gap de symétrie ds-wave avec changement de signe 
entre les différents feuillets de la SF
(noeuds dans le gap pour les dopés P ?)



Bernt Mathias 1976 
6 règles élémentaires pour une recherche fructueuse 

de nouveaux supraconducteurs

high symmetry is good, cubic symmetry is best best
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stay away from oxygen

stay away from insulators

stay away from theorists

layered structures are good

high density of electronic states is goodcareer density should not be too high

transition metals are good

stay away from magnetismmagnetism is essential
 

insulators can be good starting materials

but electronic structure calculations are important
(FS should match the structure of spin excitations)


