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2006 groupe du Pr.  Hideo Hosono 

"Iron-Based Layered Superconductor : LaOFeP" (Y.Kamihara et al.)

mais cette découverte reste "confidentielle" (Tc ~6K) jusqu'en...

...2008 en remplaçant P par As ⇒ les pnictides 

des dizaines de 
nouveaux composés 

virent le jour en 
quelques mois !

(Gd,Th)(O,F)FeAs : 56K



Les différentes structures cristallographiques
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Symétrie du (des) gap(s)

Champs critiques supérieurs

Piégeage & fluage des vortex
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Phase -122 (Rotter et al.)

- dopage en trous (Ba,K)Fe2As2 ~ 36K
- ou en électrons Ba(Fe,Ni/Co)2As2 ~ 24K
- substitution isovalente BaFe2(As,P)2 ~ 30K

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

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

               La(O,F)FeAs ~ 26K à (Gd,Th)(O,F)FeAs ~ 56K 
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ou des des réservoirs de 
charges plus complexes

(Shirage, Parasharam et al.)

Phases - 32522, 42622 ~ 30K
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Phase -11 :  Fe1+ε(SexTe1-x)
    pas de As mais un chalcogène
     pas de bloc réservoir
    Tc ~15K (x~0.5) à pression ambiante  (Sales et al.)

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

 AyFe2-xSe2  A=K,Rb,Cs,...

propriétes très différentes de celles 
exposées dans la suite  Tc ~ 33K (Guo et al)

composé non dopé (y=0.8) isolant AF avec 
forte température de Néel (500K)

pas de poches de trous (uniquement électrons)
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Figure 1 |AF structure and spin-wave dispersions for the insulating copper oxide La2CuO4 and the parent compounds of iron-based superconductors
BaFe2As2, FeTe and A

y

Fe1.6+x

Se2. The chemical unit cells are marked light green. The dark and light brown As/Te/Se atoms indicate their vertical
positions above and below the Fe-layer, respectively. a, The AF structure of La2CuO4. b, The collinear AF structure of nonsuperconducting iron pnictides in
the FeAs-layer, where spins are aligned antiparallel along the orthorhombic ao-axis19–21. c, The bi-collinear AF structure of FeTe (refs 63,64). d, The block
AF order of the insulating AyFe1.6+xSe2, where the

p
5⇥

p
5 superlattice structure is marked by solid lines with lattice parameter as = 8.663 Å and the

orthorhombic lattice cell is shaded green55,56. The iron vacancies are marked as yellow squares. e–h, The wave vector dependence of the AF order in the
(H,K) plane of the reciprocal space for: e, La2CuO4 (ref. 59); f, BaFe2As2 (ref. 20); g, Fe1.05Te (refs 63,64); and h, the insulating AyFe2�xSe2 (refs 55,56).
The red circles indicate the positions of the AF Bragg peaks in reciprocal space for different materials. i, Spin-wave dispersions along two high-symmetry
directions for La2CuO4 (ref. 59). The overall energy scale of spin waves for copper oxides is about 320 meV and spin waves are instrumental resolution
limited. j, Spin-wave dispersions for BaFe2As2, which broaden considerably for energies above ⇠100 meV (ref. 68). k, Spin-wave dispersions for Fe1.05Te,
which are very broad for energies above 30 meV (ref. 70). The thick dashed lines in j,k indicate the expected spin wave dispersions with no magnetic
scattering intensity. l, Spin waves for the insulating Rb0.89Fe1.58Se2 (ref. 72). The two down arrows indicate wave vector scales for acoustic and low-energy
optical spin waves. The up arrow indicates wave vector scales for the high-energy optical waves. The thin dashed line separates the vertical energy scale
for the acoustic and low-energy optical spin waves from the high-energy optical spin waves. In spite of the dramatically different dispersions for various
iron-based materials, their overall spin-wave energy scales are similar and about 220 meV, less than that of the insulating copper oxides. Twinning is
considered.

hole pockets52–54, but have strong AF ordered insulating phases
with extremely high Néel transition temperatures55,56. Such a strong
magnetism andhigh superconducting transition-temperature (Tc ⇡
33K) cannot be explained by FS nesting as this is based on the
enhancement of the particle–hole susceptibility due to an extended
momentum space with nearly parallel FS; that is, it applies only to
particle and hole FSs and not to purely electronic Fermi pockets.

Because iron-based superconductors have six electrons occupy-
ing the nearly degenerate 3d Fe orbitals, the system is intrinsically
multi-orbital and therefore it is technically difficult to define and
study a simple microscopic Hamiltonian to describe the electronic

properties of these materials and characterize the strength of the
electronic correlations. From optical conductivity measurements57,
it has been argued that electronic correlations in Fe pnictides
are weaker than in underdoped copper oxides, but are stronger
than those of Fermi liquid metals, contrary to the conclusion
based on local density approximation calculations15. Therefore,
it is important to determine whether magnetism in Fe-based
materials arises from weakly correlated itinerant electrons15, as
in the case of the SDW in chromium18, or whether it requires
some degree of electron correlations58, or if magnetism is dom-
inated by the contributions of quasi-localized moments induced
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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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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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A noter 
Li0.6(NH2)0.2(NH3)0.8Fe2Se2 

(Burrard-Lucas et al.) 

Tc ~ 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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 Topologie du tétraèdre 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
from Ref. 28 !triangle: FeSe, circle: other pnictides". Lanthanides
!Ln" indicate LnFeAsO !1111 system". 111, 122, and 42226 repre-
sent LiFeAs, Ba0.6K0.4Fe2As2, and Sr4Sc2Fe2P2O6 !Ref. 29", re-
spectively. The yellow line shows the fitting result by the Lorenz
function. The inset shows a schematic view of hanion.
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FIG. 1. (Color online) Temperature dependence of the resistivity for (a) Ba(Fe1−xNix)2As2 and (b) Ba(Fe1−xCox)2As2. Same colors were
used as much as possible for respective ρ(T ) curves corresponding to equivalent electron doping, that is concentrations of Ni and Co of 2x and
x respectively. (c) Derivative of the resistivity as a function of the temperature for underdoped Ni samples. (d) Phase diagram indicating Tmag

and Tc for the two families. In order to allow comparison between the two families, Co content was divided by 2. Lines are guides for the eye.

by a factor of 2 when Ni, rather than Co, is substituted
to Fe.

II. SYNTHESIS AND SAMPLE PREPARATION

Single crystals of Ba(Fe1−xNix)2As2 with x ranging from
0.01 to 0.14 were grown using the self-flux method. High-
purity Ba pieces, FeAs and NiAs powders, mixed together in
the ratio 1 : 4-x : x, were put in alumina crucibles and sealed in
evacuated quartz tubes. The mixture was held at 1180 ◦C for
4 h. It was then cooled down to 1000 ◦C at 6 ◦C/h, then down to
room temperature at 100 ◦C/h. Single crystals were extracted
mechanically from the flux. Chemical analysis was performed
on several crystals of each batch with Camebax SX50 electron
microprobe in several spots of the surfaces. This technique
gives a precision of typically 0.4% on the Ni content.

Resistivity and Hall effect measurements were subse-
quently performed on the same crystals. Single crystals
were cleaved to thickness smaller than 30 µm in order to
ensure a good homogeneity. Samples are squarelike with sides
ranging from 0.3 to 0.7 mm. Contacts were made using silver
epoxy. For each Ni content, at least two different samples
were analyzed. Resistivity was measured using the van der
Pauw technique.24 We found very good reproducibility of the
absolute value of the resistivity and of the Hall number, with
∼10% variation from one sample to another for the same Ni
content.

III. RESISTIVITY MEASUREMENTS

The temperature dependence of the resistivity is shown in
(Fig. 1(a) for the Ba(Fe1−xNix)2As2 family and in Fig. 1(b) for
Ba(Fe1−xCox)2As2. Superconductivity occurs for Ni content
in the range 0.02 to 0.09. The resistivity drops to zero at
Tc on less than a 0.5 K range, which shows that sam-
ples are very homogeneous. The optimum value of Tc is
19.5 ± 0.5 K, obtained for x = 0.045. For x ! 0.04, samples
present a strong increase of the resistivity as T decreases in
the intermediate temperature range around 100 K. Similar
behavior was observed for 122 other families, in particular for
Ba(Fe1−xCox)2As2 for x ! 0.06 (Ref. 14). This signals the
occurrence of the structural and magnetic phase transitions.
As shown by x-rays and neutron diffraction measurements,25

a good determination of the respective transition temperatures
can be done by considering the temperature derivative of
the resistivity dρ/dT versus T [see Fig. 1(c)] in which the
minimum of dρ/dT is associated to the magnetic transition
Tmag while the broad feature at slightly higher temperature is
due to the structural transition.

The phase diagram (Tc and Tmag) obtained from the
resistivity data is shown in Fig. 1(d) and is compared to that
of Ba(Fe1−xCox)2As2 indicated as empty symbols and dotted
lines. In this plot, the Co concentration was divided by 2 to take
into account that only one electron is added to the electronic
bands in this case. Our results are in very good agreement
with those reported in Refs. 22 and 23. There is a slight
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un diagramme de phase "générique".... (en tout cas pour les 122)

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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Ba(Fe1-x-yCoxCuy)2As2 (x~0.022)

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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Les mesures de RMN (Julien et al., Ma et al.) confirment

la coexistence microscopique magnétisme/SC
(voir aussi μSR + neutrons)

un diagramme de phase "générique".... (en tout cas pour les 122)

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.
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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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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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yWDS

Ba(Fe1-x-yCoxCuy)2As2 (x~0.022)

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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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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un diagramme de phase "générique".... et d'autres composés exotiques

tels les composés à 
Ondes de Densité de Charges

TiSe2 dopé Cu 
ou sous pression (voir aussi NbSe2)

11

et bien sur les cuprates
ordre magnétique....

(voir exposé M.H.Julien)

et/ou électronique

dependence until VLG reaches 6 V, the maximum
voltage used in our experiment. Similar field-
induced superconductivity was reported recently
by Taniguchi et al. (23).

For the metallic states at VLG = 1 V, we
switched on the solid back gate to study the
metal insulator transition (MIT) by a precise
control of the transport with 18 different n2D
values (7.3 × 1011 < n2D < 8.7 × 1012 cm−2) mea-
sured by the Hall effect at 20 K (Fig. 2B). A
transition between the insulating (blue) and me-
tallic (red) transport was clearly separated by a
critical resistance Rc = 21.7 kilohm (separatrix,
black line) at nc = 6.7 × 1012 cm−2, close to the
quantum resistance h/e2, consistent with MITs
found in other 2D systems (24). A Hall mobility
of mH ~ 240 cm2/V s at n2D = 8.7 × 1012 cm−2 is
comparable to the bulk value (25), supporting
our choice of (~20 nm thick) flakes instead of
monolayers, where ripples might lower the mo-
bility (26, 27). After the formation of metallic
states, increasing the gate bias also creates a
growing perpendicular surface electric field Es,
inducing spin-orbit interaction, which corrobo-
rates the 2D nature of MoS2 interface (21, 28).
Varying bothVLG andVBG,we quasi-continuously
mapped log Rs in the n2D and T plane (Fig. 2C).
This enables a detailed study of the full super-
conducting phase induced by the field effect in a
pristine compound, avoiding a nonuniform dopant
distribution or phase separation. At several fixed
values of VLG, we manipulated Tc by varying VBG
(Fig. 2D).

Figure 3A shows a superconducting phase
diagram ofMoS2 as a function of n2Dmeasured by

Hall effect at 20 K. As estimated from the Thomas-
Fermi screening length for n2D ~1014 cm−2, we
assumed that the carriers are accumulated in a
half of one unit cell, 6.15 Å (a monolayer). No-
tably, this value of n2D can be regarded as the
upper limit to the estimate of n2D when we unify
our phase diagram with that of alkali metal–
intercalated 2H-MoS2 in Fig. 3A (29, 30).
The superconductivity sharply appears at n2D =
6.8 ×1013 cm−2, then saturates after reaching a
maximum Tc = 10.8 K at n2D = 1.2 × 1014 cm−2,
followed by a decrease in Tc at larger n2D; this
results in a dome-like superconducting state. We
defined Tc as the temperature at which Rs reaches
90% of its normal state value. At the onset of the
superconducting phase, the critical behavior near
the quantum critical point could be well fitted
withTºðn2D − n0Þzv̄, where zv̄ ¼ 0:6 (fig. S4),
in a manner similar to that for LaAlO3/SrTiO3

interfaces (7). This is also consistent with zv̄ =
0:5 ∼ 0:6 found in boron-doped diamond, where
a comparable Tc was observed (31).

In the combined phase diagram, which in-
cludes the chemically doped MoS2 (29, 30), the
field-induced phase showed enhanced Tc (~40%
higher than the maximum Tc found in CsxMoS2)
at a much lower n2D (Fig. 3A). The maximum Tc
is also well above that of NbSe2 (~7 K), which
was thought to be the highest Tc in transition-
metal dichalcogenides. That the field-induced
phase appears with an enhanced Tc at a much
lower n2D with respect to the alkali metal–doped
compounds confirms the effectiveness of search-
ing for different regions of carrier concentrations
in doped semiconductors. It appears that the de-

crease in Tc connects smoothly to the region of
bulk superconductivity for alkali metal–doped
MoS2 compounds.

To understand these superconducting fea-
tures found in MoS2 EDLT, we calculated its
electronic structure for both monolayer and bulk
(21). Figure 3B shows the DOS spectrum for the
electron-doped monolayer MoS2, which mimics
the gate-induced charge accumulation layer at
large carrier densities of ~1014 cm−2. The con-
duction band edge consists predominantly of
the dz2 orbital of Mo. Reflecting the 2D nature
of the monolayer, the DOS is nearly flat in the
region of 6.8 × 1013 < n2D < 1.2 × 1014 cm−2,
where superconductivity sharply sets in and
reaches the maximum Tc, corresponding to an
EF shift of 0.25 eV from the band edge (21).
The DOS continues to increase with n2D owing
to the contribution from additional dx2-y2 and
dxy orbitals, indicating that the decrease in Tc
above 1.2 × 1014 cm−2 is not simply controlled by
the change in the DOS.

Such a decrease in Tc with increasing carrier
density was first recognized in Na-doped WO3

and was attributed to phonon softening from a
structural transition observed in the vicinity of
the superconducting phase (32). However, the
phonon softening scenario should not apply to
MoS2 because its structural transition occurs at
an order of magnitude higher n2D (33). A similar
superconducting dome with a quantum critical
point has been recently observed in electric-field–
controlled interface superconductivity such as in
LaAlO3/SrTiO3 (7) and KTaO3 (12). Thus, it is
possible that a more universal, non–material-
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Fig. 3. Phase diagram and band calculation of electron-doped MoS2. (A)
Unified phase diagram of superconductivity of both electrostatically and
chemically doped MoS2 as a function of doping concentration x (upper
horizontal axis) and carrier density n2D (bottom horizontal axis). The field-
induced superconducting data were from four different samples, each marked
with a differently shaped filled symbol. Filled circles of the same color
correspond to the superconducting states at a fixed VLG but different VBG’s.

Open circles show the Tc of MoS2 chemically intercalated with different
alkali metal dopants. Solid bars denote the range of doping showing the
same Tc. The structure of all intercalated compounds is 2H-type within the
indicated carrier density region. (B) Calculated DOS of MoS2. The field-
induced carriers mainly occupy the 4d state of Mo, covering the n2D region
indicated by the shaded green area. The red arrow locates the n2D where
the maximum Tc was observed.
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1111 and 122
TN < 200K

Fe1+εTe
TN ~ 70K 

ordre AFM (~ 2 μB/Fe) 
le long de Q=(1,0) J. Phys.: Condens. Matter 22 (2010) 203203 Topical Review

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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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.

Checkerboard
"meV!

Stripe
"meV!

Double stripe
"meV!

BaFe2As2 16 94 0.6
FeTe 207 230

0

2

4
non-magnetic
checkerboard

0

2

4

D
O

S
(e

V
-1

/s
pi

n/
Fe

)

non-magnetic
stripe

-2 -1 0 1 2
Energy (eV)

0

non-magnetic
double stripe

a)

b)

c)

FIG. 2. The densities of states for BaFe2As2 in the nonmagnetic
configuration in comparison to a! checkerboard magnetic pattern b!
stripe "ground state! magnetic pattern and c! double-stripe magnetic
pattern

M. D. JOHANNES AND I. I. MAZIN PHYSICAL REVIEW B 79, 220510"R! "2009!

RAPID COMMUNICATIONS

220510-2

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.

Checkerboard
"meV!

Stripe
"meV!

Double stripe
"meV!

BaFe2As2 16 94 0.6
FeTe 207 230

0

2

4
non-magnetic
checkerboard

0

2

4

D
O

S
(e

V
-1

/s
pi

n/
Fe

)

non-magnetic
stripe

-2 -1 0 1 2
Energy (eV)

0

non-magnetic
double stripe

a)

b)

c)

FIG. 2. The densities of states for BaFe2As2 in the nonmagnetic
configuration in comparison to a! checkerboard magnetic pattern b!
stripe "ground state! magnetic pattern and c! double-stripe magnetic
pattern

M. D. JOHANNES AND I. I. MAZIN PHYSICAL REVIEW B 79, 220510"R! "2009!

RAPID COMMUNICATIONS

220510-2

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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FIG. 2: (Color online)DOS (top panel) and PDOS (FeAs and
LaO planes: middle panel and bottom panel, respectively) of
undoped LaOFeAs. Since the spin-up and spin-down states
are degenerate for AFM state, we plot spin-up states only.
The Fermi level is aligned to 0.0 eV.

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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(UD; Tc = 26 K) samples. (c) Doping dependence of the averaged SC
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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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FIG. 2. (Color online) (a) ARPES intensity plot as a function of
binding energy and wave vector measured at 8 K near the ! point and
(b) corresponding EDCs. Dashed curves and dots are guides for the
eyes to trace the dispersion of the α and β bands. EDCs at kF points
are indicated by blue (dark gray) curves in (b). (c) High-resolution
EDCs near EF at T = 8 K and 30 K measured at a kF point of the
α band. (d) Schematic FSs of the K0.7 sample. (e)–(g) Symmetrized
EDCs at 8 K measured at various kF points of the α, β, and γ FSs
indicated by filled circles in (d). The color of the spectra is the same as
that of the circles. (h) Symmetrized EDCs at 30 K for representative
kF points on each FS.
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Szabo et al. confirmée par
spectroscopie de pointe

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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current mostly within the ab plane of the sample. Spectra are normalized to their
respective normal state and fitted to the two gap BTK model (symbols). For curves 2
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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 résonance dans le 

spectre des excitations de spin à Q=(1/2,1/2) lorsqu'ils sont dopés

Néanmoins  Er(T) suit l’évolution du gap dans les 
pnictide (Isonov et al.) mais est independant de T 

dans Fe(Se,Te) (Harriger et al.)?

ce vecteur "couple" (mais pas toujours) les 
différentes poches de la SF : nesting
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  et les fluctuations magnétiques jouent probablement
un rôle important dans le mécanisme de couplage : modèle s+/-

couplage électron-phonon trop faible pour Tc  > 50K (~ 0.2 vs ~1.0 dans MgB2)
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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
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Pnictides
un paramètre
d'ordre (gap) 
changant

 de signe entre 
les différentes 

nappes 
de la SF



 voir Dai et al. Nature Physics 2012 pour une revue

mais ces correlations 
électroniques ne sont peut-

être pas si négligeables : 
U/W ~ 0.5 (→ 1)

NATURE PHYSICS DOI: 10.1038/NPHYS2438 REVIEW ARTICLE
fluctuations above the critical temperatures. Optical spectra studies
also revealed anisotropies in the spectra persisting up to 2 eV,
incompatible with SDW scenarios113. Note that the discussion on
this subject is still fluid. Although neutron diffraction investigations
showed that TN actually substantially increases as the pressure
needed to detwin the crystals increases, potentially explaining the
observed resistivity anisotropies114, magnetic torque measurements
without external pressure revealed clear evidence for electronic
nematicity115. Recent calculations addressing transport indeed find
an important role of the orbital states above TN (ref. 116). The
orbital degree of freedom, closely entangled to the spin and the
lattice, may lead to a more complex ‘normal’ state than anticipated
from weak coupling, particularly because of the FS orbital order107.
In fact, neutron scattering shows that although the low-energy
magnetic excitations change substantially when crossing critical
temperatures, the higher energy features remain the same over
a large doping and temperature range89, suggesting that spin,
orbital and lattice are closely entangled. Establishing who is the
‘driver’ and who is the ‘passenger’ may define an important area
of focus of future research.

Local moments at room temperature. Another deviation from a
simple weak coupling picture is the observation of local magnetic
moments at room temperature. Within the SDW scenario,
magnetic moments are formed on cooling, simultaneously with the
development of long-range magnetic order. However, recent Fe X-
ray emission spectroscopy experiments have revealed the existence
of local moments in the room-temperature paramagnetic state117.
In fact, with the sole exception of FeCrAs, for all the pnictides and
chalcogenides investigated a sizeable room temperature magnetic
moment was found. This includes LiFeAs, which actually does
not order magnetically at any temperature13, and AFe1.6+xSe2 with
a regular arrangement of Fe vacancies (Fig. 1d). These observed
local moments are similar in magnitude to those reported in
the low-temperature neutron scattering experiments reviewed in
previous sections. Similar conclusions to those of ref. 117 were
reached in a study of 3s core level emission for CeFeAsO0.89F0.11
(ref. 118) and also in LDA+DMFT investigations119.

Polarized ARPES results and orbital composition. Although re-
search using ARPES techniques applied to pnictides has already
been reviewed42, some intriguing recent results addressing the
influence of nesting are included in our discussion. Using bulk-
sensitive laser ARPES on BaFe2(As0.65P0.35)2 and Ba0.6K0.4Fe2As2,
an orbital-independent superconducting gap magnitude was found
for the hole-pocket FSs (ref. 120). These results are incompatible
with nesting, where the FS nested portions must have a robust
component of the same orbital to be effective. Actually, the hole
pocket shown in red in the sketch in Fig. 3e, which experimentally
exhibits a robust and nearly wave-vector-independent supercon-
ducting gap, similar to those found in the other hole pockets,
does not have a matching electron pocket with the same orbital
composition and, thus, it cannot develop its superconductivity
via a nesting pairing mechanism15. Perhaps interorbital pairing121
or orbital fluctuations could be relevant to explain this paradox.
Recent theoretical work122 addressed the importance of orbital
composition via twomodels: one with a nested electron-pocket and
hole-pocket FS with the standard orbital composition of pnictide
models, and another with the same FS shape but with electron
and hole pockets having totally different orbital compositions. As
sketched in Fig. 3f, the former develops magnetic order at smaller
values of U than the latter. However, with sufficiently large U both
have magnetic ground states with the same wave vectorQAF = (1,0)
(Fig. 3f). At large U it is clear that the QAF = (1,0) order can be
understoodwithin a local picture, based on the similarmagnitude of
the super-exchange interactions between NN and NNN spins using
a simple Heisenberg model.

Uc U/W

T

Troom

TN

No local moments

Cro
ss

ov
er

Local moments 
preformed

Strong coupling
localized spins

regimePnictides?

Magnetic 
long-range order

Weak coupling FS
 nesting regime

Figure 4 | Sketch of the expected phase diagram of the Hubbard model
with varying temperature and U/W in the undoped limit. Highlighted are
the regimes of weak coupling, where nesting dominates, and strong
coupling, where localized spins approaches are suitable. At temperatures
above TN, there are regions with and without preformed local moments.
The vertical dashed line tentatively locates the pnictides in the ‘middle’,
with a physics involving itinerant electrons coexisting with localized
moments. The cases of chalcogenides and alkaline iron selenides (not
shown) may require a larger U/W. Note that this phase diagram is guided
by results known for the one-orbital case, whereas the true multiorbital
Hubbard model phase diagram may exhibit an even richer structure. In
particular, a second critical U/W at low temperatures separating the
metallic AF state from the insulating AF state is not shown for simplicity.

Further experimental results. De Haas–van Alphen studies123 in
non-superconducting BaFe2P2, the endmember of the supercon-
ducting series BaFe2(As1�xPx)2, indicate that the differences in the
pairing susceptibility with varying x are caused by increases in U
and JH rather than improved geometric nesting. Moreover, ARPES
studies of LiFeAs, without long-range magnetic order at low tem-
peratures, report a strong renormalization of the band structure by
a factor ⇠3 and the absence of nesting124. Yet, at Tc = 18K (ref. 13)
LiFeAs still becomes superconducting, suggesting that nesting is not
necessary for superconductivity to develop. Similarly, ARPES ex-
periments on superconducting AFe1.6+xSe2 (refs 53,54,125) revealed
the absence of the hole-like FSs necessary for the 0(0,0)$M (1,0)
s±-wave superconductivity. Also note that related materials such
as LaFePO with a well-nested FS also do not order magnetically.
Why would weak coupling arguments work in some cases and not
others? Finally, scanning tunnelling microscopy experiments126 on
Ca(Fe1�xCox)2As2 show an exotic ‘nematic’ electronic structure,
similar to those found for strongly coupled copper oxides.

Further theoretical results. In fluctuation-exchange approxima-
tion studies it was concluded that the nesting results are not robust
against the addition of self-energy corrections127. Other calculations
have suggested that magnetic order in pnictides is neither fully
localized nor fully itinerant: the JH coupling forms the local mo-
ments, whereas the particular ground state is selected by itinerant
one-electron interactions102. Moreover, studies of a spin-fermion
model for the pnictides104,105 revealed the crucial role played by the
Hund’s rule coupling and suggested that the Fe superconductors are
closer kin to manganites, where similar spin-fermion models were
extensively studied128, than to copper oxides with regard to their di-
versemagnetism and incoherent normal-state electron transport.
Conclusions
Recent studies of Fe-based superconductors are revealing a per-
spective of these exciting materials that is far richer than previously
anticipated. Although in the early days, weak coupling approaches
seemed sufficient to understand these compounds, several recent
efforts, reviewed in part here, suggest that understanding the
physics of these materials may require more refined concepts,

NATURE PHYSICS | VOL 8 | OCTOBER 2012 | www.nature.com/naturephysics 715
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REMARQUE
Les pnictides ont été Initiallement considérés comme 

des systèmes à faibles correlations
[contrairement aux cuprates]

(U : Hubbard << W : largeur de bande)
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Très fortes valeurs du champ critique supérieur

Jaroszynski et al.

dHc2/dT : 
~ 1T/K à >10 T/K 

(H//c) 

MgB2 : ~ 0.2 T/K 
Général à tous les composés 1111 & 122

Hc2(0) : 50T (//c) à 300T (//ab) 

anisotropie plutôt faible
 ~ 4-7 pour les 1111 to ~ 2 pour les 122 

et même plus....
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"..." = mesures de transport  
NON thermodynamiques

!
!

!
"#$!%&!'()*$+,)*!-+#.!!"#$%&!

!
!
! !

Khim et al. see also Lei et al., Braithwaite et al.

croisement possible des lignes "Hc2"?

le cas particulier de Fe(Se,Te) (phase 11)
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Fit Ginzburg-Landau incluant 
les effets orbitaux (Ho) et 

paramagnétiques (Pauli, Hp)

(H/Hp)2 + (H/Ho)=1-T/Tc

H//c H//ab

Ho (T) 170 650

Hp (T) 75 65
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Chaleur spécifique

Tc2(H)

C. Marcenat - A. Demuer

H//c

      forte courbure "vers le bas"

 dHc2/dT ~ 40T/K for H//ab

H//ab

T.Klein et al. 2011

pas visible en transport
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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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et mesures d’ARPES

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

[par rapport aux calculs DMFT]

confirme l'idée que les 
CORRELATIONS

ne sont pas négligeables

Tamai et al., Nakayama et al.- voir aussi Aichhorn et al.

très faible vitesse de Fermi
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en accord avec mesures thermoélectriques (coeffcient Seebeck, Pourret et al.)
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H.Cercellier, H.Grasland : microscopie à sonde de Hall Ba(Ni,Fe)2As2 - 4.2K
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Fluctuations du libre parcours moyen
uniquement présent en cas de dopage électronique

(pas visible si substitution isovalente As/P)
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! B(t)

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

les vortex cherchent à sortir

Piégeage et fluage des vortex
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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

25

Sthermique ⇠ kBT/U ! 0
T ! 0

pour sortir les vortex doivent franchir 
les barrières de piegeage

soit par activation thermique

Extérieur

U

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

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

Extérieur

U
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STRONG PINNING AND VORTEX ENERGY . . . PHYSICAL REVIEW B 84, 094517 (2011)
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FIG. 2. (Color online) (a) Transition temperature Tc versus Co
doping level. The error bars denote the local spread of Tc values
within a given crystal. For each doping level, 1, 2, and 3 denote
different crystals. For x = 0.075 and 0.1, the numbering denotes that
of the decorated crystals. (b) Co doping level dependence of the
critical current density jc measured by MOI at B = 30 mT and a
reduced temperature of T/Tc = 0.47.

jc is observed. Certainly, no clear doping-dependent trend
appears, as proposed in Ref. 8. The obtained critical current
values are comparable to those reported in the literature for
the same material.20

B. Vortex imaging

The Bitter decoration technique17 was used to observe
vortex structures on three of the crystals used to compile Fig. 2,
more precisely, on crystal 1 of the composition with x = 0.1,
crystal 2 with x = 0.075, and crystal 2 with x = 0.055. The
decoration of crystal 2 with x = 0.055 was unsuccessful,
presumably due to the large value of the penetration depth at
low doping. The decorated patterns reveal highly disordered
vortex structures as in Refs. 1,3–6. Figures 3(a) and 3(b) reveal

FIG. 3. Bitter decoration images of Ba(Fe1−xCox)2As2 single
crystals (a) 2.1 with x = 0.075 and (b) 1 with x = 0.1. The graph
above panel (a) shows a profilometer measurement upon crossing the
step that traverses the image from top to bottom; full vertical scale
is 2.5 µm. The width u of the Meissner belt behind the step is also
indicated in (a).

regions of high and low vortex density, as well as the formation
of vortex-free zones near the crystals edges and surface steps,
due to the circulating Meissner current. These images are
representative of those obtained on other regions of the crystal
surfaces after different cleavage runs, and on other crystals.
From the images, we extract the average value of the magnetic
induction as Bint = nv!0, where nv is the vortex density and
!0 = h/2e is the flux quantum. For all images we obtain an
average induction Bint ≈ 0.8 mT, 20% smaller than the applied
field µ0Ha = 1 mT.

Figures 4(a) and 4(b) present the Delaunay triangulations of
the images in Fig. 3 for x = 0.075 and x = 0.1, respectively.
Here, the blue dots represent vortices with sixfold coordination
while the red dots represent vortices which have a different
coordination number. The insets to Figs. 4(a) and 4(b) show
the Fourier transforms of the vortex positions which once again
demonstrate the absence of any order in the vortex structure.

C. Vortex configurations near surface steps

The correct determination of the distribution of vortex
pinning energies in the crystal and its interpretation requires
knowledge of the temperature at which the vortex ensemble
was frozen in the observed configuration. To determine this,
we analyze the vortex distribution near the ubiquitous steps
seen on the surfaces of the crystals. Such steps result from
the repeated crystal cleavage performed during the Bitter

094517-3
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FIG. 4. (Color online) Delaunay triangulation of the vortex
structure of Ba(Fe1−xCox)2As2 single crystals (a) 2.1 with x =
0.075 and (b) 2 with x = 0.1. The blue dots represent vortices
with 6 nearest neighbors while red ones represent vortices with a
different coordination number. The insets show the respective Fourier
transforms of the vortex positions.

decoration experiments. In zero field cooled experiments, steps
act as obstacles for vortex entry into the sample; they were
described in Ref. 21 as “vortex diodes.”

However, the present decoration experiments are in field-
cooled conditions and hence vortices nucleate in the sample
at the same temperature at which the mixed state is stable. As
one cools down, the Meissner screening current running along
the crystal edges, but also along the surface steps, increases as
the penetration depth λab for currents running in the ab plane
decreases (see Fig. 5). Thus, while cooling, vortices on the high
side of the step are progressively repelled by the increasing
Meissner current density jM ∼ Ha/λab. At the same time, the
proximity of the step surface results in an attractive force that
can be described by an image vortex segment. Finally, the
vortex lattice elasticity tends to restore a homogeneous flux

u h 

jM 

a 

u u

H

FIG. 5. Representation of vortex lines near a surface step under
field-cooled conditions.

distribution near the step. The situation is therefore similar to
vortex entry or exit over a surface barrier.

At the low fields of interest, the single vortex part of the
tilt modulus dominates vortex elasticity,22 so that the force
balance is

Bint

λab

[
Hae

−υ − Bint

µ0
e−2υ − ε2

λε0

$0
ln

(
Bc2

2Bint

)
uλab

h2

]
=

Bint

λab

[
Hae

−υ − Bint

µ0
e−2υ − ε2

λ$0υ

4πµ0h2
ln

(
Bc2

2Bint

)]
= 0.

(1)

Here, ε1 = ε2
λε0 is the vortex line tension, ε0 = $2

0/4πµ0λ
2
ab

is the vortex line energy, ελ = λab/λc is the penetration
depth anisotropy, and υ ≡ u/λab represents the width of the
vortex-free zone behind the step, u, normalized to λab. The
step running through Fig. 3(a) has a height h = 1.5 µm while
the vortex-free region behind it has a width u = 1.8 µm.
Estimating the penetration depth anisotropy ελ ≈ 0.16 from
Refs. 23 and 24, and with all other parameters known,
Eq. (1) can be solved graphically to yield υ ∼ 1.5; that is,
λab ∼ 0.6u ∼ 1.2 µm. Combining λab data from Refs. 6 and
23, we conclude that the observed vortex pattern is frozen at
Tf ≈ 0.9Tc.

D. Pinning energies

The intervortex interaction energy is calculated from the
vortex positions obtained from the decoration images. We
calculate the interaction energy

E i
int =

∑

j

2ε0K0

( |rij |
λab

)
(2)

per unit length along the vortices’ direction. K0(x) is the
lowest-order modified Bessel function, and the vortex line
energy ε0 ∝ λ−2

ab is proportional to the superfluid density.
We take into account all vortices j situated at a distance
smaller than 10λab from vortex i. This cutoff radius was
chosen after verifying that the interaction energy does not
change significantly if greater values of j are considered. For
the determination of the energy distribution histograms, we
only take into account vortices situated away from the edges
of images, at a distance larger than 4λab.25 We used in this
calculation the penetration-depth value at the temperature at
which the vortex structure was frozen, λab(T/Tc = 0.9) (see
Sec. III C).

A similar procedure yields maps of the pinning force per
unit length acting on an individual vortex i

fi =
∑

j

2ε0

λab

rij

|rij |
K1

( |rij |
λab

)
, (3)

with K1(x) the first-order modified Bessel function. Since
the system is stationary, Newton’s third law requires that the
repulsive force exerted by neighbor vortices be balanced by
the pinning force. A map of the modulus |fi | thus represents a
map of the minimum pinning force acting on each vortex. In
the case of a perfect lattice resulting from negligible effect of
pinning, the sum (3) vanishes.

094517-4

Un solide de vortex très désordonné ?

Demirdis et al. Décoration Bitter Co-122

26

Contrairement aux cuprates pour 
lesquels des solides très ordonnés 

(verre de Bragg)
sont généralement observés

Fasano et al. BSCCO
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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

27



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    (voir S.Demirdis et al. : irradiation) 

           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 )

28

1/�2 = 1/�(0)2(1� T 2/T 2
c )

avec : 

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

�(0) = �0 ⇥ [1/Tc]

Kogan et al.
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P. Rodière et al. 

et Tunnel Diode Oscillator : 

��(T ) = [�(0)/2]⇥ (T/Tc)
2

λ0 (nm)

Hc1 2900 (500)

μSQUID 4400 (800)

Cp 4000 (600)

TDO 5600 (1000)

mesures «directes» : 
Hc1 ou μSQUID

ou indirectes : 
chaleur spécifique : 

Hc1

μSQUID
Cp

TDO

NanoSquid microscopy

Z.S .Wang, J.R. Kirtley, K. Hasselbach 
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 Ba(Fe,Ni)2As2  (Z.S.Wang)

�Cp

Tc
/

�
@Hc
@T

�2 / 1
�2⇠2
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et

�Cp

�NTc
non constant (BCS=1.43)

Hardy et al.

�Cp

T
ne tend pas vers zéro : composante résiduelle importante



Onde de Densité de Spin
(+ moments localisés ?)

    Antiferromagnétique (spins localisés)

Fe en coordination tétraédrique     Cu en coordination planaire

Cuprates :  

ISOLANT de Mott 
Répulsion de Coulomb importante

Pnictides :

(mauvais) METAL
U/W ~ 0.5, 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 ???

Résonance excitations de spin Résonance excitation de spin

Gap de symétrie ds-wave avec changement de signe 
entre les différents feuillets de la SF
(noeuds dans le gap pour les dopés P ?)
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Bernt Mathias 1976 
6 règles élémentaires pour une recherche fructueuse 

de nouveaux supraconducteurs

high symmetry is good, cubic symmetry is best best

32

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 can be essential
 

insulators can be good starting materials

but electronic structure calculations are important


