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Outline 

1.  General features of Ba-122 / Fe bilayers 

2.  FeTe1-xSex / Fe bilayers on MgO 

 i) Structural characterization 

 ii) Transport properties 

3.  Intrinsic pinning  in SmFeAs(O,F)  

4.  Summary 
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Outline of the talk
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Δω=0.49° (26 % less) 
(0.66° for bare LSAT)	

Clean interface	

Excellent crystalline quality and clean interface 
of Ba-122/Fe bilayer	

Δφ=0.58° (46 % less) 
(1.08° for bare LSAT)	

K.Iida et al., APL 97, 172507 (2010) 
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Sticky Note
The implementation of a Fe-buffer layer has several beneficial effects for the growing of epitaxial Ba-122 films. A good crystalline quality and a sharp interface between Fe and Ba-122 can be realized thanks to the Fe-buffer layer. Compared to the film on bare oxide substrates, out-of-plane and in-plane textures are significantly improved for our deposition conditions.
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Direct observation of bonding between Fe and Ba-122 

T. Thersleff et al., APL 97, 022506 (2010) 

Highly coherent interface between 
Fe and Ba-122 
 
Bonding takes place at the 
square-planar Fe sublayer 
 
No evidence for a reaction layer 
or loss of crystallographic ordering 
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Sticky Note
A direct bonding between FeAs tetrahedra and bcc Fe was observed by using two different imaging techniques.
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V A 

Structured sample: 500 µm width 
Standard 4 probe method 

No Jc peaks at B || c  

-> Absence of correlated defects 

(Also confirmed by TEM) 

Jc maximum at B⊥c 

Tc, 90 = 23.1K	

Transport properties of  Ba-122/Fe bilayers	

K.Iida et al., APL 97, 172507 (2010) 
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Sticky Note
Excellent Tc and transport properties (Jc) for Ba-122/Fe bilayers were obtained. No Jc peaks at Q=180° (B||c) were observed, which is in agreement with TEM microstructural observations.
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Fe(Te0.5Se0.5) 
“11” family 

Ba(Fe1-xCox)2As2 
“122” family 

Fe 

As 

Ba 

Substrate	

Fe layer	

Ba-122	

  Tetrahedrally coordinated FePn 
 (Pn: pnicogen or chalcogen) layer 

  This architecture should work for “11” 

Substrate	

Fe layer	

Fe(Se,Te)	

Generic buffer layers for Fe-based superconductors	
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Sticky Note
Fe-based superconductors have common structures of the FeAs or FeSe tetrahedra. The Fe/Ba-122 architecture should also work for Fe/Fe(SeTe). This is a motivation behind this study. 



FeTe1-xSex / Fe Films have been prepared by PLD 
under UHV condition	
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Electron gun	
MgO (100)	

KrF excimer laser 
(λ=248 nm)	

RHEED screen	

ε= 3 – 5 J/cm2 
f= 5〜７ Hz	

Fe 

UHV 
10-10 mbar	

350°C~550°C: FeTe1-xTex 

      RT: Fe	

Single crystal 
FeSe0.5Te0.5 
(Tc=13.6 K)	
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Sticky Note
Films were prepared by PLD under UHV condition. The surface quality during the deposition was monitored by RHEED. MgO (100) single crystalline substrates have been used. Fe(Se,Te) single crystals with bulk Tc of 13.6 K (measured by SQUID) have been used as a PLD target. The deposition temperature of Fe(Se,Te) was varied from 350°C to 550°C.
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Deposition Time (arb. units) 

Fe  
deposition 

FeTe1-xSex  
deposition 

RT	

550°C 
   〜 
350°C	

FeTe1-xSex on Fe-buffered MgO MgO @ RT	

Fe @ RT	

Fe @ 750°C	

„11“ @ 450°C	

Fe	

MgO	

FeTe1-xSex	

  Epitaxial Fe even @ RT 

  Fe surface is smoothing on heating 
  Epitaxial “11” with flat surface 

(RMS=1 nm) 

(001)[100]FeTe1-xSex || (001)[110]Fe || (001)[100]MgO 
confirmed by XRD	
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Sticky Note
Fe/Fe(Se,Te) bilayers were prepared on MgO substrates. First, Fe was deposited at room temperature. Even at room temperature, Fe grows epitaxially. However, the surface is rough (according to RHEED). Upon heating to 750°C, the surface of Fe is smoothening. Afterwards, the Fe-buffered MgO was cooled to the deposition temperature of Fe(Se,Te), i.e. in this case to 450°C. From the RHEED, only streak patterns were observed, indicating a smooth surface of the Fe(Se,Te). This was further confirmed by AFM. The epitaxial relation of the stacked layers is schematically illustrated.
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550 °C	

Δω=0.65°	Δω=0.73°	Δω=1.33°	

450 °C	350 °C	

Ts (°C)	 Δω (°)	 Δφ (°)	

350°C	 1.33	 1.9	

450°C	 0.73	 0.97	

550°C	 0.65	 0.72	

  Phase pure films 

  Crystalline quality is improved with Ts 

  Lattice parameters change with Ts 

Structural characterization of FeTe1-xSex/Fe bilayers	
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Sticky Note
Summary of the structural characterization of Fe(Se,Te) films prepared at different deposition temperatures. A sharp texture was obtained by increasing the deposition temperature. The lattice parameter c was observed to decrease with increasing the deposition temperature.
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f=7 Hz, Ts=350°C~550°C	

Optimum deposition temp. (Ts) is around 450°C	

  Tc strongly depends on both Ts and f 
  Optimum Ts is 450°C 

  High Tc over 19 K is possible 

E. Bellingeri et al., Sust 22, 105007 (2009) 
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Sticky Note
The optimum deposition temperature is about 450°C, which is in good agreement with the results from E. Bellingeri et al. (in Sust 22). 
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f=3 Hz, Ts=450°C	

Tc, onset over 
19 K	

Optimum deposition temp. (Ts) is around 450°C	

  Tc strongly depends on both Ts and f 
  Optimum Ts is 450°C 

  High Tc over 19 K is possible 

E. Bellingeri et al., Sust 22, 105007 (2009) 
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Sticky Note
Decreasing the laser frequency from 7 Hz to 3 Hz leads to a higher Tc of over 19 K.
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Relatively clean micorstructure of 
FeTe1-xSex/Fe bilayers	

MgO [100]	

Fe [110]	

„11“ [100]	 „11“ [100]	

Fe [110]	

  Almost no c-axis defects 
  Clean interface 

  Pyramidal growth nature of Fe is observed 

  Stacking faults are formed at the interface 

„11“ [100]	
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Sticky Note
Cross-sectional TEM image of the film deposited at Ts=450°C with f=3 Hz. No appreciable defects are observed. Clean interface between Fe and Fe(Se,Te).
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V ∝ IN 
N ~ Up/kBT  
Jc ∝ Up 	

Up: pinning energy 
	

t(=T/Tc)=0.588	

Jc-B curves are almost identical to 
N-B curves for B || c	

  Jc is decreased monotonously with B 
  N-B curves almost behave similar to Jc-B 
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Sticky Note
The following results were obtained for films deposited with f=7 Hz at various Ts. Jc-B and the corresponding N-B curves for B parallel to the c-direction. The current-voltage (I-V) curves show a power-law relation with an exponent N, if the current is limited by depinning of flux lines. Since the N value is proportional to the pinning potential, Up, field-angular dependent critical current density curves should be similar to N(B,Q).
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V ∝ IN 
N ~ Up/kBT  
Jc ∝ Up 	

Up: pinning energy 
	

Jc-B curves are almost identical to 
N-B curves except 550°C	

  Jc(B) is almost identical to N(B) (Ts=350°C) 
  Jc is constant up to 2 T (Ts=550°C) 

  (N is increased with B) 

-> presence of planar defects ? 

  Over 2 T, N is almost constant regardless of B 

 (Ts=450°C and 550°C) 

t(=T/Tc)=0.588	
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Sticky Note
Jc-B and the corresponding N-B curves for B parallel to the ab-direction. As expected, N(B) behaves almost identically to Jc(B) except for the film with Ts=550°C. It shows a small hump at around 2T in the N-B curve, although its Jc is decreased monotonously with B. For B parallel to ab, Jc(B) curves for both films with Ts=350°C and 450°C are almost the same as the N(B). On the other hand, a field independent Jc up to 2T was observed for the film with Ts=550°C, which indicates the presence of planar defects. Interestingly, the corresponding N is increased with B. Over 2T, both Jc and N are monotonously decreasing with B.  
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Jc(Θ ) is also almost identical to N(Θ) (Ts=350°C)	

t(=T/Tc)=0.588	

1 T	

3 T	
5 T	

7 T	

9 T	

1 T	
3 T	
5 T	
7 T	
9 T	

  Broad ab peaks (due to large Δω) 
  No Jc peaks at B || c 

  N(Θ) behaves similarly to Jc(Θ) 

  Jc is scaled with N 
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Sticky Note
Angular dependence of Jc and the corresponding N for the film deposited at Ts=350°C.
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Jc(Θ ) is also almost identical to N(Θ) (Ts=450°C)	

t(=T/Tc)=0.588	

1 T	

3 T	
5 T	
7 T	
9 T	

1 T	

3 T	
5 T	
7 T	
9 T	

  Relatively sharp ab peaks 
  No Jc peaks at B || c 

  N(Θ) behaves similarly to Jc(Θ) 

  Jc is scaled with N (3T~9T) 
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Angular dependence of Jc and the corresponding N for the film deposited at Ts=450°C.
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Jc(Θ ) is also almost identical to N(Θ) (Ts=550°C)	

t(=T/Tc)=0.588	
1 T	

3 T	
5 T	

7 T	

9 T	

1 T	
3 T	
5 T	
7 T	
9 T	

  Sharp ab peaks 
  No Jc peaks at B || c 

  N(Θ) behaves similarly to Jc(Θ) 

  Jc is scaled with N only high fields 
(5T~9T) 
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Angular dependence of Jc and the corresponding N for the film deposited at Ts=550°C.
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Presence of intrinsic pinning-1 (Ts=450°C)	
  Inverse correlation between Jc and N  
     @ 4 and 6 K 
 (Similar observations in YBCO) due to the 
 double kink excitation of vortices 
 (Civale et at. IEEE15, 2808 (2005)) 

  Increasing in N upon further cooling 
 (Usual depinning owing to the reduction of 
 double-kink excitation)  

    (Awaji et al, APEX4, 013101 (2011)) 

Diagram of vortex double kinks 
(Maiorov et al, NMAT8, 398 (2009))	
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Sticky Note
Presence of the intrinsic pinning: An inverse correlation between Jc and N was observed at lower temperatures. Here a constant magnetic field of 9T was applied. The peaks in Jc(Θ) at Θ=90◦ are getting sharper with decreasing T. In contrast to Jc(Θ), the corresponding N(Θ) starts collapsing below 8K. At 4K, a small dip of N(Θ) is observed and it is further developed upon further cooling. A tiny peak at Θ=90◦ appeared at 3 K and developed further at 2K.
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Presence of intrinsic pinning-2 (Ts=450°C)	

  Exponent N is monotonously increased upon cooling for B || c  
  For B || ab, N is constant regardless of T (4 K < T < 10 K)  

  Increasing in N upon further cooling. Jc is constant at the 
corresponding temp. 

 (Similar observation in YBCO (Awaji et al, APEX 4, 013101 (2011))  

B || ab	

36 August 2009    Physics Today © 2009 American Institute of Physics, S-0031-9228-0908-030-2

Iron, the archetypal ferromagnet, is not supposed to
be compatible with superconductivity. Iron’s locally polar-
ized spins, all pointing in the same direction, create a mag-
netic field that would wring apart any Cooper pairs that tried
to form. It therefore came as a surprise when, in February of
last year, Hideo Hosono of the Tokyo Institute of Technology
published the discovery of a superconductor that contains
iron:1 fluorine-doped LaFeAsO (see PHYSICS TODAY, May
2008, page 11).

From the outset, differences and similarities were appar-
ent between the new superconductor and the established ex-
emplars of high-Tc superconductivity, the cuprates. LaFeAsO
and the parent compounds of other subsequently discovered
Fe-based superconductors all belong to the class of poor con-
ductors known as semimetals; the cuprates’ parents are insu-
lators. And although the symmetry of order parameter in the
Fe-based superconductors has not been pinned down, the
leading contender is an s-wave variant, not a d-wave as in the
cuprates. On the other hand, both types of superconductor
are layered materials. Antiferromagnetism—or, rather, the
weakening of antiferromagnetic order—appears to play a
key role in their superconductivity, which is mediated by
electron–electron interactions, most likely spin fluctuations.

The new superconductors are captivating theorists and
experimenters alike. Since Hosono’s discovery, preprints

about them have appeared on the arXiv server at a near-
steady rate of 2.5 a day. Those papers document a remarkable
explosion of knowledge. Within just two months, physicists,
mostly in China, had substituted other rare-earth elements
for lanthanum, found optimal electron and hole dopants, and
doubled Tc to 55 K. Within six months, LaFeAsO was joined
by three other families of Fe-based superconductors that
share the first family’s iron-containing layers but with differ-
ent, or no, interlayers.

Meanwhile, physicists around the world have subjected
the compounds to the tests they had developed for the
cuprates, heavy-fermion, and other types of superconductor:
nuclear magnetic resonance (NMR), muon spin relaxation
(µSR), quantum oscillations, angle-resolved photoemission
spectroscopy (ARPES), and so on.

For some measurements, the samples’ quality, size, or
both remain insufficient to discriminate among the theoretical
ideas that have sprouted. In the case of the cuprates, it took al-
most a decade for samples to become good enough to yield a
definitive determination of the superconducting order param-
eter. Nevertheless, after 18 months of near-worldwide investi-
gation, we know a lot about Fe-based superconductors.

Iron pnictides, iron chalcogenides
Although most of the Fe-based superconductors contain ar-

Iron-based 
superconductors
Charles Day

For 22 years ceramic oxides of copper seemed to offer the only way to
reach high-temperature superconductivity. Now, a new and unexpected
route is being charted: through semimetal compounds of iron.

Charles Day is a senior editor at PHYSICS TODAY.

P, As, Se, Te

Fe

1111 122

11111

Iron-containing layer Iron-based superconductors
Figure 1. Superconductivity in the new
Fe-based materials takes place in a corru-
gated layer made up of Fe and one of
two pnictogens (phosphorus, arsenic) or
one of two chalcogens (selenium, tel-
lurium). Four structural families, depicted
schematically on the right, incorporate
the layer with a characteristically differ-
ent interlayer. In the 1111 family, the in-
terlayer consists of a rare earth (blue) and
oxygen (green); in the 122 family, an al-
kaline earth (violet); and in the 111 fam-
ily, an alkali (gray). There’s no interlayer in
the 11 family; to preserve the layer’s
charge balance, the pnictogen is re-
placed by a chalcogen. (Adapted from 
K. Ishida, Y. Nakai, H. Hosono, J. Phys. Soc.
Jpn. 78, 062001, 2009.)

0.25 nm	 ∼ ξc (0.3 nm)	
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Field independence of Jc for B||ab was observed at low temperatures and high fields. The interlayer distance is almost identical to the coherence length.
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No inverse correlation between Jc and N (Ts=550°C)	

  No inverse correlation between  Jc and N 
 @ all temp. 

  N is increased upon cooling for both 
direction 
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Sticky Note
Although Jc(Θ) curves for the film with Ts = 550◦ C show almost the same trend as those with Ts = 450◦C, an inverse correlation between Jc(Θ) and N(Θ) has not been observed.



  For H || ab, Jc is almost field independent above 30 T 
 (Above 30 T, N is suddenly increased with H) 

 -> Intrinsic pinning 

  Crossover field from extrinsic to intrinsic is 32 T 

  For  H || c, Jc is observed to monotonously decrease with H 

 (N-H curve shows almost the same behavior as Jc-H)  

Jc-B measurements up to 45 T (SmFeAs(O,F))  

Epitaxial SmFeAs(O,F), Tc=56 K	

Measurements in dc fields up to 45 T	
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Sticky Note
An indication for the presence of intrinsic pinning is also observed in Sm-1111 (field independent of Jc for B||ab). The corresponding N values are also plotted. For B > 32 T, the N-value was observed to increase. The reasons for this observation are under investigation.
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  No c-axis peaks in Jc-Θ -> absence of c-axis correlated defects	

  Large ab-peaks 
  Jc –Θ are scaled with HcosΘ above 30 T (Intrinsic pinning)  

Angular dependent of Jc measurements	
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Angular dependence of Jc at 4.2K up to 40 T. Above 30 T, Jc can be scaled with B cos(Q).
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 Epitaxial FeTe1-xSex is grown on Fe-buffered MgO 

without compromising structural and sc properties 

  Inverse correlation between Jc and N is recognised 

 -> Intrinsic pinning is dominating 

 Dip of N-values at B||ab is hardly observed, when 

extrinsic pinning > intrinsic pinning 

 Observation of intrinsic pinning in SmFeAs(O,F)  

Summary	
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Sticky Note
Conclusion.




