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Lorentz	
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  in	
  the	
  material	
  are	
  traps	
  for	
  vor7ces	
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jc	
  =	
  Fp/B	
  :	
  	
  cri7cal	
  current	
  density	
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  pinning	
  and	
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  current	
  density	
  jc	
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Cri=cal	
  current	
  density	
  jc	
  ,	
  and	
  Peak	
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Bsp	
  

Peak	
  effect	
  in	
  (Ba,K)Fe2As2	
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Peak	
  effect	
  in	
  different	
  systems	
  :	
  NbSe2	
  

•  1st	
  order	
  transi7on	
  of	
  vortex	
  laJce	
  (Pal7el,	
  PRL	
  85,	
  3712	
  (2000)).	
  
•  Rela7vely	
  close	
  to	
  Bc2	
  
•  Weak	
  pinning	
  or	
  edge	
  pinning	
  below	
  Bsp	
  (Koorevaar,	
  Pal7el)	
  
•  Single	
  crystal	
  to	
  polycrystal	
  (Troainovski,	
  PRL	
  89,	
  147006	
  (2002))	
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•  1st	
  order	
  transi7on	
  of	
  vortex	
  laJce,	
  rela7vely	
  close	
  to	
  Bc2	
  (Klein,	
  Nature	
  (2000).)	
  
•  From	
  ordered	
  Bragg	
  Glass	
  to	
  a	
  disordered	
  vortex	
  phase	
  tuned	
  by	
  ar7ficial	
  disorder	
  

is	
  mediated	
  by	
  the	
  prolifera7on	
  of	
  disloca7ons	
  (point	
  defects/irradia7on	
  (Klein,	
  
Phys	
  Rev	
  B	
  (2010).)	
  

•  Weak	
  pinning	
  below	
  Bsp	
  
	
  

Peak	
  effect	
  in	
  different	
  systems	
  :	
  MgB2	
  

Field	
  dependence	
  of	
  ac-­‐transmiJvity	
   Onset	
  of	
  the	
  peak	
  	
  effect	
  shiied	
  with	
  increasing	
  disorder	
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Peak	
  effect	
  in	
  different	
  systems	
  :	
  Ba1-­‐xKxBiO3	
  

•  Well	
  below	
  Bc2	
  (Klein	
  Nature	
  413,	
  404	
  (2001),	
  Barilo	
  Phys.	
  Rev	
  B	
  (1998)).	
  
•  Weak	
  pinning	
  Bragg	
  glass	
  below	
  Bsp	
  	
  that	
  goes	
  to	
  a	
  vortex	
  glassy	
  phase	
  

above	
  Bsp	
  (neutrons,	
  Joumard	
  et	
  al	
  1999)	
  	
  
•  Vanishing	
  small	
  angle	
  neutron	
  scamering	
  (SANS)	
  signal	
  at	
  Bm,	
  Bsp	
  
	
  

I. Joumard, T. Klein, J. Marcus, & R. Cubitt, PRL 1999	


T. Klein et al, Nature 413, 404 (2001) 
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Peak	
  effect	
  in	
  different	
  systems	
  :	
  Bi2Sr2CaCu2O8	
  

•  1st	
  order	
  transi7on	
  (van	
  der	
  Beek,	
  Avraham)	
  well	
  below	
  Bc2	
  (Chikumoto)	
  
•  Con7nua7on	
  of	
  mel7ng	
  line	
  Bm(T)	
  (van	
  der	
  Beek,	
  Konczykowski)	
  
•  Weak	
  pinning,	
  Bragg	
  glass	
  below	
  Bsp	
  (Kim,	
  Fuchs,	
  Fasano)	
  
•  Collapse	
  of	
  longitudinal	
  (B	
  //	
  c	
  axis)	
  vortex	
  line	
  correla7ons	
  (Colson)	
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Single	
  crystal	
  Bi2Sr2CaCu2O8+d	
  	
  (Y.	
  Fasano)	
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Peak	
  effect	
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  different	
  systems	
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•  1st	
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  transi7on	
  (van	
  der	
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  well	
  below	
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•  Con7nua7on	
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  mel7ng	
  line	
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•  Weak	
  pinning,	
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  glass	
  below	
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  vortex	
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•  1st	
  order	
  transi7on	
  (van	
  der	
  Beek,	
  Avraham)	
  well	
  below	
  Bc2	
  (Chikumoto)	
  
•  Con7nua7on	
  of	
  mel7ng	
  line	
  Bm(T)	
  (van	
  der	
  Beek,	
  Konczykowski)	
  
•  Weak	
  pinning,	
  Bragg	
  glass	
  below	
  Bsp	
  (D.	
  T.	
  	
  Fuchs,Y.	
  Fasano)	
  
•  Collapse	
  of	
  longitudinal	
  (B	
  //	
  c	
  axis)	
  vortex	
  line	
  correla7ons	
  (S.	
  Colson)	
  
•  Mel7ng	
  regardless	
  of	
  posi7onal	
  order	
  
	
  	
  	
  	
  	
  	
  (Banerjee,	
  Menghini,	
  Konczykowski,	
  Colson)	
  
•  Vanishing	
  SANS	
  signal	
  at	
  Bm,	
  Bsp	
  (Cubim)	
  
	
  

Peak	
  effect	
  in	
  different	
  systems	
  :	
  Bi2Sr2SrCu2O8	
  

R.	
  Cubim	
  Nature	
  (London)	
  365,	
  407	
  (1993)	
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Peak	
  effect	
  in	
  different	
  systems	
  :	
  iron-­‐based	
  s.c.:	
  PrFeAsO1-­‐y,	
  	
  NdFeAsO	
  	
  

C.J. van der Beek et al., Phys. Rev. B 81,174517  (2010) 

G.P. Mikitik and E.H. Brandt, Phys. Rev. B 64, 184514 (2001);  
                                                 Phys. Rev. B 71, 012510 (2005). 



M
em

be
r o

f t
he

 H
el

m
ho

ltz
 A

ss
oc

ia
tio

n 

Peak	
  effect	
  in	
  different	
  systems	
  :	
  iron-­‐based	
  s.c.	
  and	
  Ba1-­‐xKxAs2Fe2	
  
•  Hystere7c	
  magne7za7on	
  

High	
  T	
  
Low	
  T	
  

Demirdis	
  et.	
  al.	
  (2015)	
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  Vortex	
  Pinning	
  in	
  Ba1-­‐xKxAs2Fe2l	
  

•  Hystere7c	
  magne7za7on,	
  the	
  screening	
  current	
  density…	
  

Extended	
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•  The	
  effect	
  of	
  thermally	
  ac7vated	
  vortex	
  creep	
  (relaxa7on)	
  

T	
  =	
  10	
  K	
  	
  

M. Konczykowski et al, Phys Rev. B 86, 024515 (2012). 

	
  Vortex	
  Pinning	
  in	
  Ba1-­‐xKxAs2Fe2l	
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•  Strong	
  pinning	
  below	
  Bsp	
  :	
  chemical	
  disorder	
  	
  
•  Weak	
  pinning	
  around	
  Bsp:	
  dopant	
  atoms,	
  Fe	
  vacancies	
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SANS	
  on	
  the	
  vortex	
  ensemble	
  in	
  Ba1-­‐xKxFe2As2	
  
•  Mo7va7on:	
  	
  

	
  -­‐	
  How	
  do	
  we	
  go	
  “dirty”	
  to	
  “clean”?	
  
	
  	
  	
  	
   	
  -­‐	
  Can	
  we	
  observe	
  the	
  vortex	
  laJce	
  in	
  a	
  doped	
  iron-­‐based	
  superconductor?	
  

Nearly	
  isotropic	
  hexagonal	
  VL	
  
with	
  no	
  symmetry	
  transi7ons	
  up	
  to	
  high	
  
fields	
  
H. Kawano-Furukawa et. al.  PRB 84, 024507 (2011) 

J. Ph. Reid et. al. Supercond. Sci. 
Technol. 25, 084013 (2012). 
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•	
  @SANS	
  1	
  instrument	
  
	
  
	
  

Neutrons	
  sensi7ve	
  to	
  magne7sm	
  
Rocking	
  the	
  sample	
  gives	
  all	
  laJce	
  Bragg	
  peaks	
  

(Ba1-­‐xKx)Fe2As2,	
  x	
  =	
  0.36	
  
FC	
  condi7ons	
  for	
  T	
  =	
  3.5	
  -­‐	
  45	
  K	
  
Under	
  different	
  fields	
  B	
  =	
  0.25-­‐2	
  T	
  
For	
  each	
  field	
  configura7on	
  the	
  bck	
  	
  
has	
  been	
  measured	
  	
  

SANS	
  on	
  the	
  vortex	
  ensemble	
  in	
  Ba1-­‐xKxAs2Fe2	
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•	
  Heinz	
  Maier-­‐Leibnitz	
  Zentrum	
  (Garching)	
  

Neutrons	
  sensi7ve	
  to	
  magne7sm	
  
Rocking	
  the	
  sample	
  gives	
  all	
  laJce	
  Bragg	
  peaks	
  

(Ba1-­‐xKx)Fe2As2,	
  x	
  =	
  0.36	
  
FC	
  condi7ons	
  for	
  T	
  =	
  3.5	
  -­‐	
  45	
  K	
  
Under	
  different	
  fields	
  B	
  =	
  0.25	
  -­‐	
  2	
  T	
  
For	
  each	
  field	
  configura7on	
  the	
  bck	
  	
  
has	
  been	
  measured	
  	
  

SANS	
  on	
  the	
  vortex	
  ensemble	
  in	
  Ba1-­‐xKxAs2Fe2	
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Neutrons	
  sensi7ve	
  to	
  magne7sm	
  
Rocking	
  the	
  sample	
  gives	
  all	
  laJce	
  Bragg	
  peaks	
  

(Ba1-­‐xKx)Fe2As2,	
  x	
  =	
  0.36	
  
FC	
  condi7ons	
  for	
  T	
  =	
  3.5	
  -­‐	
  45	
  K	
  
Under	
  different	
  fields	
  B	
  =	
  0.25	
  -­‐	
  2	
  T	
  
For	
  each	
  field	
  configura7on	
  the	
  bck	
  	
  
has	
  been	
  measured	
  	
  

Resolu7on	
  of	
  SANS	
  instrument	
  •	
  Heinz	
  Maier-­‐Leibnitz	
  Zentrum	
  (Garching)	
  

4

the vortex ensemble is quenched as a disordered polycrys-
tal, representative of the structure of the high-field state.
Therefore, the observed decrease of the structure factor
[14] does not as much reflect the structural properties of
the low–field vortex state, as the dynamical properties of
the high field state.

Let us now turn to the quantitative analysis of the
VL structure. Figure 1, as well as the field dependence
of S, indicates the presence of a structural transition in
the VL at low field. For weakly disordered type II su-
perconductors, it is commonly thought that the low field
phase is a so-called Bragg glass, in which the absence of
vortex lattice dislocations preserves long-range orienta-
tional order, and distinct di⇥raction Bragg peaks may be
observed [12, 32]. The characteristic length scale Ra at
which relative vortex line displacements are of the order
of lattice spacing, u(Ra) ⇥ a0 determines the width of the
Bragg peaks, which is expected to stay constant even as
the di⇥racted SANS intensity decreases with increasing
vortex density (magnetic field) [14, 33]. Eventually, at
BOD, vortex lattice dislocations are thought to be spon-
taneously generated [12–14], signaling the demise of the
Bragg glass, and the vanishing of S and therefore of the
di⇥racted intensity. The present data show that the pro-
gressive decrease of the S is unrelated to the properties
of the purported Bragg glass.

Figure 4 (a) shows the full width at half maximum
of the rocking curves extracted from the Gaussian fits
in Fig.1f, compared to the resolution limit of the SANS
setup, ⌃res =

�
4⇧2(�⇥/⇤n)2 + q2(�⇤n/⇤n)2 (�⇥ = 1

mrad is the divergence of the neutron beam). The width
of the rocking curves varies slightly up to 1 T followed
by a sharp increase for fields above this value. Rocking
curves intensity decreases but the peak width tends to
broaden with increasing applied field. The longitudinal
correlation length ⌅⇤ = 1/(q⌃m) shown in figure 4 (b) is
a measure of correlations parallel to the flux direction,
and is extracted from the rocking curve width corrected
by experimental resolution, ⌃2

m = (⌃2
rock�⌃2

res) [32]. For
low fields Ba= 1T, ⌅⇤ has a value of several lattice spacing
a0, then longitudinal correlations are lost above this field
value. Figure 4 (c) shows the radial widths of the Bragg
peaks as a function of applied field. Radial correlation
length ⌅⇥ = (⌃2

q�⌃2
res)

�1/2 [17] shown in 4 figure (d), is a
measure of correlations perpendicular to the flux line and
it is obtained using the radial widths corrected by the in-
strument resolution. The latter shows the same behavior
as the S(q) structure factor as a function of field. Corre-
lations perpendicular to the vortex line direction are lost
at the structural disordering transition at B ⇥ 0.5 T.

In summary we have shown that optimally doped
(Ba1�xKx)Fe2As2 single crystal the disorder is weak
enough to permit the observation of distinct Bragg peaks
at low fields. We observed a structural transition from
a weakly disordered vortex solid phase to another dis-
ordered vortex solid phase. A quantitative analysis of
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FIG. 4. (Color online) (a) Full width at half-maximum of
the rocking curves extracted from the Gaussian fits in Fig.1f.
(b) Field dependence of the longitudinal correlation length
extracted from the FWHM of rocking curves. (c) Full width
at half-maximum of the radially averaged intensity, extracted
from the fit to a Gaussian function. (d) Field dependence
of the radial correlation length extracted from the width of
the radial averaged di�racted intensity. Here red shaded area
represent the resolution limit of the SANS instrument.

the SANS data shows that the low field phase cannot
be described by the Bragg glass predictions. Finally,
complementary magnetization measurements that situ-
ate the structural crossover in the (B, T )phase diagram
revealed that the vortex lattice undergoes an intrinsic
“order-disorder” transition at low fields that is not cor-
related to the appearance of vortex solid dislocations.
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FIG. 1. (a-f) Small-angle neutron scattering pattern of the
vortex solid in Ba0.64K0.36Fe2As2, for magnetic fields rang-
ing from 0.25 T to 1 T. The patterns represent sums over
a rocking scan with respect to the vertical axis, with a zero
field background at 45 K subtracted. The weaker intensity of
the spots on the horizontal line is due to the larger distance
from the rocking axis (Lorentz factor). The direct beam is
masked for better visibility; the data have been smoothed us-
ing a Gaussian filter. (e) Radial intensity distribution versus
|q|, for di�erent applied magnetic fields. The baselines of each
curve have been o�set for visibility. (f) Angular dependence
of the di�racted intensity (rocking curves) at di�erent applied
magnetic fields. The solid lines are fits to a Gaussian.

were performed on a smaller single crystal (of dimensions
2� 3� 0.2 mm3 ) from the same batch using the vibrat-
ing sample magnetometry (VSM) option of a Quantum
Design Physical Property Measurement System (PPMS)
and a SQUID magnetometer. These two measurement
techniques di⇥er mainly in the time scale on which the
applied field is ramped: dBa/dt = 0.6 T/min for the
VSM, against 0.03 T/min for the SQUID magnetometer.

Figure 1 a-d shows representative di⇥raction patterns
with clear Bragg spots, measured in selected applied
magnetic fields Ba between 0.25 and 2 T, applied par-
allel to the fourfold [001] crystal axis, and nearly par-
allel to the neutron beam. The images represent sums
over rocking scans with respect to the vertical axis. The
weaker intensity of spots on the horizontal line is due to
the larger distance from the rocking axis (Lorentz factor).
The direct beam is masked and the data is smoothed with
a 2� 2 pixel Gaussian.

Clear di⇥raction peaks are observed up to Ba = 0.75 T.
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FIG. 2. (Color online) (a) Field dependence of the vortex
Bragg peak intensity measured on a Ba0.64K0.36Fe2As2 sin-
gle crystal, extracted by integration over an arc of 60� span-
ning the Bragg peak as indicated in Fig.1a (green markers),
and compared to the prediction Iq for a perfect vortex lattice
(Eq. 2, red markers) [22]). (b) Iq over the full magnetic field
range up to Bc2. (c) Field dependence of the vortex solid
structure factor, extracted from the data in (a) using Eq. 1.

Above this field, the di⇥raction spots start to broaden,
while their intensity diminishes. A near-circular (poly-
crystalline) di⇥raction pattern is observed at Ba = 1 T,
whence the scattered intensity has all but vanished for
Ba = 2 T. Figure 1e presents radial scans of the scat-
tered intensity as function of the magnitude |q| of the
( 12 ,

1
2

⇥
3)|q| vector, allowing one to quantify this decrease.

Figure 1f presents the rocking curves for di⇥erent applied
fields. The solid lines are fits to a Gaussian function.
The average vortex lattice structure factor S can be

obtained from the integrated intensity

I = F 2S = F 2(T )

⇤
dqx

⇤
dqyS(qx, qy,K0⌃) (1)

by correction for the vortex form factor F [14]. K0 is the
vortex reciprocal lattice vector. In practice, we obtain
the integrated intensity by averaging over an arc of 60�

spanning a single Bragg peak (as indicated on Fig. 1a).
The form factor reflects the magnetic field distribution
within the vortex ensemble, and can be modeled using
the di⇥racted intensity from the ideal lattice (assuming
S = 1) [22]. In that case, the di⇥racted intensity

Iq = 2⌅V ⇧
��
4

⇥2 ⇥2
n

�2
0|q||

| F (q, T ) |2, (2)

where V is the illuminated sample volume, ⇧ is the neu-
tron flux density, � = 1.91 µN is the neutron magnetic
moment, and q is a vector in reciprocal space. Note that
F (q, T ) depends on temperature through the penetration
depth ⇥L(T ) and the coherence length ⇤(T ). Iq decreases
with Ba because of the gradual weakening of the internal
field modulation due to vortex overlap.
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(e)
(f)

FIG. 1. (a-f) Small-angle neutron scattering pattern of the
vortex solid in Ba0.64K0.36Fe2As2, for magnetic fields rang-
ing from 0.25 T to 1 T. The patterns represent sums over
a rocking scan with respect to the vertical axis, with a zero
field background at 45 K subtracted. The weaker intensity of
the spots on the horizontal line is due to the larger distance
from the rocking axis (Lorentz factor). The direct beam is
masked for better visibility; the data have been smoothed us-
ing a Gaussian filter. (e) Radial intensity distribution versus
|q|, for di�erent applied magnetic fields. The baselines of each
curve have been o�set for visibility. (f) Angular dependence
of the di�racted intensity (rocking curves) at di�erent applied
magnetic fields. The solid lines are fits to a Gaussian.

were performed on a smaller single crystal (of dimensions
2� 3� 0.2 mm3 ) from the same batch using the vibrat-
ing sample magnetometry (VSM) option of a Quantum
Design Physical Property Measurement System (PPMS)
and a SQUID magnetometer. These two measurement
techniques di⇥er mainly in the time scale on which the
applied field is ramped: dBa/dt = 0.6 T/min for the
VSM, against 0.03 T/min for the SQUID magnetometer.

Figure 1 a-d shows representative di⇥raction patterns
with clear Bragg spots, measured in selected applied
magnetic fields Ba between 0.25 and 2 T, applied par-
allel to the fourfold [001] crystal axis, and nearly par-
allel to the neutron beam. The images represent sums
over rocking scans with respect to the vertical axis. The
weaker intensity of spots on the horizontal line is due to
the larger distance from the rocking axis (Lorentz factor).
The direct beam is masked and the data is smoothed with
a 2� 2 pixel Gaussian.

Clear di⇥raction peaks are observed up to Ba = 0.75 T.
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FIG. 2. (Color online) (a) Field dependence of the vortex
Bragg peak intensity measured on a Ba0.64K0.36Fe2As2 sin-
gle crystal, extracted by integration over an arc of 60� span-
ning the Bragg peak as indicated in Fig.1a (green markers),
and compared to the prediction Iq for a perfect vortex lattice
(Eq. 2, red markers) [22]). (b) Iq over the full magnetic field
range up to Bc2. (c) Field dependence of the vortex solid
structure factor, extracted from the data in (a) using Eq. 1.

Above this field, the di⇥raction spots start to broaden,
while their intensity diminishes. A near-circular (poly-
crystalline) di⇥raction pattern is observed at Ba = 1 T,
whence the scattered intensity has all but vanished for
Ba = 2 T. Figure 1e presents radial scans of the scat-
tered intensity as function of the magnitude |q| of the
( 12 ,

1
2

⇥
3)|q| vector, allowing one to quantify this decrease.

Figure 1f presents the rocking curves for di⇥erent applied
fields. The solid lines are fits to a Gaussian function.
The average vortex lattice structure factor S can be

obtained from the integrated intensity

I = F 2S = F 2(T )

⇤
dqx

⇤
dqyS(qx, qy,K0⌃) (1)

by correction for the vortex form factor F [14]. K0 is the
vortex reciprocal lattice vector. In practice, we obtain
the integrated intensity by averaging over an arc of 60�

spanning a single Bragg peak (as indicated on Fig. 1a).
The form factor reflects the magnetic field distribution
within the vortex ensemble, and can be modeled using
the di⇥racted intensity from the ideal lattice (assuming
S = 1) [22]. In that case, the di⇥racted intensity

Iq = 2⌅V ⇧
��
4

⇥2 ⇥2
n

�2
0|q||

| F (q, T ) |2, (2)

where V is the illuminated sample volume, ⇧ is the neu-
tron flux density, � = 1.91 µN is the neutron magnetic
moment, and q is a vector in reciprocal space. Note that
F (q, T ) depends on temperature through the penetration
depth ⇥L(T ) and the coherence length ⇤(T ). Iq decreases
with Ba because of the gradual weakening of the internal
field modulation due to vortex overlap.
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(e)
(f)

FIG. 1. (a-f) Small-angle neutron scattering pattern of the
vortex solid in Ba0.64K0.36Fe2As2, for magnetic fields rang-
ing from 0.25 T to 1 T. The patterns represent sums over
a rocking scan with respect to the vertical axis, with a zero
field background at 45 K subtracted. The weaker intensity of
the spots on the horizontal line is due to the larger distance
from the rocking axis (Lorentz factor). The direct beam is
masked for better visibility; the data have been smoothed us-
ing a Gaussian filter. (e) Radial intensity distribution versus
|q|, for di�erent applied magnetic fields. The baselines of each
curve have been o�set for visibility. (f) Angular dependence
of the di�racted intensity (rocking curves) at di�erent applied
magnetic fields. The solid lines are fits to a Gaussian.

were performed on a smaller single crystal (of dimensions
2� 3� 0.2 mm3 ) from the same batch using the vibrat-
ing sample magnetometry (VSM) option of a Quantum
Design Physical Property Measurement System (PPMS)
and a SQUID magnetometer. These two measurement
techniques di⇥er mainly in the time scale on which the
applied field is ramped: dBa/dt = 0.6 T/min for the
VSM, against 0.03 T/min for the SQUID magnetometer.

Figure 1 a-d shows representative di⇥raction patterns
with clear Bragg spots, measured in selected applied
magnetic fields Ba between 0.25 and 2 T, applied par-
allel to the fourfold [001] crystal axis, and nearly par-
allel to the neutron beam. The images represent sums
over rocking scans with respect to the vertical axis. The
weaker intensity of spots on the horizontal line is due to
the larger distance from the rocking axis (Lorentz factor).
The direct beam is masked and the data is smoothed with
a 2� 2 pixel Gaussian.

Clear di⇥raction peaks are observed up to Ba = 0.75 T.
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FIG. 2. (Color online) (a) Field dependence of the vortex
Bragg peak intensity measured on a Ba0.64K0.36Fe2As2 sin-
gle crystal, extracted by integration over an arc of 60� span-
ning the Bragg peak as indicated in Fig.1a (green markers),
and compared to the prediction Iq for a perfect vortex lattice
(Eq. 2, red markers) [22]). (b) Iq over the full magnetic field
range up to Bc2. (c) Field dependence of the vortex solid
structure factor, extracted from the data in (a) using Eq. 1.

Above this field, the di⇥raction spots start to broaden,
while their intensity diminishes. A near-circular (poly-
crystalline) di⇥raction pattern is observed at Ba = 1 T,
whence the scattered intensity has all but vanished for
Ba = 2 T. Figure 1e presents radial scans of the scat-
tered intensity as function of the magnitude |q| of the
( 12 ,

1
2

⇥
3)|q| vector, allowing one to quantify this decrease.

Figure 1f presents the rocking curves for di⇥erent applied
fields. The solid lines are fits to a Gaussian function.
The average vortex lattice structure factor S can be

obtained from the integrated intensity

I = F 2S = F 2(T )

⇤
dqx

⇤
dqyS(qx, qy,K0⌃) (1)

by correction for the vortex form factor F [14]. K0 is the
vortex reciprocal lattice vector. In practice, we obtain
the integrated intensity by averaging over an arc of 60�

spanning a single Bragg peak (as indicated on Fig. 1a).
The form factor reflects the magnetic field distribution
within the vortex ensemble, and can be modeled using
the di⇥racted intensity from the ideal lattice (assuming
S = 1) [22]. In that case, the di⇥racted intensity

Iq = 2⌅V ⇧
��
4

⇥2 ⇥2
n

�2
0|q||

| F (q, T ) |2, (2)

where V is the illuminated sample volume, ⇧ is the neu-
tron flux density, � = 1.91 µN is the neutron magnetic
moment, and q is a vector in reciprocal space. Note that
F (q, T ) depends on temperature through the penetration
depth ⇥L(T ) and the coherence length ⇤(T ). Iq decreases
with Ba because of the gradual weakening of the internal
field modulation due to vortex overlap.
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FIG. 3. (Color online) (a) dc magnetization measured un-
der ZFC and FC conditions, for various fields. The arrow
indicates the irreversibility temperature Tirr. (b) Loops of
the hysteric magnetization M(Ba) of the Ba0.64K0.36Fe2As2
single crystal, at di�erent temperatures. The onset of the
SMP is indicated by the arrow. (c) Hysteresis loops mea-
sured at T = 36.5 K using the VSM and SQUID techniques.
(d) Magnetic phase diagram of the vortex ensemble in the
(Ba0.64K0.36)Fe2As2 single crystal. The irreversibility line has
been extracted from the ZFC-FC measurements. The order-
disorder field has been defined as the onset of the SMP. The
irreversibility line extracted from the SQUID measurements
is also plotted, in order to underscore the e�ect of flux creep.

Figure 2(a) shows the di�racted intensity, normalized
by the detector e⇥ciency and the number of monitor
counts, and corrected for the sample transitivity, ver-
sus the reduced magnetic field Ba/Bc2. The value of
Bc2 has been taken from Ref. [23] and [24]. The mea-
sured intensity has its maximum value at low fields, and
drops abruptly above 0.5 T, well below Bc2. A nor-
malization by the di�racted intensity for the ideal lat-
tice (S = 1, red points in Fig. 2) [22] allows one to
extract the averaged structure factor S of the vortex
ensemble in Ba0.64K0.36Fe2As2, the field dependence of
which is presented in Fig. 2(b). The sharp decrease of S
at Ba ⇥ 0.5 T clearly indicates a structural disordering
transition of vortex solid.

In order to correlate this transition with the (B, T )–
phase diagram, we resort to magnetization measure-
ments. Figure 3(a) presents the temperature-dependent
dc magnetization of Ba0.64K0.36Fe2As2, measured be-
tween T = 4.2 and 50 K, for magnetic fields varying from
0.01 to 3 T, for zero-field cooling (ZFC) and successive
field cooling (FC, after warming) protocols. The demise
of vortex pinning by material defects is signaled by the
merger of the ZFC and FC curves at the irreversibil-

ity temperature Tirr(B). The temperature evolution of
isothermal hysteretic loops of the dc magnetization mea-
sured using the VSM is shown in Fig. 3 (b). As usual,
the magnetic hysteresis can be interpreted in terms of
the Bean critical state model, in which the vortex distri-
bution inside the superconducting crystal is macroscopi-
cally inhomogeneous and history–dependent due to pin-
ning [5]. At all temperature, the irreversible magneti-
zation of Ba0.64K0.36Fe2As2 features the zero-field peak
found in all other Fe-based superconductors [5, 26–28],
commonly interpreted in terms of strong vortex pinning
by sparse nanometric defects [5, 18]. In the high temper-
ature regime under consideration, the central peak gives
way to a decrease of the magnetic moment, whence the
latter increases again at the onset of the SMP [5, 9–11].
The temperature dependence of the SMP onset field BOD

is shown in Fig. 3d.
Fig. 3c shows magnetic hysteresis loops at nearly the

same temperature, as measured using the (fast) VSM vs.
the (slow) SQUID apparatus. In the former case, the hys-
teretic part of the magnetic moment (i.e. the inhomoge-
neous macroscopic flux distribution induced by pinning)
vanishes at the magnetic field sweep rate-dependent irre-
versibility field BV SM

irr = 1.6 T, which is above the SMP
onset at BOD. In the latter case, BSQUID

irr amounts to no
more than 0.4 T, with the SMP unobservable. This con-
firms that the e�ects of thermally activated flux creep are
very pronounced in this material [29] - in the case of the
SQUID experiment above 0.4 T, su⇥ciently so to bring
the vortex ensemble to thermodynamic equiibrium. The
irreversibility fields for di�erent sweep rates are shown in
Fig. 3d, together with Birr(T ) (i.e. Tirr(B)). If the po-
sition of the irreversibility field Birr is strongly a�ected
by flux creep, the latter does not a�ect BOD, suggesting
the latter reveals, as in Refs. [1, 3, 9–11, 31], an intrinsic
“order-disorder” transition of the vortex ensemble.

To interpret the SANS patterns, it is important to real-
ize that these are obtained using a FC protocol and there-
fore reflect the vortex ensemble as quenched at Tirr(B),
which plays the role of a “freezing temperature” Tf [18].
For the SANS experiments performed at Ba � 0.25 T,
Tirr(B)=Tf coincides with the BOD(T ) boundary (see
Fig. 3 (d)). Therefore, field cooling across the high-field
vortex state has no e�ect: thermal activation equilibrates
the vortex positions on the time scale of the experiment.
Only at BOD(T ) are the vortex positions fixed. The
di�raction patterns therefore represent the (ordered) vor-
tex ensemble (with S ⇤ 1) such as this is quenched di-
rectly into the low–field vortex state. At fields above
0.25 T, field cooling through the high field state does
a�ect the vortex positions to a greater or lesser extent,
leading to the progressive disordering of the vortex en-
semble before this is finally quenched into the low-field
state. As a result, the measured structure factor S drops
as function of Ba. Above 1 T the applied field exceeds
BOD(T ) at all T . The low field state is never reached, and
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FIG. 3. (Color online) (a) dc magnetization measured un-
der ZFC and FC conditions, for various fields. The arrow
indicates the irreversibility temperature Tirr. (b) Loops of
the hysteric magnetization M(Ba) of the Ba0.64K0.36Fe2As2
single crystal, at di�erent temperatures. The onset of the
SMP is indicated by the arrow. (c) Hysteresis loops mea-
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the vortex ensemble is quenched as a disordered polycrys-
tal, representative of the structure of the high-field state.
Therefore, the observed decrease of the structure factor
[14] does not as much reflect the structural properties of
the low–field vortex state, as the dynamical properties of
the high field state.

Let us now turn to the quantitative analysis of the
VL structure. Figure 1, as well as the field dependence
of S, indicates the presence of a structural transition in
the VL at low field. For weakly disordered type II su-
perconductors, it is commonly thought that the low field
phase is a so-called Bragg glass, in which the absence of
vortex lattice dislocations preserves long-range orienta-
tional order, and distinct di⇥raction Bragg peaks may be
observed [12, 32]. The characteristic length scale Ra at
which relative vortex line displacements are of the order
of lattice spacing, u(Ra) ⇥ a0 determines the width of the
Bragg peaks, which is expected to stay constant even as
the di⇥racted SANS intensity decreases with increasing
vortex density (magnetic field) [14, 33]. Eventually, at
BOD, vortex lattice dislocations are thought to be spon-
taneously generated [12–14], signaling the demise of the
Bragg glass, and the vanishing of S and therefore of the
di⇥racted intensity. The present data show that the pro-
gressive decrease of the S is unrelated to the properties
of the purported Bragg glass.

Figure 4 (a) shows the full width at half maximum
of the rocking curves extracted from the Gaussian fits
in Fig.1f, compared to the resolution limit of the SANS
setup, ⌃res =

�
4⇧2(�⇥/⇤n)2 + q2(�⇤n/⇤n)2 (�⇥ = 1

mrad is the divergence of the neutron beam). The width
of the rocking curves varies slightly up to 1 T followed
by a sharp increase for fields above this value. Rocking
curves intensity decreases but the peak width tends to
broaden with increasing applied field. The longitudinal
correlation length ⌅⇤ = 1/(q⌃m) shown in figure 4 (b) is
a measure of correlations parallel to the flux direction,
and is extracted from the rocking curve width corrected
by experimental resolution, ⌃2

m = (⌃2
rock�⌃2

res) [32]. For
low fields Ba= 1T, ⌅⇤ has a value of several lattice spacing
a0, then longitudinal correlations are lost above this field
value. Figure 4 (c) shows the radial widths of the Bragg
peaks as a function of applied field. Radial correlation
length ⌅⇥ = (⌃2

q�⌃2
res)

�1/2 [17] shown in 4 figure (d), is a
measure of correlations perpendicular to the flux line and
it is obtained using the radial widths corrected by the in-
strument resolution. The latter shows the same behavior
as the S(q) structure factor as a function of field. Corre-
lations perpendicular to the vortex line direction are lost
at the structural disordering transition at B ⇥ 0.5 T.

In summary we have shown that optimally doped
(Ba1�xKx)Fe2As2 single crystal the disorder is weak
enough to permit the observation of distinct Bragg peaks
at low fields. We observed a structural transition from
a weakly disordered vortex solid phase to another dis-
ordered vortex solid phase. A quantitative analysis of
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FIG. 4. (Color online) (a) Full width at half-maximum of
the rocking curves extracted from the Gaussian fits in Fig.1f.
(b) Field dependence of the longitudinal correlation length
extracted from the FWHM of rocking curves. (c) Full width
at half-maximum of the radially averaged intensity, extracted
from the fit to a Gaussian function. (d) Field dependence
of the radial correlation length extracted from the width of
the radial averaged di�racted intensity. Here red shaded area
represent the resolution limit of the SANS instrument.

the SANS data shows that the low field phase cannot
be described by the Bragg glass predictions. Finally,
complementary magnetization measurements that situ-
ate the structural crossover in the (B, T )phase diagram
revealed that the vortex lattice undergoes an intrinsic
“order-disorder” transition at low fields that is not cor-
related to the appearance of vortex solid dislocations.
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In summary we have shown that optimally doped
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FIG. 4. (Color online) (a) Full width at half-maximum of
the rocking curves extracted from the Gaussian fits in Fig.1f.
(b) Field dependence of the longitudinal correlation length
extracted from the FWHM of rocking curves. (c) Full width
at half-maximum of the radially averaged intensity, extracted
from the fit to a Gaussian function. (d) Field dependence
of the radial correlation length extracted from the width of
the radial averaged di�racted intensity. Here red shaded area
represent the resolution limit of the SANS instrument.

the SANS data shows that the low field phase cannot
be described by the Bragg glass predictions. Finally,
complementary magnetization measurements that situ-
ate the structural crossover in the (B, T )phase diagram
revealed that the vortex lattice undergoes an intrinsic
“order-disorder” transition at low fields that is not cor-
related to the appearance of vortex solid dislocations.
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the vortex ensemble is quenched as a disordered polycrys-
tal, representative of the structure of the high-field state.
Therefore, the observed decrease of the structure factor
[14] does not as much reflect the structural properties of
the low–field vortex state, as the dynamical properties of
the high field state.

Let us now turn to the quantitative analysis of the
VL structure. Figure 1, as well as the field dependence
of S, indicates the presence of a structural transition in
the VL at low field. For weakly disordered type II su-
perconductors, it is commonly thought that the low field
phase is a so-called Bragg glass, in which the absence of
vortex lattice dislocations preserves long-range orienta-
tional order, and distinct di⇥raction Bragg peaks may be
observed [12, 32]. The characteristic length scale Ra at
which relative vortex line displacements are of the order
of lattice spacing, u(Ra) ⇥ a0 determines the width of the
Bragg peaks, which is expected to stay constant even as
the di⇥racted SANS intensity decreases with increasing
vortex density (magnetic field) [14, 33]. Eventually, at
BOD, vortex lattice dislocations are thought to be spon-
taneously generated [12–14], signaling the demise of the
Bragg glass, and the vanishing of S and therefore of the
di⇥racted intensity. The present data show that the pro-
gressive decrease of the S is unrelated to the properties
of the purported Bragg glass.

Figure 4 (a) shows the full width at half maximum
of the rocking curves extracted from the Gaussian fits
in Fig.1f, compared to the resolution limit of the SANS
setup, ⌃res =
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4⇧2(�⇥/⇤n)2 + q2(�⇤n/⇤n)2 (�⇥ = 1

mrad is the divergence of the neutron beam). The width
of the rocking curves varies slightly up to 1 T followed
by a sharp increase for fields above this value. Rocking
curves intensity decreases but the peak width tends to
broaden with increasing applied field. The longitudinal
correlation length ⌅⇤ = 1/(q⌃m) shown in figure 4 (b) is
a measure of correlations parallel to the flux direction,
and is extracted from the rocking curve width corrected
by experimental resolution, ⌃2

m = (⌃2
rock�⌃2

res) [32]. For
low fields Ba= 1T, ⌅⇤ has a value of several lattice spacing
a0, then longitudinal correlations are lost above this field
value. Figure 4 (c) shows the radial widths of the Bragg
peaks as a function of applied field. Radial correlation
length ⌅⇥ = (⌃2

q�⌃2
res)

�1/2 [17] shown in 4 figure (d), is a
measure of correlations perpendicular to the flux line and
it is obtained using the radial widths corrected by the in-
strument resolution. The latter shows the same behavior
as the S(q) structure factor as a function of field. Corre-
lations perpendicular to the vortex line direction are lost
at the structural disordering transition at B ⇥ 0.5 T.

In summary we have shown that optimally doped
(Ba1�xKx)Fe2As2 single crystal the disorder is weak
enough to permit the observation of distinct Bragg peaks
at low fields. We observed a structural transition from
a weakly disordered vortex solid phase to another dis-
ordered vortex solid phase. A quantitative analysis of
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FIG. 4. (Color online) (a) Full width at half-maximum of
the rocking curves extracted from the Gaussian fits in Fig.1f.
(b) Field dependence of the longitudinal correlation length
extracted from the FWHM of rocking curves. (c) Full width
at half-maximum of the radially averaged intensity, extracted
from the fit to a Gaussian function. (d) Field dependence
of the radial correlation length extracted from the width of
the radial averaged di�racted intensity. Here red shaded area
represent the resolution limit of the SANS instrument.

the SANS data shows that the low field phase cannot
be described by the Bragg glass predictions. Finally,
complementary magnetization measurements that situ-
ate the structural crossover in the (B, T )phase diagram
revealed that the vortex lattice undergoes an intrinsic
“order-disorder” transition at low fields that is not cor-
related to the appearance of vortex solid dislocations.
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the vortex ensemble is quenched as a disordered polycrys-
tal, representative of the structure of the high-field state.
Therefore, the observed decrease of the structure factor
[14] does not as much reflect the structural properties of
the low–field vortex state, as the dynamical properties of
the high field state.

Let us now turn to the quantitative analysis of the
VL structure. Figure 1, as well as the field dependence
of S, indicates the presence of a structural transition in
the VL at low field. For weakly disordered type II su-
perconductors, it is commonly thought that the low field
phase is a so-called Bragg glass, in which the absence of
vortex lattice dislocations preserves long-range orienta-
tional order, and distinct di⇥raction Bragg peaks may be
observed [12, 32]. The characteristic length scale Ra at
which relative vortex line displacements are of the order
of lattice spacing, u(Ra) ⇥ a0 determines the width of the
Bragg peaks, which is expected to stay constant even as
the di⇥racted SANS intensity decreases with increasing
vortex density (magnetic field) [14, 33]. Eventually, at
BOD, vortex lattice dislocations are thought to be spon-
taneously generated [12–14], signaling the demise of the
Bragg glass, and the vanishing of S and therefore of the
di⇥racted intensity. The present data show that the pro-
gressive decrease of the S is unrelated to the properties
of the purported Bragg glass.

Figure 4 (a) shows the full width at half maximum
of the rocking curves extracted from the Gaussian fits
in Fig.1f, compared to the resolution limit of the SANS
setup, ⌃res =
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mrad is the divergence of the neutron beam). The width
of the rocking curves varies slightly up to 1 T followed
by a sharp increase for fields above this value. Rocking
curves intensity decreases but the peak width tends to
broaden with increasing applied field. The longitudinal
correlation length ⌅⇤ = 1/(q⌃m) shown in figure 4 (b) is
a measure of correlations parallel to the flux direction,
and is extracted from the rocking curve width corrected
by experimental resolution, ⌃2

m = (⌃2
rock�⌃2

res) [32]. For
low fields Ba= 1T, ⌅⇤ has a value of several lattice spacing
a0, then longitudinal correlations are lost above this field
value. Figure 4 (c) shows the radial widths of the Bragg
peaks as a function of applied field. Radial correlation
length ⌅⇥ = (⌃2

q�⌃2
res)

�1/2 [17] shown in 4 figure (d), is a
measure of correlations perpendicular to the flux line and
it is obtained using the radial widths corrected by the in-
strument resolution. The latter shows the same behavior
as the S(q) structure factor as a function of field. Corre-
lations perpendicular to the vortex line direction are lost
at the structural disordering transition at B ⇥ 0.5 T.

In summary we have shown that optimally doped
(Ba1�xKx)Fe2As2 single crystal the disorder is weak
enough to permit the observation of distinct Bragg peaks
at low fields. We observed a structural transition from
a weakly disordered vortex solid phase to another dis-
ordered vortex solid phase. A quantitative analysis of
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FIG. 4. (Color online) (a) Full width at half-maximum of
the rocking curves extracted from the Gaussian fits in Fig.1f.
(b) Field dependence of the longitudinal correlation length
extracted from the FWHM of rocking curves. (c) Full width
at half-maximum of the radially averaged intensity, extracted
from the fit to a Gaussian function. (d) Field dependence
of the radial correlation length extracted from the width of
the radial averaged di�racted intensity. Here red shaded area
represent the resolution limit of the SANS instrument.

the SANS data shows that the low field phase cannot
be described by the Bragg glass predictions. Finally,
complementary magnetization measurements that situ-
ate the structural crossover in the (B, T )phase diagram
revealed that the vortex lattice undergoes an intrinsic
“order-disorder” transition at low fields that is not cor-
related to the appearance of vortex solid dislocations.
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tal, representative of the structure of the high-field state.
Therefore, the observed decrease of the structure factor
[14] does not as much reflect the structural properties of
the low–field vortex state, as the dynamical properties of
the high field state.

Let us now turn to the quantitative analysis of the
VL structure. Figure 1, as well as the field dependence
of S, indicates the presence of a structural transition in
the VL at low field. For weakly disordered type II su-
perconductors, it is commonly thought that the low field
phase is a so-called Bragg glass, in which the absence of
vortex lattice dislocations preserves long-range orienta-
tional order, and distinct di⇥raction Bragg peaks may be
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which relative vortex line displacements are of the order
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Bragg peaks, which is expected to stay constant even as
the di⇥racted SANS intensity decreases with increasing
vortex density (magnetic field) [14, 33]. Eventually, at
BOD, vortex lattice dislocations are thought to be spon-
taneously generated [12–14], signaling the demise of the
Bragg glass, and the vanishing of S and therefore of the
di⇥racted intensity. The present data show that the pro-
gressive decrease of the S is unrelated to the properties
of the purported Bragg glass.

Figure 4 (a) shows the full width at half maximum
of the rocking curves extracted from the Gaussian fits
in Fig.1f, compared to the resolution limit of the SANS
setup, ⌃res =

�
4⇧2(�⇥/⇤n)2 + q2(�⇤n/⇤n)2 (�⇥ = 1

mrad is the divergence of the neutron beam). The width
of the rocking curves varies slightly up to 1 T followed
by a sharp increase for fields above this value. Rocking
curves intensity decreases but the peak width tends to
broaden with increasing applied field. The longitudinal
correlation length ⌅⇤ = 1/(q⌃m) shown in figure 4 (b) is
a measure of correlations parallel to the flux direction,
and is extracted from the rocking curve width corrected
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low fields Ba= 1T, ⌅⇤ has a value of several lattice spacing
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it is obtained using the radial widths corrected by the in-
strument resolution. The latter shows the same behavior
as the S(q) structure factor as a function of field. Corre-
lations perpendicular to the vortex line direction are lost
at the structural disordering transition at B ⇥ 0.5 T.

In summary we have shown that optimally doped
(Ba1�xKx)Fe2As2 single crystal the disorder is weak
enough to permit the observation of distinct Bragg peaks
at low fields. We observed a structural transition from
a weakly disordered vortex solid phase to another dis-
ordered vortex solid phase. A quantitative analysis of
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FIG. 4. (Color online) (a) Full width at half-maximum of
the rocking curves extracted from the Gaussian fits in Fig.1f.
(b) Field dependence of the longitudinal correlation length
extracted from the FWHM of rocking curves. (c) Full width
at half-maximum of the radially averaged intensity, extracted
from the fit to a Gaussian function. (d) Field dependence
of the radial correlation length extracted from the width of
the radial averaged di�racted intensity. Here red shaded area
represent the resolution limit of the SANS instrument.

the SANS data shows that the low field phase cannot
be described by the Bragg glass predictions. Finally,
complementary magnetization measurements that situ-
ate the structural crossover in the (B, T )phase diagram
revealed that the vortex lattice undergoes an intrinsic
“order-disorder” transition at low fields that is not cor-
related to the appearance of vortex solid dislocations.
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Conclusions	
  

•	
  	
  	
  SANS	
  Observa7on	
  of	
  orienta7onally	
  ordered	
  vortex	
  laJce	
  in	
  a	
  doped	
  iron-­‐based	
  superconductor	
  

(which	
  is	
  a	
  strong	
  pinning	
  system)	
  

•	
  	
  	
  Structural	
  transi7on	
  (Order-­‐Disorder)	
  of	
  VL	
  in	
  	
  op7mally	
  doped	
  (Ba1-­‐xKx)Fe2As2	
  

• 2nd	
  magne7za7on	
  peak	
  observed	
  (similar	
  to	
  NdFeAsO,	
  	
  YBa2Cu3O7-­‐d)	



• Low	
  field	
  vortex	
  phase,	
  B	
  <	
  0.5	
  T	
  	
  :	
  structure	
  factor	
  	
  ~	
  1	
  	
  	
  but	
  	
  Bragg	
  glass	
  not	
  obvious	
  

• High	
  field	
  vortex	
  phase	
  is	
  a	
  vortex	
  polycrystal	
  	
  ,B	
  >	
  0.5	
  T	
  :	
  	
  	
  steep	
  drop	
  of	
  the	
  VL	
  structure	
  factor	
  	
  

•	
  VL	
  order	
  and	
  	
  Bragg	
  peak	
  	
  intensity	
  determined	
  by	
  dynamics	
  of	
  the	
  high	
  field	
  state	
  	
  	
   	

	
  	
  

	
  

The	
  two	
  are	
  	
  
correlated	
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Thank	
  you!	
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