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Over the past decade a growing number 
of Fe-based superconductors have been 
discovered.  





The AeFe2As2 and AFe2As2 structure 
has been particularly fertile ground 
for studies and insights.  



For example, BaFe2As2 has been one of the most 
studied (and understood) of iron-pnictides.
BaFe2As2 supports substitution on each of its three 
sites without changes in the crystal structure

Ni et al. M
RS Bull. (2010)





The isostructural CaFe2As2 is the extreme member of 
the AeFe2As2 (and AFe2As2) series in many respects.



It has the smallest c-lattice parameter by far, and is at 
the edge of stability of it structure…. 

The isostructural CaFe2As2 is the extreme member of 
the AeFe2As2 (and AFe2As2) series in many respects.



CaFe2As2 has strong, first order transitions as a 
function of temperature.  

A concise summary of a dozen 2008 / 
2009 papers on the basic properties:

First order structural / AF transition at 170 K at ambient pressure





CaFe2As2 also has a strong, first 
order transition as a function of 
pressure (and temperature) to a 
collapsed tetragonal phase.  

The cT phase is an ~0.8 Å further
reduction of the c-axis due to As-As 
bond formation across the Ca-plane





At 300 K the cT transition 
occurs by as little as 1.5 GPa
hydrostatic pressure.

This led us to 
wonder what the 
application of a 
more uniaxial stress 
would lead to….





The bond formation associated with the cT transition offers 
a new, more reversible, mechanism for super-elastic effects!



In early 2016, this very small lattice parameter took 
on new, and very important implications….



In early 2016, this very small lattice parameter took 
on new, and very important implications….





5 new 1144 compounds were discovered



5 new 1144 compounds were discovered



Powder XRD – additional peaks 
for P4/mmm structure (including 
(0 0 l) with l - odd

Note: the discovery work 
was based on polycrystalline 
samples.





So, in the Spring of 2016 we REALLY 
WANTED to grow single crystals of 
one of the 1144, quaternary line 
compounds.

We chose CaKFe4As4 out of 
expedience:  we knew to grow 
CaFe2As2 and KFe2As2 and also 
knew how to handle the reactivity 
and volatility of both Ca and K.



This is a true 
quaternary 
growth!!





We can start with the 
formal tetrahedron

And then make a 
“simplifying” 
pseudo-ternary cut.



We could identify the red region in the 
pseudo-ternary cut as primary 
solidification for the CaKFe4As4 crystals.

This can be seen in the 
pseudo-binary cut below.



By hitting this very limited region 
of primary solidification we can 
grow sizable CaKFe4As4 crystals.





https://lspceramics.com/canfield-crucible-
sets-2/

We were able to work with, and contain, this melt with a 
combination of Al2O3, fritted crucibles that we seal in Ta tubing.
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The temperature 
dependent resistivity was 
consistent with a well 
ordered Fe-based system.

This suggests that indeed 
the Ca and K ions are 
segregated to individual 
layers.  (As, of course the 
x-rays do, showing the 
odd (00l) lines.

With samples in hand, we 
could measure properties. 





Clear segregation of the 
Ca and K ions to individual 
layers is even more clearly 
seen in the NMR data that 
shows clearly resolved 
As(1) and As(2) lines 
associated with the As 
closer to the K-planes or 
Ca-planes respectively.



There are no signs of 
structural or magnetic 
phase transitions in 
magnetization, 
resistivity, Hall effect, 
thermo-power, or 
diffraction (shown to 
left) or Mossbauer 
spectroscopy (shown 
to the right).
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reasonably high 
pinning

CaKFe4As4 has a sharp and full superconducting 
transition at Tc ~ 35 K.

Full Meissner 
screening 
(magneto-optics)





CaKFe4As4

CaKFe4As4 has a relatively large and only weakly anisotropic 
upper critical field, Hc2



CaKFe4As4

CaKFe4As4 has a relatively large and only weakly anisotropic 
upper critical field, Hc2

Phys. Rev. B 78, 220505(R) (2008) 

Superconducting and normal state properties of CaKFe4As4 are 
very similar to those of close to optimally doped  Ba1-xKxFe2As2





Superconducting and normal state properties of CaKFe4As4 are 
very similar to those of close to optimally doped  Ba1-xKxFe2As2

CaKFe4As4

CaKFe4As4 can also be put on a Cp versus Tc plot; it 
follows the trend of 122 compounds with comparable Tc values.







Scattering under 
pressure reveals 
a lattice collapse 
at ~ 4 GPa





First a half-collapse across the Ca-planes associated with As-As bond formation.



Followed, in silica, by a 2nd, higher pressure half-collapse across the K-planes.
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It is worth noting that the first half-cT (bonding across 
the Ca layer) is enough to kill superconductivity.

Presumably, as was the case for cT in CaFe2As2, the hcT
state in CaKFe4As4 loses all Fe magnetism and fluctuations.



ARPES measurements provided information about band structure as well as 
temperature dependence of superconducting gaps on each Fermi surface.
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If we think of CaKFe4As4
as being similar to 
(Ba0.5K0.5)Fe2As2 in 
terms of where is sits 
on a generalized phase 
diagram, then, if we 
want to try to stabilize 
AFM order, we would 
want to add electrons.



This led us to the quest for             
CaK(Fe1-xTx)4As4 for T = Co and Ni.





We were able to substitute Co for Fe and (i) suppress 
Tc and (ii) for y = 0.072 and greater, stabilize a new, 
higher temperature transition.



With the Ni 
substitution for 
Fe we see the 
same trends.

In addition to 
resistivity and 
magnetization, 
we can see the 
transitions in 
specific heat 
too.





The resistance and 
magnetization data 
from the Ni- and Co-
substitution studies 
combine to create a 
unified T-e phase 
diagram showing a 
suppression of Tc as 
well as the 
appearance and 
increase of a new 
transition with 
additional electrons 



We are left with 
the question, what 
is the nature of 
this transition line 
we are mapping?  
Is it magnetic, 
structural, both?



We focused on 
these specific Ni-
substitution levels 
for more detailed 
studies



We performed synchrotron X-ray scattering above and below the new 
transition line and we did not detect any (i) superstructure



We performed synchrotron X-ray scattering above and below the new 
transition line and we did not detect any (i) superstructure or (ii) splitting or 
broadening of peaks that would indicate an orthorhombic transition.





We performed Mossbauer measurements and found a clear second 
order transition with a hyperfine field roughly equivalent to ~ 0.3 B
with only one Fe site and the moments ~ within the basal plane.



We performed NMR measurements and found a clear hyperfine field 
on the As1 sites, but no such splitting (or field) on the As2 site.

The hyperfine fields on the Fe and As scale well with each other
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Phys. Rev. B 91, 024401 (2015) 

At the simplest level, if we 
take the possible magnetic 
structures in the Fe-based 
compounds to be captured by 
the states shown on the right…



Phys. Rev. B 91, 024401 (2015) 

At the simplest level, if we 
take the possible magnetic 
structures in the Fe-based 
compounds to be captured by 
the states shown on the right, 
then both the stripe and the 
non-uniform structures have 
been ruled out (no-
orthorhombic distortion and 
only one Fe-site in Mossbauer)



Phys. Rev. B 91, 024401 (2015) 

This leaves the non-collinear 
structure as the only 
alternative.

At the simplest level, if we 
take the possible magnetic 
structures in the Fe-based 
compounds to be captured by 
the states shown on the right, 
then both the stripe and the 
non-uniform structures have 
been ruled out (no-
orthorhombic distortion and 
only one Fe-site in Mossbauer)



There is more to this talk, 
but time runs short.

We used more detailed 
group theory and 
symmetry analysis, as well 
as the existing data to 
refine our understanding 
of the ordering.
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Space group and point symmetries

Dynamic and ultra-fast measurements

Other topics as the spirit and time allows.

There is more to this talk, 
but time runs short.

We used more detailed 
group theory and 
symmetry analysis, as well 
as the existing data to 
refine our understanding 
of the ordering.



Over this first 
semester we will 
cover many of the 
basic ideas used in 
creating 
experimental CMP 
data and papers.



Over this first 
semester we will 
cover many of the 
basic ideas used in 
creating 
experimental CMP 
data and papers.

The oral 
presentations are 
also part of this 
type of research.  A 
March Meeting talk 
is roughly this time 
and experience in 
given such a talk is 
valuable as well.


