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My talk today is about various aspects of superconductivity and magnetism in CeCoIn5, especially low temperature and high magnetic field region around superconducting critical field Hc2. Earlier data on the first order sc phase transition and the discovery of the novel superconducting phase in CeCoIn5 were taken by Andrea Bianchi and Cigdem Capan  here at Los Alamos. More recently pressure effects were studied by Filip Ronning, and doping studies, especially at low temperature were done by Filip and Yoshi Tokiwa, and a lot of magnetization studies of the doped samples were performed by Joe Thompson. The samples…. A very important part of the talk, is about 



Tc < 200 mK
P ~ 25 kbar

Superconductors,
Tc up to 2.3 K at
ambient pressure

H
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I have an honor and responsibility to show the crystal structure of the 115 compounds. They are tetragonal, derived from the parent cubic CeIn3 by inserting a layer of the transition metal –In2 between the layers of CeIn3. And there is a related family of 218 compounds, which by analogy with high Tc s could be called two layer compounds, which are interesting in their own right.
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Complex phase diagram :
1. coinciding QCP and Hc2
2. superconducting 

transition  itself changes 
from second to first order

3. a new phase in the High 
Field-Low Temperature 
HFLT corner of SC 
phase.

Q’s:
• origin of QCP?
• HFLT - possibly FFLO?
• relation between HFLT 

and QCP and its 
underlying magnetism?
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I will start by throwing everything at you. This is a generic phase diagram of CeCoIn5. This is a superconducting phase, critical field phase boundary. Superconducting transition becomes first order in the fields above about 10 T. There is a large region of the phase diagram in the normal phase just above the superconducting critical field where CeCoIn5 is a Non-Fermi-Liquid, and the quantum critical point associated with this behavior can be placed directly at Hc2? In addition, very close to the Hc2 within the superconducting state there is another new phase developing. What is it, and how come, and is the relation to the first and second how come’s? As a matter of fact, could it be that all three how comes are related? What are the alternative pictures and scenarios? 

One of the suggestions is that the low temperature- high field phase is an FFLO phase. What are requirements for that? The system has to be Pauli limited, with the Zeeman splitting being the dominant mechanism for superconducting pair breaking in the system. This requirement appears to be satisfied in CeCoIn5 because the first order superconducting phase transition is also expected in materials that are Pauli limited. And so two of the phenomena can be ascribed to strong Pauli limiting in this material. Additional requirement for the FFLO is that the system must be very clean. I think CeCoIn5 put the word “clean” in a “clean heavy fermion material”. 
 In the next few following viewgraphs I will present the experimental data that went into construction of this phase diagram, supports some of the statements I’ve made. 
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The Pauli limiting, due to the Zeeman splitting of energies of the spin up and spin down quasiparticles, leads to suppression of the superconductivity if superconducting cooper pairs are formed with opposite spins, into spin-singlet pairs. Here the dots are experimental points and the solid curve is a result of theoretical calculation without considering Pauli effect, where only orbital pair breaking is considered. The superconductivity is indeed suppressed in CeCoIn5 in comparison to theory. Therefore CeCoIn5 is a singlet superconductor.



Zeeman splitting of the spin up and spin 
down bands in the normal state. If the 
superconducting Cooper pair forms a 
spin-singlet (orbital s-wave or d-wave), 
Zeeman energy can be taken advantage 
of in superconducting state. Pauli 
paramagnetism leads to an upper limit 
for the superconducting critical field, 
Pauli limiting field Hp, also called the 
Clogston paramagnetic limit.

Pauli limiting

A.M. Clogston, Phys. Rev. Lett. 2, 9 (1962).
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The simplest way to think about the FFLO is in 1D, where the Fermi surface consists of just two points. Magnetic field splits the spin-up and spin-down bands, lowering the energy of the magnetic spin along the field. If one then insists on pairing electrons with opposite spins, the momentum of the up-electron will be greater than momentum of the down-spin electron, resulting in a finite total momentum of the Cooper pair of q. This is the same q that results in the modulation of the superconducting order parameter in higher dimensions. 
	Here, obviously, we have a competition between the superconducting condensate energy and the Zeeman energy of the spins in magnetic field. BCS state is a very robust, and at low fields it would remain the ground state, with lower energy. However, as magnetic field is increased, it would cost more and more energy to stay in the BCS state, at high enough magnetic field Zeeman energy would overwhelm the superconducting condensate energy, and the FFLO state would be realized, where the system does take advantage of the Zeeman energy along the nodal planes
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This is specific data collected with higher resolution in magnetic field, or smaller field step size. Green symbols are for temperature sweeps up and down, indicating no hysteresis in this orientation.
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A. Bianchi et al., PRL 89, 137002 (2002)
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A. Bianchi et al., PRL 89, 137002 (2002)
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The first order phase transition is also indicated by a jump in the magnetostriction, these data are from Neils Oeschle, Philipp Gegenwart, from Frank Steglich’s group. 
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And by a step in thermal conductivity when the phase boundary is crossed by sweeping magnetic field at constant temperature, observed by Koichi Izawa and Yuji Matsuda.



T. Tayama et al., Phys. Rev.  B 65, 180504(R) (2002)

Magnetization of CeCoIn5

• Hysteresis for H||[100]
⇒ First order SC transition
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A. Bianchi et al., PRL 91, 187004 (2003)

Hysteresis in specific heat
at SC transition at 300 mK
⇒ 1st order transition.



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
0

1

2

3

4

5

T0 = 0.31 Tc

A. Bianchi et al., Phys. Rev. Lett. 89, 137002 (2002).

CeCoIn5, H || [001]

 magnetocaloric, H - up
 magnetocaloric, H - down
 specific heat

          1st order
          2nd order

 

 

H c2
 (T

)

T (K)

Presenter
Presentation Notes
And so the phase diagram of CeCoIn5 for field perpendicular to the plane is rather simple, with a single phase boundary and a single point separating the regions of the second and first order of the superconducting phase transition.



Pauli limiting
PL is due to the competition between Zeeman energy of electrons in the normal 
state and the superconducting condensation energy. PL is mostly pronounced for 
the singlet  superconductivity, with S = 0. 
However, triplet states with non-zero Sz component also will exhibit PL, e.g. 3He-B.

From Clogston, PRL 9, 266 (1962), PL for s-wave BCS singlet superconductor is

B
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Calculations for d-wave, K. Yang and
S. L. Sondhi, PRB 57, 8566 (1998): 
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p
waved

gH
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56.0 0∆⋅=−

For CeCoIn5: Hp = 4.2 T, if we use weak coupling BSC
value  for ∆0 = 1.76 Tc and g = 2.

= 4.1 T for
∆0 = 2.14Tc
and g = 2.

Problem: experimental values: Hc2 = 5 T for H || [001] and Hc2 = 12 T for H || [110] !!!
Solution: g ≠ 2, strong coupling. 

Presenter
Presentation Notes
PL… S=0. PL can be called Zeeman pair breaking. It is due to the fact that when electron form Cooper pairs with opposite spins, their spin magnetic energy is zero. If the pair is broken, the normal electrons can take advantage of the preferential orientation of the magnetic spins along the magnetic field, thereby lowering their energy. 



Comment on “First-Order Superconducting Phase Transition in CeCoIn5” (N. Fortune et 
al., comment to PRL)

Pauli limiting: Hp is an upper bound on the superconducting critical field 
(measured) Hc2

Horb(0) = h*(0)(−dHc2/dT )|TcTc (1)

(2)           tesla4.1  1.78Tc 

2

56.0 0 ==∆⋅=−

B

p
waved

gH
µ

Using eqs. (1) and (2) (Hp = 4.1 T), we (Fortune et al.) calculate that α = 6.4  
instead of 3.6.

N. Fortune et al., cond-mat-0305390

For H ||[100],  (dH/dT )Tc = 24 T/K, Horb|[100] = 40.1 T,   Hp = 4.2 T and α = 13.9.

Hc2 = 4.95 T

Hc2 = 12 T

Exp:



The Pauli limit dilemma in CeCoIn5

The Pauli limit is the upper limit for the superconducting critical field, as is indicated 
in the title of one of the articles cited in the Comment, “Upper limit for the critical 
field in hard superconductors” by A. M. Clogston, Phys. Rev. Lett. 9, 266 (1962), as 
well as in the title “A note on the maximum critical field of high-field 
superconductors” of an article by B. S. Chandrasekhar, Appl. Phys. Lett. 1, 7 (1962).

Hp = 4.1 T is therefore unphysical for both H||[001] (Hc2
exp = 5 T), and H||[100] 

(Hc2
exp =12 T).

The problem lies in taking a final formula for Hp = 1.78Tc without appreciating the 
underlying assumption that electron g-factor is taken to be 2. 

The resolution of the dilemma with unphysical Hp then is that g ≠ 2.



H. Won, K. Maki et al., Phys. Rev.  B 69, 180504(R) (2004)

Hp = 5.5 T , α = 3.1 for H || [001]
Compare to Hp = 5.8 T , α = 3.3, 
from GG with Horb = 13.2 T

H || [001]



Hp = 12.8 T for H || [100], α = 4.5,
t=T*/Tc = 0.31.

p signifies presence of the FFLO
p→0 at t = 0.31 – same as where 
the SC transition switches from 
second to first order!

This calculation is equivalent to 
Gruenberg and Gunther, but for d-
wave superconductor!

H. Won, K. Maki et al., 
Phys. Rev.  B 69, 180504(R) (2004)



The origin of the first order phase transition – Pauli limiting.

K. Maki and T. Tsuneto, Prog. Theor. Phys. 31,  945 (1964).

The effect of Pauli paramagneitsm on superconductors is 
discussed in detail… The phase transition is of second order for 
t=Tc/T larger than t0 = 0.556 …. For smaller values of t the 
transition becomes one of the first order…

When orbital effects are neglected:



L.W. Gruenberg and L. Gunther PRL 16, 996 (1966).
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Of course, GG not only calculated the value of the critical field when the second order phase transition becomes unstable. They extended calculations of Larkin and Ovchinnikov and Fulde and Ferrell of the non-homogeneous superconducting state. Here is a schematic phase diagram, which shows that in high magnetic field, when the critical field is dominated by the Pauli limiting, a new superconducting phase appears, where advantage is taken of the Pauli energy. In particular realization of Larkin and Ovchinnikov there are planes of nodes, or normal electrons that are perpendicular to the externally applied magnetic field. We did not see clearly the signature of the FFLO in the H || [001] orientation. Actually we some small anomaly, but more on that later. There is an article by Shimahara in ’94 on the role of the Fermi surface nesting in stabilizing the FFLO scenario. In this article he states that tendency toward SDW instability will help FFLO when the field is along the nesting vector, as long as the system does not snap into SDW first. The Fermi surface measurements of CeCoIn5 done here indicate that there is an undulating cylindrical sheet of the Fermi surface along the c-axis. Clearly turning the field in the plane would satisfy condition for this theoretical prediction. That motivated us to repeat our experiment, which we have done in February of 2002.



Exp: Hc2 = 4.95 T; Hc2
0 = 13.2 T  α/(Hc2/Hp) = (√2 Hc2

0/Hp)/(Hc2/Hp) = √2 Hc2
0/Hc2 = 3.8

⇒α = 3.3, Hp = 5.8 T, and T0/Tc = 0.33. compare with experimental T0/Tc = 0.31.
⇒ theory based of Pauli limiting is consistent with experiment.

L.W. Gruenberg and L. Gunther PRL 16, 996 (1966).

Onset of the first order SC transition



Exp: Hc2 = 11.6T T; Hc2
0 = 40.3 T  α/(Hc2/Hp) = (√2 Hc2

0/Hp)/(Hc2/Hp) = √2 Hc2
0/Hc2 = 4.91

α = 4.5, Hp = 12.7 T, and t=T0/Tc = 0.39. ( 1) compare with experimental T0/Tc = 0.31.
(2) Compare with Won and Maki: α  = 4.5, Hp = 12.8 T, t = T0/Tc = 0.31. 
Good agreement between GG and WM! GG misses experimental value of t=T0/Tc by about 25%.

L.W. Gruenberg and L. Gunther PRL 16, 996 (1966).

Onset of the first order SC transition for H||[100]

H||[001]

H||[100]
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These are the data collected with the standard heat pulse method for field in the plane H || [110], and we saw a clear second anomaly within superconducting state. After subtracting a large Schottky anomaly, we see that this anomaly has a well defined second-order transition character, a step followed by a gradual decline, rather non-symmetrical line shape. Of course, we also see a very sharp first order anomaly developing at Tc, very similar to the case of the field H || [001]
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Talk about what are the systems that are likely to be Puli limited: the ones that have a suppressed orbital limiting, i.e. large H_c2_^0. one obvious system like that is a 2D SC with H in the plane. Since there are no vortices, the orbital critical field is infinite. Highly anisotropic supercopnductors, such as some cuprates, is another system where one might expect Pauli limiting. So are organic superconductors. Another family is heavy fermion superconductors, where large electron mass and low Fermi velocities weaken orbital limiting, leading to high orbital critical field. 
CeCoIn5 is a heavy fermion compound, quasi-2D, with an undulating quasi-cylindrical sheet of the Fermi surface along the c-axis. Moderately anisotropic, with critaical field ration of about 2.5, and similar magnetic susceptibility anisotropy.  As a result, by applying field in the a-b plane, the two effects (HF and Q2D) combine, and enhance Pauli Limiting. This orientation, therefore, would be a place to look for FFLO.
So, is there such a state in CeCoIn5? Another expectation for a material with strong Pauli limiting is that a spatially inhomogeneous superconducting state, Fulde Ferrell Larkin Ovchinnikov state. Indeed, when we applied magnetic field within the a-b plane, in the region of magnetic field when superconducting phase transition becomes first order, we  observed another specific heat anomaly within a superconducting state, here marked as T2.



A. Bianchi et al., PRL 91, 187004 (2003)

Specific heat of CeCoIn5: SC and the high field phase
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Our discovery of the high field - low temperature phase within the SC state of CeCoIn5 generated much excitement, with numerous groups studying this phase, and hundreds of theoretical and experimental papers published. Many different experimental tools are brought to bear on this problem, bulk, thermodynamics, and microscopic. Within this DR we also embarked on several such approaches, some of which you’ve already heard about.

One of the approaches that we are using now is Cd and Hg doping. The reversibility of its effect with pressure indicates that it is a very “clean” way to dope the sample, and there are several theoretical works that address the issue of impurity effects on FFLO.
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A. Bianchi et al., Science  319, 177 (2008)

SANS investigations of the superconducting state in CeCoIn5 
vortex phase diagram

Rich vortex phase diagram reflects unconventional superconducting 
order parameter; sharp reflections are result high regularity of the 
VL due to low vortex pinning and high purity of CeCoIn5



SANS investigations of the superconducting state in CeCoIn5: 
magnetic form factor

A. Bianchi et al., Science  319, 177 (2008)

•Abrikovsov-Gorkov theory of Type II 
superconductors expects decrease of the 
magnetic form factor (variation of 
magnetization in the sample) in type II sc 
with increased magnetic field (dashed lines).
•Unusual form factor evolution with field 
implies enhanced magnetism in the vortex 
cores, and possibly reflects the approach to 
the QCP at Hc2 which would result in 
decrease of SC coherence length ξ0.
•Enhanced magnetism may lead to stronger 
vortex pinning.

coexisting
magnetism
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SANS is a perfect tool to attempt to visualize the FFLO array of Nodal Planes. Our first investigation with the field along the c-direction indeed revealed a drop in the form factor that may be interpreted as a signature of FFLO that was also reported by several other groups that employed different tools.



Conclusions:

• CeCoIn5 is a Pauli limited superconductor via H-T phase diagram.

• Superconducting transition becomes first order below critical temperature 
t0 = T0/Tc = 0.31, T0 = .72 K

• 1st order SC transition was predicted by K. Maki in 1964 in Pauli limited 
superconductors (no orbital limiting) below t0 = 0.56.

• Including orbital limiting and FFLO state, Gruenberg and Gunther for s-
wave superconductors (1966) and Won and Maki (2004) for a d-wave 
CeCoIn5 reproduces the experimental t0.
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