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1) What we already know: 
- BCS Theory, Symmetries and Anderson’s Theorems

2) Orbital x Band Basis:
- Introducing the concept of “SC Fitness”

3) Sanity check:
- 1 band + key symmetry breaking fields

4) Application to Sr2RuO4: 
- The most compatible order parameter
- New mechanism for suppression of SC

5) Final remarks
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"Inter-band pairing is 
NOT robust"
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Multi-Band Systems

Robust instability:
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Q: What condition it imposes in the orbital basis?

Key symmetries+
Only intra-band pairing

In general this condition won’t be satisfied and this modified commutator is 
finite, so we introduce the concept of "SC Fitness”:

Measure of INcompatibility of 
the gap and underlying 

electronic structure.

Compatible

Not Compatible/ 
Detrimental
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Unified closed form for the effect of perturbations on the critical temperature:

* perturbative in the external 
symmetry breaking fields



Application to Sr2RuO4:
Basic ingredients:

Hamiltonian including Inter-orbital hopping 
(IOH) and Spin-orbit coupling (SOC)

in the orbital basis:

dyz dxz dxy

The gap matrix (only intra-orbital pairing):



Application to Sr2RuO4:
Basic ingredients:

Hamiltonian including Inter-orbital hopping 
(IOH) and Spin-orbit coupling (SOC)

in the orbital basis:

dyz dxz dxy

The gap matrix (only intra-orbital pairing):

Only compatible triplet state: 
d-vector in the z-direction!

IOH SOC IOH
+SOC

Q: How IOE shape the SC state?

Example: IOH



Sr2RuO4: upper critical field
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Deviations from EMM for angles 
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Effective mass model (EMM):

Deviations from EMM for angles 
within 2o from the plane.

I) Anisotropy:

1st order ➔ Pauli limiting effect? NO:
d-vector is along z-direction.

No change in the Knight shift across Tc.

time. This extreme sensitivity of the FOT features to the
sample quality also explains why the hysteresis has not been
observed in previous studies.40–44)

Next, we examine field-angle effects on the occurrence of
the FOT. In Fig. 3(a), we present !cðHÞ=T at 0.3K for
several in-plane field directions. The divergent-like peak is
seen for all curves presented. Therefore, it is now confirmed
that the FOT occurs for all in-plane field directions.
Figure 3(b) shows !cðHÞ=T at 0.3K for fields slightly tilted
away from the ab plane. Here we define the tilt angle
!" ¼ 90$ % ". As the field is tilted from the ab plane, the
divergent-like behavior, once weakly enhanced at approx-
imately !" ¼ 1:0°, is rapidly suppressed at higher !".
Although a small divergent-like feature remains at !" ¼ 1:7°,
it totally disappears at !" ¼ 2:2° and the specific-heat
behavior at Hc2 is in full agreement with the SOT. Thus, a
change from the FOT to the SOT at low temperature occurs at
approximately !" ¼ 2°, being consistent with the previous
MCE result.17) This change in the order of the S–N transition
originates from the rapid recovery of the orbital-effect
contribution caused by an increase in the strength of the
out-of-plane field component.

We should comment here on the evolution of the shape of
the !cðHÞ=T curves. As the temperature is decreased below
TFOT, the peak height increases toward 0.5K but decreases
again at lower temperatures. This non-monotonic behavior
can be consistently understood using the Clausius–Clapeyron

relation, which manifests #0 dHc2=dT ¼ %!S=!M at the
FOT. Here, !S and !M are the jumps in S and M at the
FOT, respectively. From the relation ð@S=@TÞH ¼ c=T , the
entropy jump can be obtained as !S ¼

R
ð!c=TÞ dT , where

the integral should be performed across the FOT. With a
triangular assumption for the integral, i.e.,

R
ð!c=TÞ dT &

ð1=2Þð!cpeak=TÞ!T , the peak height !cpeak=T is nearly
proportional to !S ¼ %#0ðdHc2=dTÞ!M. Because dHc2=dT
remains finite while !M becomes zero as T ! TFOT, the
peak height decreases as T ! TFOT. In contrast, because
dHc2=dT decreases to zero while !M remains finite as
T ! 0, the peak height also decreases at low temperatures.
At lower temperatures, because !c=T is nearly equal to the
entropy change with respect to the normal state,45) !cðHÞ=T
is negative below Hc2 (regardless of the order of the S–N
transition) and exhibits a sharp jump at the FOT. Note that
the jump in !c=T at 0.1K is approximately 4:5' 0:5
mJ/(K20mol) [Figs. 1(a) and 2(a)], which is consistent with
the MCE result of the entropy jump !S=T ¼ 3:5' 1
mJ/(K20mol) at 0.2K.17) A similar argument can also be
applied to the non-monotonic ª dependence of the peak
shown in Fig. 3(b).

The present results are summarized in the phase diagrams
presented in Fig. 4. Here, we define Hc2 as the peak position
of !cðHÞ=T on the field-up sweep in the case of the FOT, and
as the midpoint of the transition in the case of the SOT. As
mentioned above, below TFOT & 0:8K, the S–N transition
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Fig. 3. (Color online) Field-strength dependence of !c=T at 0.3K for
different magnetic field directions. (a) In-plane field-angle variation of
!cðHÞ=T for $ ¼ 0; 5; 10; . . . ; 45°. (b) Out-of-plane field-angle variation of
!cðHÞ=T for fields in the ac plane (i.e., $ ¼ 0°). The values near the curves
indicate !" ( 90$ % ", the field tilt angle with respect to the ab plane. The
broken lines present results of linear fitting to!c=T data at !" ¼ 1:7, 2.2, and
2.7°.
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Fig. 4. (Color online) (a) Superconducting H–T phase diagram of
Sr2RuO4 for H k ½100*. (b) In-plane field angle º dependence of Hc2 at
0.3K. (c) Polar angle ª dependence of Hc2 at 0.3K. For all panels, the red
squares indicate Hc2 with a FOT evidenced by a divergent-like feature in
!cðHÞ=T and the blue circles indicate Hc2 with a SOT. The broken curve in
(c) is guide to the eyes.
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For in plane fields transition becomes 
1st order below 0.8K.

II) Transition 2nd ➔ 1st order:

New mechanism?!

- Specific Heat
- Magneto-caloric Effect
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Under magnetic field:
Given a multi-orbital system:

INTER ORBITAL EFFECT

Pauli PM Limiting IOE Limiting

• Change in anisotropy
• 1st order transition

Qualitative distinct from the 
single-band scenario:

Evaluating the "SC Fitness” for:

Now in plane magnetic is also 
detrimental to d-vector along 

z-direction due to IOE.



Final Remarks
- We developed the concept of SC Fitness: 

- Measure of the instability of the SC state in presence of symmetry 
breaking fields; 

- Application to Sr2RuO4:
- Find the interplay of IOH and SOC  

favours the d-vector along the z-direction; 
- Find new mechanism to suppress SC in multi-orbital systems: 

Inter-Orbital Effect;

- Future work: 
- Detailed microscopic calculation for the IOE; 
- Application to other materials and model systems;

Phys. Rev. B 94, 104501 (2016)
Journal of Physics: Conf. Series 807, 052011 (2017)

SC Fitness 2.0: Useful tool for engineering the normal state 
in order to obtain the desired (exotic/topological) SC state.


