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BCS Superconductivity:  3 parameters (+ some prejudices)

kBTC = 1.13� wDe -1/VN(EF)

1) Electrons pair via exchange of a phonon (lattice vibration).   wD is the 
characteristic frequency of the lattice.  For a simple mass/spring system         
w = � k/m � lighter m � higher TC

Prejudice:  higher TC values can be found in compounds with light mass 
elements

2) V � electron-phonon coupling strength.

Higher V � Higher TC, BUT too large of a V leads to distortions (e.g. CDW)

Prejudice:   higher TC values can be found close to structural phase transitions

3) N(EF) = Density of states at the Fermi surface.  This is basically a caliper of 
the number of electrons that can participate in the superconducting ground 
state.  (Note that d-levels generally have higher N(EF) than p-levels or s-
levels.

Prejudice:  For high TC values there has to be a transition metal element (with 
its d-levels) so as to pump up the N(EF)



������
��������������������������
��%
)������*+,-.���*+/-.�����������*+0-.��������������
 ��������
��
������
���������& � ������
�����
���1�����	���

��� ����������������
����
�
� �
�����
��2��������������
	���3%��)������4%�%������ ��
�

'��
���������

�5�����67��4"�8�����%

��������
	�
����������	����1
�����������	�
����3��� ���������
�
��������
����������������

�����9���'� r 1&3�
��c1&3�	������	�����
���

��&%

c r

&

&

&�����������2�������
��	��:��;
���
�
��	�'��
����	�
���������
	
��������������
�����
������������
�����
��
���������

���
����%



<
����������& � ��������'����=��-�>%��1&��
����������
�������������%"%�%��
�
���
������
���& � ?�@-�>����
��

����������������& � ����
�=�*--�>%3

Then came the copper oxides….Tc > 120 K

Pleasure

Pain
Complex materials problems

?Mechanisms?

Hard to work with
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These two classes of compounds have pushed our 
understanding of superconductivity in intermetallic
compounds, extending the range over which 
superconductivity is know to exist:  to higher 
temperatures and new extremes of interaction with 
local moments as well as with the underlying lattice.

1994: RNi2B2C and YPd2B2C 

2001: MgB2

The past thirteen years have been an exciting 
time for boride based superconductors..



Based the three prejudices, what you want is the following:

Light atoms / high characteristic frequencies
Strong electron phonon coupling, but no structural transition
Good N(EF), probably coming (in part) from transition metal

RNi2B2C series as well as YPd2B2C are perfect!!

LuNi2B2C: TC ~17 K
N(EF) large with significant Ni contribution
Very close to a structural phase transition 
Large Debye temperature (high characteristic frequency) 

YPd2B2C: TC ~ 23 K
Metastable….If annealed loses structure---basically “just beyond”
a structural phase transition, but, like diamond, can be trapped
into structurally metastable state.
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Superconducting for R = Dy, Ho, Er, Tm, Lu, Y 
TC values ranging from 17 K – 6 K

Magnetic order for R = Gd, Tb, Dy, Ho, Er, Tm
TN values ranging from 20 K to 1.5 K

RNi2B2C family

R = Gd – Lu, Y
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In addition to the interplay between superconductivity and 
local moment magnetism, the RNi2B2C series has:

Heavy Fermion for YbNi2B2C
TK ~ 10 K; TDCEF ~ 100 K; TC, TN < 100 mK (possibly 0 K)

Flux Line Lattice phase transitions

Great tunability:  TN, HC2, �, x0, H2….

This series offers a wonderful playground for the study of 
the interactions between conduction electrons (normal or 
superconducting) and 4f-electrons (localized or itinerant).
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D
ervenagas

et al. P
R

B
 52

(1995) 9839

LuNi2B2C (and YNi2B2C) are about as close to a CDW 
transition as they can be….Electron-phonon coupling is 
nearly optimized.



Dervenagas et al. PRB 52 (1995) 9839

If the electron phonon 
coupling were increased 
further, then the phonon 
would soften further and 
there would be a structural 
phase transition….  This is 
consistent with the higher 
Tc and metastability of 
YPd2B2C .
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Based on the wealth of physics, as well as the high TC values, 
found in the RNi2B2C family many groups decided to look for 
other intermetallics with light elements and see if similar (or 
even higher) TC values could be found. 

In mid-January, 2001 Prof. Akimitsu announced an ~40 K TC in 
MgB2 as part of a passing reference in a talk at a meeting….

In late 2000 the group lead by Prof. J. Akimitsu examined the   
Ti-Mg-B ternary � �������	
������
���
 �������

������������
�
 � and found…a 
binary:  MgB2.

Several groups (including Ames group) were examining 
compounds with combinations of Li, Be, B, C, Mg, Al, Si and other 
(often transition metal) elements.

In the late 1990’s the question arose: 

So, what to do next?



In mid-January, 2001 my group heard rumors of this 
announcement:  i.e. that there may be superconductivity in MgB2.

Immediately there were four basic questions.

Can we make it?

Can we confirm TC?

Can we address the mechanism of superconductivity?

Can we delineate its basic properties?
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At 950 C the B powder is no 
where close to melting, but we 
found that it will react with Mg 
vapor (~1/3 atm. at 950 C) to 
form MgB2 within as little as    
2 hours.

Ta Can

SiO
2
 Ampoule

Mg

B
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MgB2 from boron filament
Canfield et al., PRL 86 (2001) 2423

MgB2 grains illuminate under 
polarized light. 

Mg

B fibers

Boron comes in many form.  MgB2 can be 
made as sintered pellets, thin films and…
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Boron  Isotope 
Experiment

DT = 1.0 K
1�
����	�
����	
��
��2������� D&"� =�-%A,3

TC ~ Ma
B, aB = 0.26

Consistent with 
phonon-mediated BCS.



For MgB2 ~ 750 K

For Mg ~ 320 K

For Si ~ 625 K

For Diamond ~1860 K

(high wD for MgB2)

g~ 2.5 ± 0.75 mJ/mole-K2

(small gmeans small N(EF)

But we should not forget 
the triangles….
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MgB2 forces a shift in emphasis when looking for other 
higher TC compounds

kBTC = 1.13� wDe -1/VN(EF)

Old prejudice:  Need to have large wD and large N(EF) and hope for good V

But MgB2 has a very small N(EF)   (g~ 2.5 mJ/mole-K2)

So, MgB2 is a low N(EF) superconductor

For searches for MgB2 like compounds we should look for large wD and large V 
and not obsess about N(EF) so much….
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How was superconductivity in MgB2 missed?

Hard to make by simple methods (cannot arc-melt it)

Did not fit prejudice (no d-shell electrons to boost N(EF))
….(Old data did not show superconductivity)….
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Canfield et al., PRL 86 (2001) 2423

• Over 90% dense => good grain to grain coupling.

• Tc above 39K 

• Full diamagnetic screening.

• Low normal state resistivity.
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From O. Jepsen as appeared in Canfield et. al. Physics 
Today, March 2003, p.34

Korus et. al. Phys. Rev. Lett. 86 (2001) 4656

As in benzene molecule, the planar 
bonds are called s-bonds, for MgB2

these become s-bands and are the 
cylindrical Fermi surfaces above.  
The p-bands are more 3-D.



S.L. Bud’ko et. al., Phys. Rev. B 64 (2001) 180506.

� B�� 1&N-3�=�*/�&�

*     gB N�B ��
	�2 DB��

	�� N�B ��
�� DB��
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� ?DJ� �
� ?

� (�������
�����������<��	����������� g =�*
� 4���������
��
������ s ������ g =� ÖC-�=�/

Kortus et. al. Phys. Rev. Lett. 86 (2001) 4656
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R.A. Fisher et al. Physica C 385 (2003) 180 Samuely et al. Physica C 385 (2003) 244.

• Shoulder in Ce indicates 
presence of second gap.

• Point contact spectroscopy:      
Ds = 7.1 meV, Dp = 2.9 meV

• 2Ds/kbTc ~ 4; 2Dp/kbTc ~ 1.7
Kortus et. al. Phys. Rev. Lett. 86 (2001) 4656
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• B4C only stable Binary

• Width of formation allows 
for ~ 8-19%  C doping
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• Sharp superconducting phase transition with   
Tc ~ 22K.

• X-ray spectra indicate presence of MgB2C2

• x in Mg(B1-xCx)2 determined to be 0.10±0.02 
by Rietveld Analysis of neutron diffraction 
pattern on Mg(11B1-xCx)2.
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Avdeev et al. Physica C 387 (2003) 301
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• If Mg(B.9C.1)2 has Tc ~ 22K and Hc2(T=0) near 25T, Mg(B1-xCx)2
may have maximum Hc2 for x<0.10.

• Width of formation in B4C limits C doping to above 8%.

• Carbon incorporation: add CH4 to gas stream. Methane flow 
rates 15, 30, 60, and 100 ccpm (3000 ccpm BCl3)
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• Shift of (110) peak yields calculated carbon concentrations of  
x= 0.004, 0.021, 0.038, and 0.052. 
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Tuning of TC and HC2 with light 
carbon doping makes MgB2
superior to Nb3Sn (in H-T space).



Z. Holanova et al. Physical Review B 70 (2004) 64520.

• 2D(T=0)/kBTC essentially 
independent of carbon level.

• Ds, Dp may persist for all TC and 
clearly exist for TC ~ 20 K
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It is important to note that superconductivity in both
RNi2B2C as well as MgB2 was discovered by accident 
(as part of a search for other compounds), illustrating 
perhaps one of the most important aspects of new 
materials research:  the importance of keeping our 
eyes open for new phases / ground states.

The FeAs compounds, on the other hand, actually 
appear to be the result of a systematic campaign to 
study planar Fe compounds.

&
����������
����������������������
���
�������
��� ���
�
������������
������	������
��������
�����������



������������
�����

��������� �����������
�����
�
�������������%� �
��
�
���

The need for such searches 
is not a new idea:
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