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Abstract : The interplay between superconductivity and magnetism is outlined The 
elements and phenomena related to these magnetic superconductors are introduced. The rare earth 
ternary superconductors, re-entrant superconductors, the weak-itinerant ferromagnetic 
superconductor Y9C07 anomalies of discussed The generalisation of Gin/.burg-Landau
theory and Abrikosov-Gorkov theory are presented The superconducting and magnetic orders in 
heavy fermion compounds arc surveyed and models are presented The magnetism in La-214, Y- 
123, Bi-bascd and Tl-based high cuprates and effect of pressure arc surveyed and Heisenberg ~ 
Hubbard hamiltonian, Chakravarthy-Halpcnn-Nelson theory, Dyaloshinksy-Moriya interdclion. 
RVB model, Anyon model and Spin bag model are outlined.
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1. Introduction

Many superconductors show magnetic ordering also. They are termed as magnetic 
superconductors. This review aims to outline the Physics of such compounds. They may be 
divided into four categories : (i) Rare Earth conventional magnetic superconductors, (ii) 
Heavy Fermion superconductors (iii) High 7̂  cuprate superconductors and (iv) (SN)̂ ,̂ 
Cd()̂ Ziio,5̂ GjC>A La2Ni04. Section 2 gives related concepts. Each of the four types of 
magnetic superconductors mentioned above is discussed in separate sections (Sections 3-6).

2. Related concepts

2.1. The co-existence of superconductivity and magnetism :

The types of magnetism that are relevant to these compounds are : diamagnetism, 
paramagnetism, spiral (or helical or sinusoidal) order, ferromagnetism and 
antiferromagnetism fl].

Superconductor is a material that exhibits zero resistance and Meissner effect. The 
temperature below which the material behaves as superconductor is called transition 
temperature denoted as Ginzburg-Landau theory explains superconductivity by writing 
the free energy density interms of powers of an order parameter, in a phenomenological way. 
But, the well-acclaimed theory of Bardeen-Cooper-Schriffer (BCS) focusses on phonon- 
mediated attractive interaction between two electrons (called Cooper pair) in the vicinity of the 
Fermi surface [2]. The currently known superconductors are of six classes [3]: (a) Free 
electron-like ( j-p  and lower d band) metals, (b) Strong-coupling superconductors such as 
NbgSn and PbMogSg, (c) Organic superconductors including doped fullerenes such as 
Rb,C«.. (d) Heavy fermion superconductors, (e) BaBi03-based superconductors and (f) 
High cuprates.

It is now well established that magnetism co-exists with superconductivity (SC) as
below.

(i)

(ii)

(a)
(b)
(c)

(d)

Antiferromagnetic [AFM] ordering can exist in many superconductors because 
periodicity of AFM order «  SC coherence length.
Ferromagnetic [FM] ordering is present in relatively less number of-«uperconductors 
because of the following constraints :

FM can co-exist with SC only i f :

Periodicity of FM order »  SC coherence length 
Periodicity of FM order < SC London depth 
T„> T,
1 < t/.N /O )



where U is Coulomb-repulsion within Bose-condensaie.

Spiral magnetic state can co-exist with SC state in a narrow temperature region
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equal to

T = [ F f « /F ,c r - 7 ’c2 ( 1)

where F stands for free energy in the respective ordering and 7^2 ‘S nearly equal to at 
which FM sets in.

Recently, researchers of China reported the co-existence of paramagnetism with SC 
state in a magnetic field, as will be seen in Section 5.2.

Quantum Mechanics also allows for the co-existence of SC and magnetic orderings 
because SC is due to phase symmetry and magnetism is due to spin symmetry and so these 
independent symmetries can co-exist.

2.2. Elements andphenomenae related to magnetic superconductors:

(a) The elements :

The elements relevant to magnetic superconductors in periodic table are transition elements, 
lanthanides and actinides. Figure 1 shows a rearrangement of d/ and /  band elements as per
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Figure 1. Rearrangement of /  and J band elements a.s per localisation (adapted from [12]).

onset of localisation [4]. In this figure, the hatched region is the principal diagonal and 
contains four elements viz : Ce, U, Np, Pu. The cross over from itinerancy to localisation 
gives rise to polymorphism, spin fluctuations, mixed valences, charge density waves, kondo 
lattice and Heavy fermions. Hubbard model gives a magnetic phase diagram as shown in 
Figure 2 [5]. Here U is Coulomb repulsion between electrons and W is the band width. 
When pressure is applied, the elements condense into solid state. As pressure increases, 
the ratio W W  decreases. Figure 3 shows the variation of magnetic moment, and the ordering
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Figure 2. Hubbard magnetic phase diagram (adapted from [5]).

F igure 3. Magnetic moment and SC / magnetic ordcnng temperatures under pressure (adapted 
from f6J),
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icmperatures of magnetism and SC as functions of pressure 16]. Thus, for SC to be favoured, 
magnetism should disappear.

(h) Some phenomena related to magnetic superconductors :

(i) Rudderman-Kittel-Kasuya- Yoshida (RKKY) interaction :

In rare earths, the unified 4 / shell is responsible for magnetism. However, the 4/ electrons are 
deep inside the atom. So, the RE ion’s localised moment spin at site ‘ 5 • will interact with
cc)nduction electrons of spin s with Hamiltonian

H —-2.J S i,s ^2)

where (-27) is the exchange interaction parameter [7-91.

ill) Kondo interaction :

I( is the 5-c/ exchange integral, a characteristic temperature exists given by the 
lollowmg expression :

T^= E^exp [-l/{i,rfX A/̂ (0)}1 (3)

where Ej is fermi energy and N (̂0 ) is the density of states near fermi surface. If < 0, then 
there exists an AFM coupling at 7  ̂and if T < there exists a bound state of electrons with 
binding energy and the system becomes superconducting.

( i l l )  Charge density waves and spin density waves :

Pcicrls [lO] suggested in 1955 that in a one-dimensional metal, even small electron-phonon 
interactions will lead to lattice distortion /.e., crystal field splittings and hence a charge density 
wave (CDW) will result..Later, Overhauser.[l IJ observed that at low temperatures, electron- 
cleciron-eleclroil interactions can produce a spin modulation spin density wave (SDW). Both 
CDW and SDW will create a gap at the fermi level and hence changes the metal to an insulator 
[12J. Frohlich argued [13] that the transitional motion of the CDW or SDW give rise to 
electric current and even superconductivity. SDW and superconductivity co-cxist in HFSCs, 
while CDW and superconductivity co-exist in organic SCs.

(iv) Fermi liquid :

At low temperatures, a metal has the properties of a fermi liquid and the interactions between 
us quasi-particles governed by Landau parameters give rise to CDW or SDW or 
superconductivity.

(V j Migdal-Luttinger liquid :
In strongly correlated electron systems, the momentum distribution in -space is cither 
smeared about kjOx spread over with a finite discontinuity determined by quasi-particle 
strength [14-16].

67A-(5) 2



(vi) Mott insulator :

In periodic solids, valence electrons tend to become itinerant by hopping from atom to atom 
so as to louver their kinetic energy. According to Mott [17], in strongly correlated electron 
systems, the hopping will be opposed by Coulomb repulsion between electrons resulting in a 
mctal-to-insulator transition and an AFM state due to localisation. Examples of Mott 
insulators are NiO and YBajCu ̂ Ô  [18].

3. Rare earth compounds as magnetic superconductors (RESCs)

3. J. Survey of superconducting and magnetic orders in RESCs :

Ginzburg first considered whether SC and FM could co-exist [19]. Matthias et al [20-22] first 
studied the problem experimentaly. He investigated Ŷ ,_ĵ ^Gd̂ Os2 and Lâ j.̂ ^Gd̂  ̂alloys and 
concluded that:

(i) SC is destroyed not only by FM ordering but also by small (0.1 atomic %) amounts of 
PM impurities.

(ii) depression of T̂ . should be correlated with total spin rather than the magnetic moment 
of paramagnetic RE impurities. He could not make any definite conclusion about co
existence of the SC and magnetic orderings because of clustering and/or formation 
of ‘glassy’ types of magnetic order. This spin glass state is characterised by short- 
range order and possesses a greater rigidity of spin system with respect to external 
magnetic field.

It was observed for the first time by Steiner etal [23] that superconductivity and 
magnetic order co-cxisl in the alloy Lâ |_ĵ jEUĵ . He detected that the splitting of Mossabaucr 
line of nucleus Eu-151 vanished at a magnetic ordering temperature which is much lower 
than T̂ .. However, he could not conclude whether that magnetic ordering was FM or AFM. 
Roth et al [24] detected that FM ordering co-exists with SC order in Ce^, for
x = 0.2. During 1977 Fertig etal [25] and Ishikawa and Fisher [26] discovered that RE 
ternaries (RE)j^Mo^Xg where X is chalcogen and (RE) Rh4B4 show SC as well as magnetic 
orders. These are called Chevrel compounds. Baltcnsperger and Strassler [27] first studied 
the inter-play between SC and antiferromagnetism and concluded that SC state is modified by 
AFM order due to the pairing of electrons with finite momentum. Gorkov and Rusinov [28] 
first predicted co-existence of SC and FM orders. Anderson and Suhl [29] first predicted the 
existence of a spiral state called crypto-ferromagnetic state in these compounds. Tachiki et al 
[30,31] and Kuper etal [32] independently suggested that the periodic magnetic structure is 
due to spontaneous (self-induced) vortex (flux) states.

(/) RE Ternaries as AFMSCs and FMSCs:

MjjRu2 where M is Ho or Tb possess magnetic as well as SC phases. Magnetic 
superconducting ternaries of Pr, Nd, Sm, Tb, Dy are shown in Table 1.

382 Ch U M Trinadh and S Natarajan
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Table 1 . Rare earth magnetic superconductors.

S. No. Compound T^(.K) T„(K) Magnetic
order

1. PrMo«S* 3.5 0.05 AFM
2 . NdMogSg 3.3 0.85 AFM
3 GdNdo^S U 0.85 AFM
4. DyMo^S, 2.05 0.4 AFM
5. TbMo^Sj) 1.45 0 9 AFM
6 . Tb2Mo ̂ Si 4 0.8 19 AFM
7. NdRh4B4 5.36 1.55 AFM
8 . SmRh4B4 2.51 0 87 AFM

9 TmRh4B4 9.8 0.4 FM

10. Dy (R h() R Uq 1 s) 4 B4 4.0 1.5 FM

Tabic 2. Re-entrant magnetic superconductors.

S No Compound Ordering Temp Order

1 Dy 12M0 1.7 (T ,) SC

0.4 {T Re-entrant AFM

2. HoMo^,S{t r >  1.82 PM

1.82 to 0 7 SC

0.71 to 0 61 SC and oscillatory 
state with hystersis

r < 0 6 1 2 Long range FM

0.668 SC only

3, ErMOfiSg — AFM under 250 Oe

4. Eri^Mo^jSg 2.1 SC

0.16 Re-entrant SC under

H > 8 0 0 O e

5. ErRh1jSn 0.46 FM, re-entrant SC

6 . EiRh4B4 8.7 SC

*̂'0.4̂ ®0,6

1 and 0.9 Oscillatory with hystersis
of SC in one branch while 
cooling and FM in another 
branch while heating the 
sample

T < 0.9 FM only

Re-entrant FMSC
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(ii) Re-entrant RE magnetic superconductors:

Compounds shown in Table 2 show re-entrant phenomenon which may be defined as 
follows. They undergo a transition from normal to SC state and again become normal at a 
lower temperature, but now with a resistivity different from the original value. This is due to 
onset of lohg-range FM ordering or their RE magnetic moments. The transition from to SC to 
FM state is 1st ordered. Relative to the paramagnetic normal state, the decrease in free energy 
in FM state is of order of cN {KgT^) where c is atomic fraction of magnetic ions and N is 
total number of atoms. FM state will be favoured over SC state. However, SC and FM will 
be co-existing just below because of sharp peaks in specific heat at this temperature. 
Moreover, the low value of magnetic moment in ErRh4B4 compared to its free ion value 
suggests crystal field effects or screening by conduction electrons.

(Hi) Weak itinerant ferromagnetic superconductor Y^Co ̂ :

The binary compound Y9C07 is peculiar because it is very weak itinerant ferromagnetic 
superconductor below* 6 K and only superconducting below T ^  2.5 K. If pressure is 
applied and increased, then the value of decreases and that fc increases. At 20 kbar, 
ferromagnetism gets suppressed and any reentrant SC order is absent. Only the d electrons 
fonning conduction band contribute to both SC and magnetism. Above = K it obeys 
Curie-Weiss law. Steiner et al (331 carried out ESCA (Electron Spectroscopy for Chemical 
Analysis) investigations of relevant core levels and valence bands of this compound and 
reported that there is stronger localisation of d electrons in Y9C07 than in metallic Co and 
density of d states at Fermi level gets enhanced.

(iv) A nomalies in the values of H ̂ 2 ■

The AFMSCs RMo^Sg and RRh4B4 exhibit anamolies in the values of follows : (a) 
when R = Tb, Gd, there exists a maximum in (^) when R = Dy, there is a drop in H 2̂ 

near (c) for NdRh4B4, H^2 decreases at = 1.31 K and increases at Tj^= 0.89 K.; 
(d) for TmRh4B4, there is no change in H^2 ErMo^Sg, Ĥ 2 increases below
T^. Similar anomalies exist in FMSCs also. These anomalies indicate electromagnetic 
interaction between the persistent supercurrent and magnetic moments of REs. Ginzburg- 
Landau theory generalised to magnetic SCs is considered again [34],

/ .  (4)

(5)

\

^ J d y /  = 0,

(6)

Al H 2̂* the SC order gets destroyed. Hence, the SC order parameter tends to vanish. 
This leaves the above equation as linearised as below.
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(l/2m) ( — -( A - 2 ^ ) = 0 . (7)

This equation is equivalent to Schrodinger equation for a free electron in a magnetic 
field. The value is the maximum field for which this has a solution. It corresponds to the 
lowest eigen function of corresponding harmonic oscillator problem.

= (8)

For conventional superconductor Nb : 0.26 T, = 360 A; for RE magnetic
superconductor PbMo^Sg: ^ =23 A.

Taking the spin polarisation into account, one has to add the term M2 y /  to free 
energy density / 2.

^c2 (9)

where * indicates that the field is modified. So, the field gets reduced by an amount 
^2proportional to M , especially in the case of FMSCs. In FMSCs, 

T„ = (4 jcnp^p l)l2K „ ( 10)

where n is density of RE ions and p is effective Bohr magneton number. Since the value of p 
is high (9.59 for Er and 10.6 for Ho), > T̂ .. This formula gives values of as 2.3 K and
1.1 K for ErRh^B^ and HoMo^Sg respectively 135].

3.2. Ginzburg-Landau theory and Abrikosov-Gorkov theory applied to conventional 
magnetic superconductors:

The RESCs surveyed in Section 3.1 above can be termed as conventional magnetic 
superconductors because they are well explained by the Ginzburg-Landau phenomenological 
theory and the Arbikosov-Gorkov microscopic theory.

(/) Ginzburg-Landau (GL) theory generalised to superconducting and magnetic orders :

Das 136] extended the GL theory as below :

Case L Absence o f magnetic field

If F. stands for free energy, yr for SC order parameter ordering to T̂ . and 0  for magnetic order 
parameter ordering at or at , then

( 11)F ,  =  a l  y/\̂ + j  ’

F„ = a'l<Pr +

F, = 77lv l̂^+ l<PÎ

( 12)

(13)
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where the subscripts s, m, and /  stand for SC state, magnetic state and interaction between the 
two states respectively and a , P, y, a \ p \ and 7j are called GL coefricients. There are 
two sub-cases.

(a) When y/and 0are spatially uniform :

There will be no fluctuations in either parameter. By minimising the free energy F with 
respect to v^and ^one after the other, one gels the following results : If 77 < 4/J/3then there 
will be a second order phase transition from SC state to mixed state first and then another 
second order transition from mixed to magnetic slate. If 7) > 4j8jS', then there will be only a 
first order transition from SC state to magnetic state.

(b) When y/is uniform but <P varies spatially:

Then, there will be magnetic fluctuations and is taken to be the magnetisation M. For SC state 
to be favoured, M should vary spirally about some direction so that total magnetic moment is 
zero. Figure 4 plots the different in free energy between various stales as a function of 
temperatures and defines the ordering temperatures and 7  ̂where the respective

Figure 4, Difference in free energy of various orderings versus temperature as per generaliseti 
Ginzburg'Landau theory (adapted from [36]) (A A ': spiral state, BB' : magnetic state, CC 
superconducting state)

orderings set in. The transition from SC to spiral state is 2nd order and that from spiral to 
ferromagnetic state is 1st order.

Case 2. Presence of magrtttic field:

In this case, for negative values of 7J, the coherence length and decrease whereas London 
depth and H^2 increase when compared to the values obtained from conventional GL theory.



(ii) Ahrikbsov^Gorkov (AG) theory :

The AG theory was put forward in 1961. A term for the exchange interaction between 
conduction electron spin and impurity spin S . at site r. added to BCS hamiltonian for dilute 
alloys containing magnetic impurities [37].

f i  = Hacs + ^cf (14)

where H^f -  J,f f i'2^N )^{S ,a ) C^C^.exp [i(k-k').r,].

The Born approximation is used for the scattering of electron on impurity. The life
time of cooper pair becomes finite. This leads to energy smearing within the gap. The result 
of this theory is the following expression for depression of T̂  :

dT, / dn, = - 1)̂  J{J +1)]/{1Kb)

In -  yf^iln  r ,T ,)-‘ + - L j

where 1/T, = 2 m , Nf{0). J ^ ig j- \ ) ^  J {J +  \).

The expression for In (7, / can also be written as :
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(15)

(16)

ln (r ,/r™ ) = + )3(27,,/7V„)] (17)

where is the mean time between exchange scattering of electron on impurity atoms, J is the
3+total angular momentum of RE Hund’s rule ground state, is impurity concentration and yf 

IS digamma function, T’̂ îs 7̂. with = 0 and g is Lande’s g-factorand [(g^^lT 7(7+1)] is 
called de Gennes factor. The second expression for In {TJT^^) is valid in two cases as below :

Case 1 : If paramagnetic impurities are considered, the expression for p reads as: 

p = {n,/4KBT,„)Nf{2J,f)^J{J + l), 

where is the value for zero-impurity.

(18)

Case 2 : If the critical magnetic field H ^2 tilso destroys superconductivity is being
considered, the expression for p reads as:

P = (v je tl3 ftr ,„ )H „  (19)

where V̂ is fermi velocity, e is electron charge, and T is transport relaxation time. For heavy 
REs, the 7;. of (RE) Rh4B4 and rate of depression of for LuRh4B4 upon dilute substitution 
for Lu by these REs both vary linearly with the de Genes factor.

Tkaezkyk [38] carried out spin polarised tunneling into the side of an A1 film covered 
with a sub-monolayer of Gd. It revealed the presence of localised RKKY spin polarisation in 
ihe normal state and its absence in the superconducting stale. This is due the vanishing of the 
long-range part of the spin susceptibility at low temperature. The s -f  exchange constant is
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derived from Zeeman splitting of superconducting density of states and its value agrees with 
that obtained from AG theory.

(Hi) Modification due to interaction between conduction andf electrons

There is a limit called Clogston-Chandrasekhar limit to the exchange integral above which the 
superconductivity is destroyed due to spin-flip of electron of cooper pairs by elcctron-magnon 
interaction. Considering the spin-dependent interaction between the conduction electrons and 
magnetic electrons as well as the exchange interaction between spin of magnetic atoms, the 
following expression can be obtained and Kfj [37J.

In (T, I Tea) = -  R e v ^ [^  + iJ^ y i n  r,,]. (20)

Figure 5 shows a plot of d Idx against x = There arc two transition
temperatures T̂ ,, and The material becomes SC with one phase transition for a- <

Figure 5. or T„ versus = X forA M jg n o n  =  0  (adap ted  f r o m  [3 7J).

and for the case of a , > a  > X2 (i.e. , for 7, >J > J2). this theory predicted a re-entrant 
behaviour. When the Kondo effect is also considered, one gets

In (Aiy) critical = n (21)

Thus, the results of the theory are : (a) For temperatures greater than T̂ .,, the material 
is normal, (b) For temperatures between and superconducting, (c) For
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lemperatures between oscillatory slate, (d) Finally, for temperatures
below , the cooper pairs are broken and material becomes magnetic. Figure 6 depicts the 
phase diagram for the conventional magnetic superconductors (i.e., RESCs). In this figure, 
line I represents the influence of paramagnetic ions on superconductivity. Line 2 shows the

Hgurc 6. PhuKe diagram for conventional magnetkc super conductors (adapted from [155]).

change in magnetic ordering temperature due to superconductivity, Line 3 represents : AFM 
versus superconductivity. Near point B, close to line 2, order parameters of 
superconductivity and magnetism are small.

(iv) Electronic specific heat of RESCs :
In AFMSCs. the electronic part of specific heal C\ shows lambda type anomaly at 7"̂  in 
addition to a jump at and in FKlSCs, there is a jump at which is superimposed on 
Scholtky anomaly, in addition to a spike at Panigrahi etal [39} considered AFMSC as a 
system of localised 4 / electrons of RE ions and superconducting electrons of transition 
metal atoms interacting with each other via an exchange interaction. By calculating 
ihcrmodynamic potentials, they obtained an expression as below :

1.42 (22)

where <̂ (3) is the third order zeta function which is the same as the well-known BCS result.

4. Heavy fermion systems as magnetic superconductors

4.1. Survey of superconducting and magnetic orders in HFSCs
In metals or any other electrically conducting systems, one can write the specific heat at low 
temperatures as

C = 7 T + fiT^ + ST^\nT (23)

67A-(5) 3
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where the first icnTi /T is due to free electrons and the other two terms arc due to lattice (ie. 
phonons). The linear coefficient /  is given by :

y = {m*KiI'ermi (24)

where symbols have usual meaning. For normal metals, its value is 0.6 mJ/mole/it^. But for 
certain materials most of which contain U or Ce or Np, the value of y is very large of the 
order of 1600 mJ/mole/k . This is due to mass enhancement of electrons which leads to large 
density of states at fermi level, low fermi energy, large jump in specific heat, low large 
magnetic susceptibility. They are called Heavy fermion compounds. The heavy mass of 
electron is due to an interplay between the magnetic interactions viz : (a) RKKY interaction 
where itinerant electrons mediate a ferro or antifcrromagnctic polarization of magnetic 
moments and (b) Kondo interaction which favors a neutralization of magnetic moments by: 
conduction electrons, dc Haas-van Alphen effect proves that all of conduction electrons 
become heavy.

At low temperature, there are two ways in which /  electron magnetic moments 
behave : either they order spontaneously in FM or AFM structures or the / electrons form a 
heavy fermion stale strongly correlated with conduction electrons because of the 
hybridisation. Some of these materials change their ground slate again, but now to an un
conventional superconducting state in either of the two ways : (a) the embedding system 
becomes superconducting while RE ions retain their magnetic moments; (b) the /-electrons 
themselves form non-cooper pairs. Delong [40] observed that, if the exchange enhancement 
ratio R is defined by

^  = Lim ,r^0arr-^r,){(l/3)l;rA r„//i*flp(;t:*/y*) (25)

where linear specific heal coefficient (given in erg/cm -k ), then the heavy fermion system 
is : (a) magnetic if y > 3.5 x lÔ*, (b) non-superconductor if 3.5 x lO"* < y < 10^, (c) 
superccmductor if y > 10’\  (d) superconductor if /? < localised Fermi liquid if
R < 10, (0 ferromagnetic if R diverges and (g) antifcrromagnctic if R need not be large. For 
heavy fermion systems, there exists a characteristic temperature scale T* = 10 -  100 K. When 
T «T * , the magnetic susceptibility will be Pauli-like i.e., independent of temperature [41] 
There arc four types of compounds into which the heavy fermion systems can be categorised 
as given in Table 3. In HFSCs, SC and AFM can co-exist. A transition to either ordered state 
may be followed by another transition to a phase containing both states. Thus, in both UPt>,, 
URu2Si2 the transition to AFM is followed by a transition to SC state. But, in Uq97 
ThQQ3Be,3, the order of transitions is reversed. CeCu2Si2 was found in 1979 by Stcglich 
etal [421 and UPt3 in 1984 by Stewart etal [431. Lin discovered magnetic-field induced 
superconductivity in CePb^. Recently, Geibel [44] discovered in 1991 that UNi2Al3 is a 
HFSC with the U-U separation equal to 4.018 A. All heavy fermion systems contain one ot 
Cc, U, Np and Yb with cation-cation separation greater than 4 A. Celn^ has local moment, 
CcPbi has heavy fermions and CeSn 3 is mixed-valent [45]. CeRh3B2 shows ferromagnetic
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ordering with Tcurk = 120 K. (RE) lr2Si2, exhibits polymorphism. When a pinch of Rh is 
added to URu2Si2. the value of T,. increased from 0.8 K to 1.65 K. Aeppli [46] found by 
neutron scattering technique that UPt3 has a magnetic moment 0.02 and 7^ = 5 K. 
MoshchaJkov etal [47] studied anisotropy of upper critical field in URu2Si2. They found 
that the derivative {dH^2 M ^) constant within 5% when H is rotated in basal plane and it 
tiecreases by about 35% for H rotated by 20^-30® out of basal plane. Contrary to CeCu2Si2 
the Ha anisotropy in URu2Si2 is enhanced as temperature decreases below Allen etal 
[48] reported that the compound Ce [RU(|.^)Rhj]^B2 is superconducting if0 <jc <0.38 and

Table 3. Heavy fermion compounds (HFC)

S.No. HFC-neither SC nor magnetic Crystal structure

1. CeAl3 Hexa (Ni3Sn)
2 . CcCuj Ortho
3 YbCuAl Monoclinic
4 UAlj Cubic (MgCui)

S No HFC-magnetic only Magnetic order Order temperature (K)

I CeAl2 AFM 3.8
2 UCd„ AFM 5 0
3 lJ2Zn 17 AFM 1 0 0

.4 NpBe n AFM 34
Nplr^ AFM 7 5

6 CePd2Si 2 AFM 10 0

7 CeRh2Si 2 AFM 39 0
8 NpOS. FM 90

S.No. HFC-SC as well as AFM T ^ K )

1 CeCu2Si 2 07 06

2 UPt3 5 0 0 5

3 URu2Si 2 17 0 0  8

4. UN12AI3 46 1 0

UPdjAlj 14 0 2 .0

S.No. HFC-pure SC only r^(K)

UBe, 0.9

t̂ xhibits ferromagnetism if 0.84 < jc < 1. FM is associated with nearly trivalent Ce ions. Pure 
UBe,3 is HFSC only, without magnetic order. Kim etd  [49] studied for 0 ^ .x
^ 0.995 and with the non-magnetic M = Hf. Zr, Sc. Lu. Y, Pr, Ce, Th and La and found that 
the low-temperature magnetic susceptibility (normalized per U mole) is independent of doping
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for all values of x. Celn3 belongs to localised regime and CeCu2Si2 belongs to Kondo 
coherent regime [50].

4.2. Models of HFSCs :

All the heavy fermion systems possess strong two-body interactions viz* Coulombic 
repulsion between valence electrons which are present at sites of rare-earth ions. These cannot 
be explained by perturbative expansions. The quasi particles and their interactions are altered 
by AFM molecular field. The local repulsion of two quasi-particles at the same lattice site is 
reduced whereas the attraction on neighbouring sites will increase.

(i) Fermi liquid model:

The localised/electrons change from the magnetic moment regime to kondo coherent regime 
where the electrons form Fermi liquid quasi-particles with renormalised mass. CeCu2Si2 
becomes Fermi liquid around a temperature of 1 -  2 K. The plot of specific heat versus 
temperature for UBei3 which resembles that of the conventional Fermi liquid He-3A. 
Norman [51] solved Eliashberg equations for UPt^ and obtained = 0.12 K, due to 
momentum dependence of su.sceptibility calculated with gap function having lines of zeros in 
parts of the zone.

(ii) Periodic Anderson lattice model (PAM):

This model is used to explain a mixed-valence compound in which p̂ermi = /̂̂ levej- the 
Hamiltonian, the first term is energy of conduction band electrons, the second term is>that of 
/-shell electrons and the third term accounts for hybridisation of /-shells with conduction 
band (known as c-/mixing). The results of this model are : [52]

Kondo limit of PAM is ;

k = [ Nf v y { e f  - e ? ) ]  «  1 , (26)

/̂n /wj «  exp [ -1/^J,  (27)

Ti «  Mo''*. (28)

where /Jq = chemical potential.

(Hi) Kondo lattice model:

Tachiki and Maekawa [53] argued that if the HFSC is treated as consisting of independent 
Kondo impurities, superconductivity would not be stable owing to the dominating nature of 
repulsive interaction through spin fluctuations of Kondo impurities over the attractive 
interaction mediated by phonons and proved that:

c / c „ .  = l/[4 /V f,(0)r*] . (29)

where subscript F stands for Fermi and c stands for conduction electrons. The magnetic 
moments of RE ions.disappear below forming a singlet ground slate with surrounding



Magnetic superconductors 393

ground state. Miyake e td  [54] extended this model in 1984 to account for the possibility of 
singlet and triplet pairing leading to d-wave superconductivity due to AFM spin fluctuations. 
But in 1986, Miyake etal [55] concluded that AFM spin fluctuatio,ns promote neither 
conventional singlet superconductivity nor triplet superconductivity. They do promote 
anisotropic states all of which have lines of zeroes of gap on Fermi surface.

(iv) Spin density waves in HFSCs:

From the graphs of the HFSCs shown in Figure 7, it is clear that there is a close proximity 
between superconductivity and SDW [56],

♦

Figure 7. SDW graphs in HFSCs (adapted from [56]) (a) Generic phase diagram for d wave 
like pairing, (b) Generic phase diagram for isotropic . -̂wave pairing, (c) H -T  for CeCu2 S 2 . 
(d) T-^onlent of Th (%) in (U, Th) Be n •

where

H -  Ho + Hguit// + Hsc 

Hq =  £î g e(k) c* ka 

Hsdw = -  (WCk+Q Cĵ o + h.c.)

^ S C  ~  ~  ^ k o o ' ( ^ t (T  t^-ka ^  h.C.'^

where Q i$ SDW nesting vector and M is magnetisation.

(30)
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URu2Si2 exhibits superconductivity with = 1.5 K below a SDW transition which 
occurs at = 17.5 K. It changes to a Fermi liquid at 60 K. In this compound, the small 
entropy and a BCS like jump at 7}v are consistent with itinerant electron magnetism picture.

5. High Tf. compounds (HTSCs) as magnetic superconductors

5. /. Survey of superconducting and magnetic orders in HTSCs:

Since the remarkable discovery of high around 30 K by substituting a part of La in La  ̂
CUO4 with Ba by Bednorz and Muller [57], many superconductors with still higher values 
of have been synthesised. All the HTSCs follow a generic phase diagram as shown 
in Figure 8a. As observed by Aharony et al [58] anti ferromagnetism (AFM), insulator-metal

Figure 8. Generic phase diagram for HTSCs.

transition, structural transition, superconductivity arc the striking features of this phase 
diagram. To explain these various phase, many mechanisms have been proposed as indicated 
in Figure 8b.

Kitaokat’/fl/ [59] reviewed the results of NMR and NQR on La-Sr-Cu-0, Y-Ba- 
Cu-0 and Bi-Pb-Sr-Ca-Cu-0. The behaviour of of Cu above T, is shown to be 
dominated by AF fluctuations of Cu d spins. In contrast, MT\ of 0-17 gets enhanced just 
below which is similar to a BCS-case.

(a) La-Sr-Cu-0 system:

I.a2Cu04 exhibits three dimensional AFM ordering of Heisenberg Cu-Cu coupled Cû "*" spins 
at = 330 K. The undoped compound changes from tetragonal to orthorhombic at 533 K. 
Moncton et al [60] reported that the powder diffraction measurements of CuO(4.„v)
demonstrate the existence of superlattice peaks at temperatures below those corresponding 10 

the maximum susceptibility and polarised neutron measurements confirm that these peaks are 
indeed of magnetic origin. The deduced AFM structure in orthorhombic phase consists of FM 
sheets of Cu atoms in the b-c plane which are alternating in sign along a-axis (100). The 
moment is parallel to the c-axis. T/v depends on y and decreases rapidly to zero as y
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decreases from 0.03 to 0. The saturated magnetic moment is 0.4 per Cu atom for samples 
with highest -  290 K. La2Cu04 is an insulator with N {£/:) = 2 stales per eV per formula 
unit. Its low dimensionality is confirmed by the anisotropy of //̂ 2 <tnd also by the fact that 
substitution of La^ ions by magnetic rarc-carth ions has no effect on superconductivity. 
However, it shows Curie-Weiss behaviour above Neel point, rather it shown enhanced Pauli 
paramagnetism. Such absence of local moment in Sr-doped La2 CUO4 is essential to the 
appearance of superconductivity. The absence of long range magnetism is a consequence of 
the strong hybridisation between 3d orbitals of Cu and 2p orbitals of O. There is no 
appreciable change in susceptibility at the transition of La2̂ u 04 from tetragonal to 
orthorhombic. Thio etal [61] found that if magnetic field is applied in the direction parallel to 
the Cu-O plane X significant temperature dependence. However, when
magnetic field is applied in the orthogonal direction then susceptibility develops peak at the 7’yv 
as shown in Figure 9. The expression x  = gives a value of 1.6 x IQ-̂  cm  ̂per mole,

when J -  12(X) K. Shinjo etal [62] investigated the Mossabauer absorption for Sn-119 and 
Fe™57 in La2-.ASrjCu04 for x = 0, 0.15, 0.4. The results indicate that the Cu magnetic spins 
arc collectively fluctuating in the superconducting sample. Nakamura and Kumagai [63] 
found that 1/T, of Cu-NQR, in La-Sr-Cu-O is suppressed by superconducting energy gap 
lor 0.12 < jc < 0.2, while its temperature-dependence obeys the Korringa relation in normal 
region. The strong correlation between high and the AFM fluctuations of Cu spins is 
indicated by the clear changes of enhancement of \/T\ and I/T2. Kitaoka et al [64] reported, 
again by Cu-NQR study of La(2_A)Sr;̂ Cu04, that as x and temperature increase, the quantity 
(T;IY  also increases and follows a Curie Weiss temperature-dependence associated with 
staggered susceptibility at zone-boundary Q = ( n/a). The Weiss temperature decreases 
from 75 K (jc = 0.15) to 20 K (x = 0.075), causing the enhancement of the quantity ( T {r f
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and decrease of For x = 0.05, the Weiss temperature becomes zero and the Curie constam 
C slightly increase.

(b) Y^Ba-^Cu^O:

Petitgrand and Collin [65] reported that when x = 6.55, antiferromagnetism co-exists with 
superconductivity in YBa2Cu30 .̂ Neidermayer etal [66] performed muon spin resonance 
experiments on YBa2Cu3 07 samples doped with hydrogen. For hydrogen concentration 
larger than 0.5 per formula unit, a well defined precession signal in zero external field was 
observed. This indicated the magnetic ordering. Hydrogen acts as an electron donor filling the 
hole states.

(c) (RE)-Ba-Cu-0:

For (RE) Ba2Cu 3O7, the substitution of RE atoms does not affect the in a significant way ! 
(except for Gd, Pr and Tb) eventhough large magnetic moments exist for Gd, Er, Ho. This is 
because high superconductivity is essentially quasi dimensional and is strongly confined to 
the Cu-0 planes above and below the RE ion site. strongly* correlates with the size of 
paramagnetic moment. Vidyalal era/ [67] studied G d C o ^ 2CL»307 and found that 7.36 
weight % of Co will raise the T, from 93 K to 109.5 K and T̂ . decreases at higher 
concentration of Co impurity. These authors claim that this is for the first time the transition 
impurity has been found to raise the for a superconducting ceramic. Changyong Sun etal 
[68] reported that magnetic RE ions viz. , Sm, Eu, Gd, Dy, Ho, Dr, Tm do not change the 
value of appreciably but change the magnetic behaviour of compound. The magnetisation 
loops were measured at 77 K. Superconductivity co-exists with magnetic orderih*g when 
RE = Gd, Dy, Ho, Er, Tm. The magnetism of samples originates from local magnetic 
moments of RE ions. Lutgemeir etal [69] investigated the NQR spectra of Cu and Mossbauer 
spectra of (RE)-Ba-Cu-O. A transition from the high temperature AFM spin structure oi 
magnetic moments at the Cu(2) sites with the stacking sequence (+ -  + -) to another one at 
low temperature (-»■ + - - )  is induced by a small amount (about 1%) of magnetic impurities at 
the Cu( 1) sites. The Cu( 1) ions themselves carry no magnetic moments. Del Morel et al [70) 
measured the magnetostriction and thermal expansion of (RE)-Ba-Cu-O compounds. The 
magnetostriction parallel and perpendicular to applied magnetic field is measured between 
3.8 K upto above T, with fields upto 2.45 T. The anisotropic magnetostriction is very weak 
at 4.2 K. Chattopadhay etal [71] performed Neutron diffraction on polycrystalline samples of 
ErBa2Cu307 and reported that the Er moments are ordered three dimensionally at 
T = 140 mK. Two independent propagation vectors k\ -  (1/2,0, 0) and = (1/2, 0, 1/2) are 
required to describe the magnetic reflections which indicate the existence of both FM and 
AFM coupling between moments along c-axis. But, Lynn etal [72] carried out neutron 
scattering experiments to study the magnetic order of Er ions and concluded that above the 
three dimensional Neel point = 0.618 K, a two-dimensional magnetic order is observed. 
Thus, the magnetic interactions of RE ions (Er) arc highly anisotropic and hence Ising AF
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magnet is appropriate. Lynn et al [731 performed neutron diffraction studies on sin̂ gle crystals 
of NdBa20i30( ĵr). The Cu-O planes get ordered antiferromagnctically al T/yj = 450 K at 
X = 0. These authors reported that when x = 0.1, there exists a simple antiferromagnetic 
sequencing along c—axis with T/vj s  80 K. Both and decrease as x increases with 
being much more sensitive to than T/vj. Fischer et al [74] performed powder neutron 
diffraction studies found that there exist magnetic Nd moments of NdBa2Q i30e,K6 
( /; = 88 K) ordered in 3-D AFM configuration below T/y= (551 ± 10) mK with wavevccror 
K -  11/2, 1/2, 1/21 as in similar Gd and Dy compounds and with = 1.14 .± 0.06 p;,. At 
25 mK, the magnetic moments and oriented parallel to (0, 0, 1). The transition to the 
magnetically ordered state corresponds to the Landau-type critical exponent / = 0.5 in 
contrast to the predominant 2D character of such heavy rare-earth systems. Mook etal [75] 
confirmed, by neutron scattering that Gd Ba2Cu30,. possesses magnetic ordering for
V = 6.14. Kuno etal [76] investigated HoBa2Cu30v using the zero field muon spin resonance 
technique and observed a long range magnetic of Cu moments in the tetragonal insulting 
phase. Al T < 3 K, freezing of Ho magnetic moment was observed in 90 K-superconduclor 
with V = 6.9. Thus, the effect of the magnetic rare-earth ion Ho^ on anti ferromagnetism of 
Cu ions is small. Gang Xiao etal [77] reported that the initial susceptibility of Gd2Cu04 and 
(kl| K̂ Sro 15CUO4 indicates a Neel slate in the CUO2 plane at 7/̂  = 285 K and another magnetic 
(rimsition at low temperature.

(J) Hl'SCs derived from Y-Ba-Cu-O by substituting Cu with Fe, Co, Mn, Ni or Zn :

.Nakamichi etal [78] performed the NMR experiments of YBa2 fCu(,_,) Fc, and 
.concluded that the temperature dependence of NMR rate both Cu (1) and Cu (2) sites 
indicates the appearance of magnetic order without destroying superconductivity. Bottyan 
Lidl [79] performed NQR investigations around 30 MHz and concluded that Ts/2 depends on 
concentration of Fe with a value 130 K for = 0.01 Fe-57 and Co-57 Mossbauer 
pcctroscopy at 4.2 K with and without an external field of 5T revealed that below

V = 0.0015, Fe spins arc developed from the Cu (2) moments in the AFM state. Bhargava 
rial [80] studied 11 compositions of YBa2CU(3̂ ĵ )Fê O(7_v)- Paramagnetic spiccira at ambient 
temperature consist of 4 components which are symmetric doublets. The magnetic splitting al 
low temperatures is due to the slowing down of spin relaxation frequencies and not due to 
any magnetic ordering of any moments, when x is low. There is no co-existence of 
superconducting and magnetism in these HTSCs, This is evident from the fact that the 
transition from symmetric paramagnetic doublet to the magnetic split spectra on lowering the 
temperature occurs through formation of asymmetric doublets. Tomy etal [81] studied 
LuBa2[Cun_^)Zn ]̂3 0 (7_,.) with 0 < jc < 0.1. Small amounts of Zn substituted at Cu site 
suppresses drastically of EuBa2Q i30(7_v). The rare-earth Eu has two valence slates 2+, 
which carries large magnetic moment and 3+, which exhibits only Van Vleck paramagnetism. 
The magnetic susceptibility for each sample is close to the value expected for Eu^ ions. A 
large peak in is observed below 40 K which may be due to either local magnetic moments on

67A-(5) 4
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Cu ions or due to the stabilization of a small fraction of Eû *̂  ions. The Mossbauer studies 
indicated that Eu ions remain in trivalent non-magnetic valence state even after Zn 
substitution, Bhatia etal [82] reported that in annealed YBCO, variable range hopping as 
proposed by Mott was observed to persist upto 100 K. Doping by Al, Mg or Zn has not 
altered this behaviour whereas substitution by Ni does change its character. This is due to the 
magnetic moment of Ni. Without Co or Ni or Zn T,. = 90. With Zn = 5%, = 61 K and’
with Zn 30%, T, = 47 K and with Ni = 18%, T, = 57 K.

(e) HTSCs derived from Y-Ba~Cu-0 by substituting Y with Pr, Fe, Dy :

Lyubutin etal [83] observed superconducting transitions in Y(i.ji)fe_jBa20130^41 x = 0.3. In 
the interval values of x between 0.1 and 0.3, a magnetic ordering of the Fe atoms in the 
'copper sublattice' coexists with superconductivity. Kebcde et al [84] investigated 
Y\_fFrfisi2Cû O-f_y alloy. Pr-Ba-Cu-0 is AFM Scmiconducter with Tf  ̂=17 K and Y-Ba- 
C u-0 is HTSC, decreases as x increases as per Abrikosov-Gorkov pair breaking curve' 
with critical concentration = 0.62. Alloying also reduces 7yv approximately linearly with 
K-content and there is a concentration region 0.4 < x < 0.6 where AFM and SC are 
suggested to co-exist. Cooke et al [85] observed AFM ordering of Cu momenis 
1 Y(i-ji) Pr, ] Ba2 CU3 O7 using muon spin relaxation (zero field). For the values of x = 1, 
0.8, 0.6, 0.58 and 0.54, the values of are 285, 220, 35, 30 and 20 K respectively. For 
X = 0.5, there tjxists a fast-relaxing component and a long-time tail of muon polarisation, 
reminiscent of splnglass behaviour. The value of for PrBa2Cu306 = 325 K. Nowik etal 
[86] performed Mossbauer studies of Fe-57 in RBa(2_v) O, with R = Y
and Pr, y = 0, 0.5 ; jc = O.Ol, 0.05, 0.1 ; z is between 5.9 and 7.1. A minority of iron ions 
enter the Cu (2) site and reveal its magnetic order. ( 1) For R = F, y = 0, and a = 0.1, the 
values of arc 280 K for z = 6.5 and 415 K for z = 6.1. (2) For /? = Pr, y = 0, a = 0.1, 
z = 6.9, = 325 K. (3) For the superconductor with /? = K, y = 0, a  = 0 .1, z = 7.1, there
is no magnetic order. (4) For the superconductor R = Y , y = 0.5, a  = 0.05, z = 6 5, 

= 450 K. Ruixing Liang et al [87] found that when Co in YBCO is partially substituted by 
Ni, the Ni ion is trivalent and with 2.4. For a given oxygen concentration, substitution of Cu 
by Zn always gives a steeper depression of 7\. than the substitution by Ni.

(f) Other HTSC systems :

Barmingcr etal [88] studied X-ray diffraction and Mossbauer studies of Fe-57 probe in 
CaLaBa[Cu(i„^)Fc^]^0,. For z = 7, 10% of iron is magnetically orderecLwith = 400 K, 
even though the sample is superconducting. But, for z = 6.5, it is non-superconducting with 
7’̂  = 340 K. Mizuki et al [89J reported, by polarized neutron diffraction measurements that 
TlBa2YCu207 has AFM ordering of Cu sub-lattice in analogy with that of YBCO. Morrish 
etal [90] found that the decrease in 7̂ . for Tl2CaBa2 [CU(i_^)Fejf ] 0(g+y) is less than that lor 
the iron-doped 1-2-3 compounds. Kumagai etal [91] carried out zero-field Cu-NMR ol 
Nd2 t CCjfCu0 4̂_,.) around 60-140 MHz, which indicated that spins of Cu are



aniifcrromagnetically ordered near the superconducting phase. Igalson [92] reported that 
wheny = 0 and x = 0.15, this compound has the Curie-Weiss susceptibility in normal state 
for low external fields (5G) and shows deviations at higher fields at 7" = 40 K. Its Curie- 
Wfis.s temperature is -70 K. Suryanarayanan etal [93] investigated YSiCuO,,, which showed
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F'i)>ure 10. AFM Correlation length versus r for LQ(2 o ^r, Cu Oj

superconducting transition at 72 K and an AFM transition at 15 K. Luke etal [94] performed 
muon spin resonance investigations on the electron-superconductors Ln2Cu04̂ y where 
Ln = Nd, Sm, Pr and concluded that they exhibit static magnetic order below 300 K. Yang 
etal 195] studied the system RBa2Cu30(7̂ y) where 7 = Nd and Sm whose T, = 92 K. Their 
specific heat anomaly at low temperature (0.5 to 4 K) is due to magnetic ordering of Nd^ and 

ions and can be described by a two-dimensional anisotropic aniifcrromagnetic Ising 
model. For Nd sample, the magnetic moment > 1.07 |iH. Kumagai etal [96] investigated Cu- 
NQR spectra of Bi2Sr2 [Ca^^j^) Cu20(g^y)] and reported that the paramagnetic region of this 
compound is spread over a wide frequency range between 18 and 32 MHz, showing a large 
distribution of anti ferromagnetism of Cu spins in superconducting phase. Using muon 
spin resonance, Sternlieb et al [97] concluded that another Bi-based HTSC v/z., 
^hĴ i‘(3-t)YjrCu2lg has a value of 7  ̂= 65 K when x = 0.3. The value oi T decreases rapidly 
ns V increases. Tarascon etal [98] reported that the layered oxides Bi2(SrCa)2 MnO(5+y) or 
l̂ i?>Sr2CoO(^ .̂) have anomalously sharp peaks in their magnetic susceptibility temperature 
dependences. This peak occurs at 120 K and 100 K for Bi—Sr—Ca—M n-0 and is strongly 
dependent on temperature for the Co materials, ranging from 80 K to 220 K. This sharp
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anomaly in is similar to that observed hi L a2Cu04, but these authors believe that its 
origin is different, but rather to ferromagnetism of individual Mn02 layers. However, there is 
an important HTSC viz., Bao.̂ Ko.4Bi03 with T̂ . := 30 K in which there is no sign of magnetic 
moment at all.

(g) Some recent investigations:

(i) Co-existence o f paramagnetism with superconductivity in (RE)-Ba-Cu-O i n  
magnetic field:

According toTarascon etal [99] and Thompson etal [100], T̂ . does not change when Y in 
YBa2Q i30(5̂ .ji) was substituted by most magnetic rare-earth elements. Zhang Yuhang etal 
[101] reported at the International conference M^-HTSC, Kanazawa that they observed 
paramagnetism to co-exist with superconductivity when magnetic susceptibility waî  
measured in RBCO specimens (R = Sm, Gd, Er, Ho, Dy) at liquid nitrogen temperature 77 k\ 
upto a magnetic field of 0.25 tesla. If magnetic field is lower, the diamagnetism is more ' 
prominent but as magnetic moment increases from Sm (p = 1.6 Pe) to Dy (p = 10.63 pg) and 
magnetic field is increased, paramagnetism appears and becomes prominent as indicated hy 
the change in the value of susceptibility from negative to positive.

(ii) Theory for the effect of magnetic impurity Pr in YBCO:

Pr-Ba-Cu-O is non-superconductor and has high resistivity at low temperature. Pr ions 
have a localised magnetic moment caused by 4 / electrons and undergo the magnetic ordering 
at about 15 K. In Y (i,jj)PrjBa2Q i307 alloy, the substitution of Y for Pr results in an abrupt 
reduction in vanishing at jc = 0.45. Many factors may affect on 7  ̂as a function of Y and 
Pr layer thicknesses. Serguei N Burmistrov etal [102] considered only the localized magnetic 
moments. These are layers of pure superconducting (S) and superconducting alongwith 
localised magnetic moments (SM) with thicknesses and respectively. If magnetic 
impurity concentration ai/ is more than its critical value, SM is a normal metal at zero 
temperature. Also 7̂  > 7^. So, any spin-spin correlation is absent because magnetic ions 
are disordered. Using Green's function technique, they obtained the expression for as 
below :

r ,  = -  (;r/4T) \d,J(d, + d,J]  . (31)

where ris  called the pair-breaking parameter or spin-flip time in S-M l^er. If then
Tc = Tco. If d̂  = 0, the results reduce to the case of Abrikosov-Gorkov.

(Hi) Mossbauer studies o f YBCO :

Muon spectroscopy and Mossbauer effect of effective hypcrfincfield on substituted F^57 can 
be used to probe the magnetic orderings in HTSCs. Hodges etal [103] diluted Y in YBCO by 
170-Yb^ ( 4 /shell). This does not influence superconducting properties. The properties of 
static internal field were taken by Mossbauer measurements (/^ = 0, = 20 and E = 84 keV)
in zero applied field within temperature range 1.4 to 90 K. The internal field acting on Yb^
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a net molecular field due to exchange/dipole interactions with the magnetically ordered Cu (2) 
neighbours, (a) In = 0 sample, the line shape corresponds to single ion paramagnetic 
fluctuations, (b) For s= 6, field s= 1600 Gauss, with a Gaussian distribution of standard 
deviation 800 G. (c) For x = 6.35, field = 2100 G. (d) For x between 6.35 and 6.6, there 
exists a spin-glass like properties i.£?., co-existence of local magnetic and superconducting 
orderings.

(iv) Co-existence ofAFand spin glass in Y-Ba-(Cu-F€)-0 :

Mirebeau et al [104] investigated polycrystalline sample YBa2 [Cuo.gg 12)3 , by
means of three techniques viz., neutron diffraction, quasi-elastic neutron scattering and 
Mossbauer effect. At this oxygen concentration, the sample is not superconducting but is 
semiconducting. At short neutron wavelengths, there exist a small AF Bragg peak and 

-  430 K. The AF order shows a re-entrant behaviour below 70 K characterised by a 
slight decrease in AF intensity. However, when oxygen concentration is y = 7.17, the 
samples remain superconducting upto Fe-15% with above the spin glass freezing.

(v) Fluctuation diamagnetism in HTSCs at T > T̂ .:

Kanode etal [105] observed for the first time that the temperature dependence of magnetic 
susceptibility of poly crystal line samples of YBa2Cu307 exhibited a pronounced diamagnetic 
contribution at T < 150 K which increased as 7 . Panfilov et al [106] showed :

600

nu
T + -

d^T (32)

where <̂ /̂,(0), (̂ .̂(0) are coherence length in ab-plane and along r-axis extrapolated to 7 = 0 
K, T  = {m^m^ii) is the ratio of effective masses of pairs ^ = (7 -  7 )̂ /7^, J  is the separation 
between superconducting layers and is the fluxoid

Kadowaki e ta l  [107] reported that the value of fluctuation diamagnetism in 
Bi2Sr2CaCu20(8+ĵ ) (Bi-2212) single crystals is appreciably perturbed by their non- 
monophasic character. The region of two-dimensional fluctuations in Bi-2212 is much wider 
and closer to 7,. than in Y-123. This indicates that Bi-2212 is more anisotropic than Y-123. 
It gives the Ginzburg-Landau parameter k — 0.03 -  0.05 which determined the
width of critical fluctuation region. Thus, the pronounced fluctuation diamagnetism is a 
universal property of HTSCs.

(vi) New phases in RE doped La^Ba-Cu-0 :

Maenoera/ [108] reported that there are two structural transitions in La(2_x)^;cCu04 around 
A = 0.125. One is from high temperature tetragonal (HTT) (space group : 14/mmm) phase to 
medium temperature orthorhombic (MTO) (emea) phase and then from MTO to low 
temperature orthorhombic (LTO) (p42.ncm) phase. Similarly, low temperature phase 
transition is observed when Sr in La(2_jt)Sr^Cu04 is partially replaced by Nd, Gd, Eu, Tb and
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Dy bui nol when it is doped by Pr. Depending on Sr and Nd concentration, a new 
orthorhombic phase (Pccn) is also observed. Hara et al [109] measured magnetic 
susceptibility of La | g75„^RjBao 125 CUO4 where R = Nd or Sm down to 5 K under a magnetic 
field of 10 Oc using a SQUID magnetometer and found that superconductivity does not 
recover by Nd doping upto jc = 0.2 and Sm upto x = 0.1.

(h) Effect of pressure on HTSCs :

(i) Effect of pressure of Neel point:

Susumu Katano etal [110] studied the effect of pressure of antiferromagnetism in [La (Ba, 
Sr)]2Cu04 by neutron diffraction under hydrostatic pressure upto 1.5 GPa. They found that 
the value of Tyv increases with pressure al the rate of IS.5 LGPa or equivalently (l/T/v) 
(cfJ\ !cP) = 0.083/GPa whereas the ordered magnetic moment M is suppressed under 
pressure as (l/A/) dMldP) = -  0.08/GPa. The value of increases with pressure as dTJdP 
= + 4 K/GPa whereas (1/7"J {dT^JdP) = 0 .1/GPa. Thus, there is a correlation in the values oF 
relative pressure derivatives of Tyy and .

The relative pressure derivative for Tf̂  in the case of La-system is larger than for 
typical three dimensional AF magnets according to the formula known as 10/3 law [111].

dT^IdP  = (10/3) Tyy/^, (33)

where B is the bulk modulus. Lynn gave the below formula for Tyy for large J IJ\ 

Tn = v/ln {J/J') . (34)

where M is ordered magnetic moment.

In terms of the two-dimensional magnetic correlation length in units of lattice spacing, 
the expression for Tyy reads as :

r (35)

Barbara etal | 1 12] investigated under high pressure La2Cuo.204-v which shows bulk SC 
below ^3 1  K and AFM order below Tyy = 240 K. dTf^lcP has been determined d.c. 
susceptibility and resistivity measurements under pressure. dT, IdP and dTyy !dP arc found to 
have opposite signs. This experimental result is confronted to the theory.

In Nd-system, as pressure increases, the above correlation length decreases and J 
increases, thereby increasing the value of Tyy. But in La-system, the effect of pressure on J 
is small [110]. For Nd(Y) Ba2Cu307,

= 0.8K/GPa and d7yy/JP = 230K/GPa.

However, there arc also reports that when La-system is in filamentary (non-bulk) state, 
increase in pressure will result in decrease of Tyy.
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Neumeier e ta l  [113] reported that for the HTSC system Y (,_ ,)P r^ 2̂ 30(7_,), the 
value of the derivative d T J d p  changes sign from positive to negative between x  = 0.3 and 
jc = 0.4.

(ii) Effect o f pressure on resistivity of HTSCs :

Now, a brief review of high pressure studies of the High magnetic superconductors 
carried out at Anna University, is presented. Arumugam etal [114] reported that the partial 
substitution of Fe for Cu in the 1-2-3 compound YBa2Cu307 shows structural transition 
from orthorhombic to tetragonal phase. But, is not sensitive to the transition although the 
magnetic atoms like Fe are distributed in the superconducting plane rather than any other 
sub-lattice leading to interesting co-existence of magnetic ordering and superconductivity. For 
X = 0.033, in YBa2Q i2.9iI^o.o90(7-.r)» the observed behaviour of normalised resistivity 
suggests possible metallization around 15 kb. In the conventional superconductors, the 
paramagnetic impurities strongly depress the 7,.. In contrast, 7^ of (RE) Ba2Q i30(7_̂ ) are 
more sensitive to the oxygen deficiency than the presence of RE ions. Arumugam etal [115] 
reported that for HoBa2Cu30(7j.jf), the resistivity decreases steeply uplo 30 kbar and decreases 
gradually upto 80 kbar. Thus, the transition from orthorhombic to tetragonal phase is around 
30 kbar, rather than at 200 kbar, which was reported by Oslen etal [116]. Arumugam and 
Naiarajan [117] reported that resistivity of nitrogen annealed Y(|„,)Pr,.Ba2Q j30(7_y) increases 
with increase in pressure upto 30 kbar followed by a continuous decrease in resistivity upto 
80 kbar. The resistivity of air-quenched and oxygen annealed samples steeply decreases with 
pressure upto 25 kbar followed by a gradual decrease in resistivity upto 80 kbar. This 
suggests a possible metallization around 30 kbar. 7̂ . of PrjfY(|.^>Ba2Qi307 decreases as x 
incrca.ses. There is a pressure induced electronic phase transition around 6 kbar for x = 0.3. 
(icl^ has the highest spin among all RE ions. Pure GdBa2Cu307 remains orthorhombic upto 
150 kbar. Sampath Kumar etal [118] reported that resistivity of Pro.|Gdo9Ba2Q j30(7„̂ ) at 
room temperature decreases continuously with pressure upto 80 kbar whereas GdBa2Q i307 
shows a sharp drop upto 20 kbar followed by a small increase around 25 kbar. Shaji Kumar 
eial [119] reported that La|jBio.2Sro.2Cu04 shows large increase in 7̂  under pressure 
compared to YBCO system. The replacement of La by Bi in the Sr-compound also increase 
the 7,, value. Among the RE ions, only the three RBa2Q i307 with R = Ce, Pr juid Tb do not 
exhibit super-conductivity. Arumugam etal [120] reported that PrBa2Cu30(7_jf) shows a sharp 
drop in resistivity upto 20 kbar followed by nearly a value upto 40 kbar. Above 40 kbar, 
there is an increase in resistivity upto 80 kbar.

5.2. Theoretical aspects of magnetism in HTSCs :

BCS theory could not explain the exotic properties of HTSCs such as high 7 ,̂ high London 
depth, low coherence length high critical field, high coupling constant, low co-efficient of 
isotope effect, linear dependence of resistivity on temperature in ab—plane, tunnelling 
conductance, Non-Korringa behaviour of NMR, appearance of AFM order at low doping
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and spin-glass nature at medium doping. Though many models have been proposed, only 
those which rely upon the appearance of magnetic ordering arc presented below. Both valence 
considerations and band structure calculations predict that HTSCs should be metals at zero or 
low carrier concenU-ation. But experimentally, it is now well established that most of them are 
insulators. Thus, as indicated earlier, Mott transition via Hubbard splitting, spin density 
waves (SDW) and charge density waves (CDW) have been proposed to explain the observed 
insulating nature. However, since BaBi03 is diamagnetic and belongs to the class of CDW 
insulator, it is not dealt with here. When carriers are introduced, the number of closely spaced 
Cu02 layers increases and each layer contributes 1 .2 - 1.5 x 10"̂  emu/mole to the magnetic 
spin susceptibility. Liu Fusui [121] argued that the enhancement of phonon mediated 
superconductivity by anti ferromagnetism by coupled atoms causes the high T̂ ..

(a) Spin polarised local spin density calculations :

By spin-polarised local spin density functional calculations using Linear Muffjn-tin Orbital 
method using atomic sphere approximation, Barbara Szpunar etal [122] predicted that the 
magnetic nature of Cu sites strongly depends on the local oxygen environment and hence Cu 
in the CuOĵ  chains has no magnetic moment and Cu '̂  ̂ of CuO 2 planes only have a local 
moment. Tranquada et al [123] have confirmed it by neutron diffraction experiments with a 
value of local moment of 0.48 ± 0.008 Pe Cu^+ in the conduction layer only. The AFM 
ordering between Cû**̂  sited of different planes is negligible.

(b) Heisenberg Hamiltonian:

The Heisenberg spin -  1/2 Hamiltonian is :

H =  J ^ [ J , j S r S ^ ] .

However, Choudhury [124] observes that the actual Hamiltonian to La2Cu04 is ;

H = - j  s ? s ;  - r  X  ■ -s*

(36)

(37)

where J  is isotropic part of intra-layer coupling, is anisotropic part of intra-layer coupling 
and J ' is inter-layer coupling.

(c) Chakravarthy-Halperin-Nelson theory:

Using the above Heisenberg Hamiltonian, Chakravarthy, Halperin antf Nelson (CHN) 
developed a quantitative theory to account for the instantaneous spin-spin AFM in-plane 
correlation length as below [125].

For 5 = 1 : l/a=  = C, exp [ IkP J K bT] , (38)

For S = 1 ; l/a=  = C  ̂ exp {{lnPJKBT)l\ + {KbT IItĉ ,) }  , (39)

where a is lattice parameter, C\ and Ci are constants and ps is spin stiffness constant which is 
given by the expression :



/3, = JS^ [1 + (0.158/25)]^ [1 -  (0.552/25)] . (40)

Ai any non—2»ro temperature {KgTIJ) «  1, the AFM correlation length follows the singular
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form :

CaF = Ce*P yif^sT] (41)

The plot between {T Inf^/r) and T U  is shown in Figure 11. Thio etal [61] examined the 
role of possible Ising—like anisotropies by considering different values for coupling Jjc, 7 ,̂ 7̂  
in the Hamiltonian as below :

Figure 11, Tin j  (adapted from [1261).

H = E,j [j X S -  + JyS-Sj + J,SfS^\ (42)

and found that such anisotropies have no significant role to play on spin -  1/2 system.
Matiis [127] evaluated the free energy of a single Cu02 plane in the Ising 

representation for the AFM insulators La2^^04 and YBa2Oj306 found that AFM is 
icplaced by paramagnetic phase having short range order only beyond a critical concentration 
A() = 0.29289 holes per Cu02 cell.

(d) Dyaloshinksy-Moriya ferromagnetic interaction :
The super-exchange intraplane interaction (leading to long-range three dimensional 
antiferromagnetic ordering) within the Cu02 plane is very high with a value of 7 = 0.16 eV. 
However, there is a perturbation viz., the antisymmetric exchange interaction of the order of 
0.55 meV, which allows a weak ferromagnetic out-of-plane component of Cu^  ̂magnetic

67A-(5) 5
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moments coupled antiferromagnetically from plane to plane along c-axis. This is the so-called 

Dzyaloshinsky-Moriya (DM) antisymmetric interaction. This DM interaction is due to slight 
rotation of the CuO« octahedra in the orthorhombic phase. The DM interaction is responsible 
for canting of the spins away firom the direction of the staggered magnetization which lies in 
c-direction towards 6-axis by a small angle.

P ij \  «  i ^ g / g ) J ,

H = 27Z,̂ [S,Sj + 4£,j[D,jS,xSj],
(43)

where is called DM vector and Ag is the deviation in pyromagnetic ratio due to spin-orbit 
coupling.

Koshibae etd [128] found that the weak FM induced in low-temperaturp 
orthorhombic phase (LTO) of La2̂ u^4 lype crystal is accompanied by a stabilisation of AFM 
with planar anisotropy. There are two possibilities in the low-temperature tetragonal {LTTj\̂  
phase depending on the direction of the DM vector: (i) the weak FM similar to that of LTO \ 
phase and (ii) the AFM state characterised by strong uniaxial anisotropy of quantum 
mechanical origin. A fluctuation of chiral order state is suppressed in the former but is 
enhanced in the latter.

(e) Spin density waves :

Preliminary neutron work on La2̂ u04 indicated that it may be commensurate AFM state, but 
the low magnetic moment equal to 0.45 Pb determined later indicated an SDW with large 
amplitude. This value of magnetic moment is well below that for a local S = 1/2 Heisenberg 
condition owing to the DM interaction i.e., because the ptd overlap decreases away from the 
dĴ  filled-shell condition. As oxygen content is changed to bring about the completion of 
oxygen sub-lattice, then the Cu sub-lattice will acquire vacancies. Thus, the value of T/v is 
determined by the perfection of Cu sublattice. Thus, the value of is determined by the 
perfection of Cu sublattice. Because of opening of a gap near Fermi level the metallic state 
(predicted by band structure calculations) is driven by the SDWs into an insulating state. 
Thus, 2-1-4 HTSCs might be SDW superconductors. The mechanism is as follows. The 
end member La2Cu04  is a half-filled system. At high temperature, an SDW is formed 
because of strong correlations between d electrons. The SDW gap opens at the Fermi level 
and system becomes insulator. As holes are created by introducing Bâ *̂  or Sr̂ ***, the 
SDW will be destabilised. However, this tries to stabilise the SDW vector in the undoped 
system. As doping increases, this nesting feature is lost and superconductivity appears and 
Tf. increases.

(J) Hubbard and models:

The total Hamiltonian in this model consists of three terms. As has been discussed, at zero or 
low doping, the HTSCs have AFM insulating ground state. Thus, the starting system is 
Heisenberg spin-1/2 magnet characterised by the exchange integral 7. To minimise the
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disturbance on this AFM background, the holes prefer to move in pairs forming a Bose 
condensate whereas the electrons can just only hop Le., move from site i to site j  without any 
spin-flip with an amplitude determined by the transfer integral The Coulomb repulsion U 
discourages the double occupancy of same site [129].

(44)
W>

(45)

In this Hamiltonian, one gets the case of spin-1/2 Heisenberg if the J-term only is 
considered ; one gets the Hubbard Hamiltonian by considering only the r-term and (/-term ; 
and finally, one has the case of r-7 model when only the r-term and J-term are considered ; in 
each case, ignoring the remaining terms. If the degree of freedom of Fermi system is of 
ilincrant type, the model is Hubbard and if it is localised type, it is Heisenberg. Typically, 
V > t and t = 0.5 cV. The relation between the three characteristic energies, 7, t and V is 
J -  (4r̂ ) IV. The limit t /  a  0 represents band nature, whereas the limit t = 0 stands for the 
kx âlisation.

(g) Magnetism in Hubbard model :

Hirsh studied Hubbard model using Monte Carlo simulation technique using the concept of 
spin density waves in two dimensions and predicted the following value of staggered 
magnetization M and gap of charged excitation Ach [130].

M o. (t/U) exp [-2 ;r(//L/)'/^]. 

where A^h = U.M.

When V is infinitely large, Hubbard model leads to Heisenberg state with M = 0.6 Deviations 
from half filling (one hole per unit cell of Cu02 plane) lead to the appearance of a regularly 
spaced array of domain walls at which the holes are localized, This is called solitonic state. 
When the hole density equals to A^  ̂It, the solitonic slate smoothly transforms to a sine-wave 
incommensurate structure. When U > t, then J is positive and the electrons on nearest 
neighbour sites i, j  get coupled antiferromagnetically and the Hamiltonian reduces to that of 
Heisenberg. In the limit of t/ = «»or 7 = 0, Nagaoka proved that the ground state for (^V-l) 
elccuons on a bipartite lattice with N sites is a completely polarized ferromagnetic (FM) state. 
When the number of holes increases, the FM state becomes unstable because of Pauli 
exclusion principle. However, the limit U =s«» is not physical, Inui and Doniach [131] studied 
a single band Hubbard model on a 2-D square lattice slightly below half-filling. Using 
canonical transformations and a form of variational wave function that allows an expansion in 
terms of hole conceiftration with respect to half filling, they found that a nonzero U results in 
a frustration of the AFM order favoured by the super exchange interaction.

(h) Mott-Hubbard insulator:

In HTSCs, Ep *  E^ and large band-width ^ 9 eV, The electronic state of Mott insulate is 
described by Hubbard Hamiltonian and is called Hubbard band. In the absence of U, it is the
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half tilled band. In the presence of I/, it splits into two bands called Upper Habbard Band 
(UHB) and Lower Hubbard Band (LHB), with LHB completely fiUed. Because of a gap 
between UHB and LHB, the material acquires insulating properties.

(i) Phase diagram of Hubbard model:

Denoting the bandwidth by W, the following can be inferred from Figure 12 [132]. (i) For 
U > 0 and IV > 0, only the two phases CDW and SDW separated by line U = 4W are 
possible, (ii) For 1/ < 0. the CDW and singlet superconducting state (SS) meet at IV = 0. (iii) 
For U < 0 and W < 0. SS (on-site) pairing and d wave pairing are possible, (iv) For 1/ > 0 
and IV < 0, SDW and d wave pairing are possible. Thus, the Hubbard model contains 
various phases such as Mott insulator, band insulator with AF ordering, conducting spiral

Figure 12. Phase Diagram-of Hubbard Model (adapted from [i32]).

spin structures, itinerant ferromagncls, Fermi liquid and a non-Fermi-liquid. Kusakabc and 
Aoki [133] used 2-band Hubbard Hamiltonian to study the possible magnetic orders. If 
J and J' are exchange interactions between neighbours and next nearest neighbours 
respectively, stands for intra-band Coulombic repulsion; and J = {U-U') they concluded that
(i) if J  < U \  there exist AFM intra orbital correlation, (ii) if J « U \ there exist inter orbital 
FM correlation between nearest neighbours with staggered orbital pairing and (iii) if 
there exist spin singlets between orbitals at next neatest neighbouring sites with on-site 

FM correlations.



(j) Fermi liquid model when U > 4 t:

Ngyuen Manh etal [134] studied the case (/ = W i.e., doped AF state close to Mott 
transition. They concluded that the Landau parameter is reduced with respect to that of 
paramagnetic Fermi liquid due to the presence of AFM fluctuations. Thus, AFM correlations 
are responsible for the possible singlet superconductivity in the system for U>4t.  This is the 
main difference with the conventional Fermi liquid (Hc-3) where triplet superconductivity is 
present.

(k) Anderson's RVB (spinon-holon) model :

Anderson [135] extended the spin wave theory, introduced hy Holstein and Primakoff [136| 
for ferromagnets, to study the ground state of AF magnets with large spin S in 1952. Later in 
1973, Anderson [137] stated that the ground state of two-dimensional spin-1/2 AF magnet 
be disordered and postulated .the 'Resonance Valence Band' (RVB) state as one characterized 
by short-range order in which a 'spin-liquid' could be formed and this state would be a 
superposition of states in which the spins are locally bonded to one another. Anderson named 
it 'Novel quantum liquid' or 'Lutlinger liquid'. At 30% doping, when an electron is removed, 
It leaves behind at least one spinon excitation ĉ nd one holon excitation and also a smaller 
shower of soft collective excitations. This is supported hy the angle resolved photo-emission 
lor a sample of Bi2Sr2CaCu20y in normal state at 90 K [ 138,139].

(a) Spinons:

They carry spin = 1/2, charge = 0 and obey Fermi statistics. They arc isolated spins floating 
on singlet liquid and have a longer mean free time than the transport time. They have a sharp 
'pseudo' Fermi surface at nesting of which gives rise to antitcrromagnetism.

(b) Holons :

They carry charge = e, spin = 0 and obey Bose statistics. They hose condense leading to 
superconductivity. However, bose condensation of mere holons gives the value of lluxoid as 

= ihe/e) whereas the experimentally found value is 0o = (hcf2e). Hence, Wheatly and Hsu 
[ 140] proposed that pairs of holons undergo hose condensation. If h, s and e stand for singlet 
pair, spinon and holon respectively, then the hamiltonian is written as :

= J ^  h,i by,
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HRBV

where ^  = “T Y "  ■
(46)

According to Anderson, the driving force for superconductivity is interlayer Josephson 
tunnelling. In RVB theory, the energy scale is J = 3(X) -  1000 K, rather than the BCS energy 
scale = 100 to 500 K. Thus, the observed high T, values could be explained. Similarly, 
the exotic results of HTSCs regarding resistivity, tunnelling conductance and NMR were 

explained.
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As regards the Hall effect, the spinons are accelerated by the magnetic field just as 
though they were quasiparticles [141].

®HaIl “  ^cyclotron ^spinon ■ (47)

The correlated state near the i-ermi surface prccesscs with the unperturbed cyclotron motion. 

1/^ spinon = spinon-spinon scattering + magnetic scattering

= A T 2+5ru, . (48)

Liu [ 142] defended RVB model by observing that La2Cu04 is an itinerant AF magnet and the 
fluctuating local exchange field causes the superconducting state to be gapless. But the RVB 
theory suffers from a drawback as follows. As pointed out above, RVB theory is a gap-less 
theory. But FIR reflectivity and tunnelling studies actually show the existence of a BCS 
energy gap as a function of temperature, with anisotropy.

(1) Laughlin 's any on model:

Any on model was proposed by Laughlin in 1988. According to Laughlin, a magnetic flux is 
created by exchange interaction J o\ t — J model. Then, Laughlin used the Holstein-Primakofl 
transformation for spin to show that the system of spin-1/2 on a two-dimensional triangular 
lattice is equivalent to a Boson system under a magnetic field with 1/2 flux quantum 
penetrating each unit cell in the lattice. He also asserted that there exist spinons and holons, 
but with different properties as below [143]. In the case of non-zero 7, spinons and holons 
obey 1/2 statistics and are called anyons. The interchange of two anyons results in a phase - 
modulated wave-function as below.

-> exp l/(p /9);r] ^ (ri.rj)  , (49)

here, PIq is a fraction. Thus, the interaction between anyons is due to the fact that each anyon 
carries a fraction p /q  of the fluxoid. The change in phase of wave-lunction is determined by 
the flux. Two modifications were proposed as below :'

(a) According to Steward 1144] spinons and holons arc anyonic even in the /  = 0 limit 
and they acquire anyonic nature because of the transfer integral i.e., the hopping matrix 

element t as below,
/

t t exp {i (Hc/e) J  A - rf/ } . (50)

The hamiltonian is :

f-f = ĵO l̂O (51)

<y>

where, as previously in RVB model, e and s stand for holon and spinon respectively.

(b) According lo Wen-Wiiczakzee, the high T, is due to spontaneous symmetry 

breaking.
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Hetrick et al [145] found that for anyon superconductor* there is a new critical 
magnetic field such that if the external magnetic field exceeds a uniform 
magnetic f i e l d Hf.') penetrates the material (the partial meissner effect). He' 
depends on hole density (n) and effective mass {m) of carrier. However there is a temperature 
I \ ' above which and superconducting is lost. 7J.' depends on n, m* and interplanar 
spacing. For anyon superconductor, the Langrangian is characterised by carrier field, 
electromagnetic fields and Chem-Simons gauge fields.

(m) Schriffer's spin bag model:

In Ihc AF insulator with long-range spin order, the spin bag represents a local decreasean the 
spin-densily-wave gap over a region of size which is large compared with lattice
spacing 'a' in the weak coupling [3,146]. The bag causes a twist of spin quantization axis. 
When U is large, the spin bag corresponds to a decrease in the near-neighbour spin order 
around the hole. The region of decreased spin order and spin twist is co-movirtg with the hole 
and forms a 'bag' inside of which the hole lives. The combination of spin amplitude 
(longitudinal) and spin-twist (transverse) dynamics leads to bags and their attractive 
interaction between holes in the regime U /t -  1. Spin bags correspond to non-topological 
solitions. SDW amplitude is different around a carrier. On adding another carrier, it is 
energetically favourable for the two to be together and deform SDW amplitude locally. This is 
ihc 'spin-bag'. Since the SDW energy scale is 0.2 cV, high values arc possible.

f//j Self consistent re normalisation (SCR) theory of spin fluctuations :

The anomalous properties of HTSCs are explained in terms of AFM spin fiuctuations on the 
basis of two dimensional itinerant electron model which assumes the Fermi liquid-like ground 
slate [147]. For weak itinerant AF magnets, dynamical susceptibility around staggered 

component is

(co.T) = XiQ.,) (T) /  (52)

X(Q*^) (H  = Xq(T) /  (l + .

r (c+q) = ^5 + q ^ ) .

= XqI ^ X q iT) .

where Q is the wave vector spiicifying the AFM order, ‘Ĵ q the susceptibility in the absence of 
the electron-electron interaction, the parameters and A specify the frequency spread and the 
spatial correlation of the spin fluctuations, respectively.

The linear slope of the resistivity-temperature plot and the temperature of saturation 
value oU}tTy)s due to the AFM spin fluctuations is determined mainly by the value of Ty.



(o) Hao and Clem model :

For Hc\ «  H «  Hc2f Ginzburg Landau equations cannot be solved in closed form. Clem 
[148] proposed variational model for an isolated vortex which is valid both outside and in 
core vicinity Hao etal wrote [149] interms of core radius of vortex and derived :

412 ChU M Trinadh and S Natarajan

0̂ (^o)/ /  = —ZW_ + -----  4 ----------------
8 {^vo)

(53)

where is the value at i? = 0 ; ^ is GL parameter and „(jc) is modified Bessel function of 
n - t h  order.

k
Hc2 = (54)

(/^i sin^ Ocos^ <t> + ni2 sin^ 9 sin  ̂0 + cos^ 0) ^

where 9 and 0 are polar and azimuthal angles of applied field ; /ri|, ni2 and m3 arc 
components of mass tensor.

Hao and Clem [150] derived :

pH a-AnM = I n  f - f e
I )  V H

where a, P are constants.

(55)

6. Other magnetic superconductors

Three compounds viz. , (SN)j ,̂ Cao5 Zno5 Fe204 and 1^2 Ni04 are also reported in literature 
as magnetic superconductors.

In 1975, Greene measured the value of T̂. of (SN)^ to be 0,26 K. Lou 1151 ] reported 
its specific heat studies at low temperature. It follows BCS theory. The specific heal anomaly 
peak temperature was suppressed to 0.18 K in an applied magnetic field of 1 kG. A smeared 
Schottky magnetic anomaly was also induced and persisted after removal of applied field at 
1 K. These results indicated the co-existence of magnetism and superconductivity in (SN)^ 
crystals.

Kulkami etal [152] carried out Mossbaucr study of the compound Cao-^Zno.5Fe204. It 
consists of mixed phases, exhibits superconductivity, contains no rare earth oxides. It was 
prepared from CaO, ZnO and Fe203. The magnetic structure of Fe in this superconductor was 
probed using 14.4 keV Mossbauer resonance transition in Fe-57. They find two separate 
magnetic structures corresponding to the chains linked ferromagnctically and 
antiferromagnetically.

Guo and Temmerman [153] carried out self-consistent spin-polarised electronic band 
structure calculations with local spin density approximation (LSDA) for La2Ni04. They 
concluded that it exhibits semiconductivity and antiferromagnetism at low temperatures and 
superconductivity might occur in some doped compounds of La(2-l)MĴ î04 (0.5 < x < 1.0
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and M = Zr, Hf etc) because of the similarity in electronic band structure betwebn La2CuO 
and La2Ni04. This conclusion is based on the assumption that the LSDA electronic band 
structure is relevant to high superconductivity in cuprates no matter what the pairing 
mechanism is. Kakol et al [154] reported the evidence for the co-existence of 
superconductivity and anti ferromagnetism in pure La2Ni04 below the onset temperature 

= 69 K. The diamagnetic moment depends on the field linearly upto the highest available 
field of 154 Oc. The slope varies with temperature. They observed a small remanent magnetic 
moment in the direction perpendicular to the Ni02 planes.

However, there appears to be controversy about these three compounds being 
magnetic superconductors.

7. Conclusions

In all, 80 magnetic superconductors have been surveyed in this article. Typical results of 
experimental investigations like ESCA, neutron diffraction, neutron scattering, Mossbauer 
spectra, NMR, NQR, muon spin resonance, magnetostriction, XRD, high pressure effect and 
specific heat measurements on these compounds reported by various authors are outlined. As 
regards the theoretical explanation for them, the RE magnetic superconductors have been well 
understood within the frame-work of GL, BCS and AG theories while HF̂ SCs and HTSCs 
are .still having only approximate models without a consensus. The reason for this could be 
that sufficient experimental investigations on 'single crystals' arc yet to be performed and the 
icsulting data has to be carefully analysed. Only those aspects related to magnetic ordering in 
superconductors have been dealt with in this article.

Acknowledgments

C)nc of the authors CUMT thanks Council of Scientific and Industrial Research (CSIR), New 
Delhi, India for having granted a fellowship.

K t f e r e n c e s

(11 Charles Kittel 19&5 Intraducnon to Solid State Physics 5th edition (New Delhi ; Wiley Ea.<;(ern) 
ch 14, 15 p433

(2) Michael Tinkhani 1975 Introduction to Superconductivity (Tokyo . McGraw Hill Kogakusha) ch. 4 p 104 
13] P W Anderson and J R Schriffer 1991 Physics Today (June 1991)
|4] I Smith J988 Future Trends hi Materials Science (Advances in Surface Science Vol. 2) cd. J Keller 

(Singapore : World Scientific) p 287
1*'] S Schilling James 1984 Mat. Res. Soc. Symp. Proc. Vol. 22 (Oxford . Elsevier) p 79
|()j James S Schilling 1981 Physics of Solids Under Hifth Pre.ssure (Amsterdam : North Holland) ed. J $

Schilling and R N Shelton p 345 
[7J M A Ruddermann and C Kittel 1954 Phys Rev. 96 99 

TKasuya 1956 Proft. Tkeor. Phyi. 16 45 
[91 K Yosida 1957 Phy.s. Rev. 106 893

[10] R E Peirels 1955 Quantum Theory of Solids (Oxford ; Oxford Univ. Press) p 18 
[111 AW Overhausser 1968 Phys. Rev. 167 691

67A-(5) 6



[12] Gruner George 1988 Future Trends in A^aterials Science (Advances in Surface Science voL 2) ed. J Keller 
(Singapore : World Scientific) p 119

[13] Frohlich 1954 Proc. Roy, Soc. Umdon A223 296

[14] J M Lutlinger 1960 Theory o f Fernu Surface. Proc. International Conf. on Fermi Surface, Aug. i960 
eds W A Harrison M B Webb (New York : John Wiley) p 2

[15] A B Migdal 1957 Sov. Phys. -  JETP 5 333

[16] J M Luttingcr I960 Phys Rev. 119 1153

[17] N F Mott 1949 Proc. Roy Soc. London A276 416

[18] E Pickett Warren 1989 Rev. Mod. Phys. 61, no. 2 (New York ; Am. Phys. Soc )

[19] V L Ginzburg 1957 Sov Phys. -JETP 4 153

[20] B T Matthias, H Suhl and E Corenzwil 1959 Phys. Rev. Lett. 1 92

[21] B T Matthias, H Suhl and ECorenzwit 1958 Phys. Rev. Lett. 1 488

[22] H Suhl, B T Matthias and E Corenzwit 1959 J, Phys, Chem Solids 19 346

[23] P Steneir, D Gumprecht and S Hufner 1973 Phys. Rev. Lett. 30 1132 '

[24] S Roth, K Ibel and W Just 1973 Report—International Conferecce of Magnetism. Moscow
[25] W A Fertig, D C Johston, L E Dc Long, R W Me Callum, M B Maple and B T Matthias 1977 Phys. Rev  ̂

Lett 38 987

[26] M Ishikawa and O Fischer 1977 Solid State Commun 23 37

[27] W Baltenspergcr and S Strassici 1963 Phys. Cond. Materie 1 20

[28] L P Gorkov and A 1 Rusinov 1964 Sov. Phys -JETP 19 922

[29] P W Anderson and H Suhl 1959 Phys Rev. 116 898

[30] M Tachiki, H Matsurnoto, T Koyama and H Umazawa 1979 Solid State Commun 32 599

[31] M Tachiki, H Matsurnoto, T Koyama and H Umazawa 1979 Phy.\. Rev. B20 1915

[32] C A Kuper, H Revzen and A Ron 1980 Phys. Rev Utt. 44 1545 ,

[33] P Stenir, B Siegwart, I Sauder, A Kolodziejczyk and K Krop 1988 J Phys. (UK) 18 L241

[34] M Dccroux and O Fischer 1982 Superconductivity in Ternary Compounds ll-Superconductiviry and 
Magneti.mi eds. M P Maple and O Fi.scher (Berlin ; Springer Verlag) p 57

[35] A Kotani and T Matsurbaru 1983 Superconductivity in Magnetic Materials (Proc. of 6th Taniguchi Ini 
Symp. Kashikojima, Japan) eds. A Kotani and T Matsubara (Berlin : Springer Verlag) p 1

[36] M P Das 1989 Studies on HTSCs vol. 3 ed. Anant Narlikar (New York ’ Nova Science) ch.lO p267

[37] K N Shrivastava and K P Sinha 1984 Phys. Rep. 115 no 3

[38] J E Tkaezyk and P M Tedrow 1988 Phy.s. Rev. Utt. 61 1253

[39] Simanchalo Panigrahi. S Das and N C Das 1990 Phys. Teacher 32 no. 4

[40] L E Delong 1987 Theoretical and Experimental Aspect of Valence Fluctuations and Heavy Fermions (Proc
Int. Cong, on Valence Fluctuations I9R7: Banagalore) eds. L C Gupta and S K Malik (New York 
Plenum) p 65 _

[41] Gertrud Zwichnagal 1992 Advances in Physics 41 (Euro Physics Journal) London: Taylor A Francis p 203

[42] F Sleghvh, J Aarts, C D Bredl, W Lieke, D Meschedc, W Franz and H Schafer 1979 Phys. Rev, Utt
43 1982

[43] G R Stewan, Z Fisk, J O Willis and J L Smith 1984 Phys. Rev. Utt. 52 679

[44] Geibel 1991 Z. Phys B83 no. 3

[45] C L Lin, J E Gow, T Mihalism and P Scholttmann 1987 Theoretical and Experimental A sp ects  of Valence

Fluctuations (Proc. 5th Int Conf. on Valence Fluctuation.s, Bangalore, 1987) (New York : Plenum Press)

p 159

414 Ch U M Trinadh and S Natarajan



Magnetic superconductors 415

1 4 6 ] Gabriel Acppli 1987 Theoretical and Experimental Aspects of Valence Fluctuations (Proc. 5th Int. Conf on 
Valence Fluctuations, Bangalore. 1987) (New York ; Plenum Press) p 306

[47) VV Moshchalkov, F Aliev, V Kovachik and M Zalyapildmov 1988 J. Appl. Phys. 63 Part 2 A 3414

[48j J W Allen, M B Maple, J S Kang, K N Yang, M S Tonkachvili, Jassaily. W P Ellis, B Pale and 1 Lindau
1990 Phys. Rev. 41 Part A 9013

[49] J S Kim, B Andraka, C S Jee, S B Roy and G R Stewart 1990 Phys. Rev B41 11073

[50] J Schoenes 1988 Future Trends in Materials Sciences (Singapour: World Scienlific) p 306
|-ilj MR Norman 1988 J. Appl. Phys 63 Part 2B 3903

[521 Assa Auerbach and K Levan 1987 Theoretical and Experimental A.\pects of Valence Fluctuations and Heavy 
Fermions (Proc. Int. Conf on Valence Fluctuations. Bangalore, 1987) eds. L C Gupta and S K Malik 
(New York : Plenum Press) p 495

[53] Masachi Tachiki and S Maekawa 1984 Phys. Rev B29 2497

[54] K Miyake, T  Metsurc, H Jichu and J Nagaoke 1984 Proc Theor Phys. 72 1063

|55J K Schmitt Miyake, S Rink and C M Varma 1986 Phys Rev 34 6554
\S(̂ \ K Machida 1989 Studies of HTSCs Vol 2 cd. Anant Narlikar (New York . Nova Science) ch 2

[57] J G Bednore and K A Muller 1986 Z Phys B64 189

|58J Amnon Aharony, R J Birgencau, A Coniglio, M A Kastner and H E Stanley 1988 Phyit. Lett. 60 1330
[59) Y Kitaoka, K Ishida, K Fujiwara. K Asayama, H Katayawa, Yoshida, Yokabe and T Takahashi 1989 IBM 

J Res. Dev (USA) 33 277

[60) D E Moncton. D C Johnson, D Vaknin, G Shirance and C Stassis 1988 J. Appl Phys 63 Part 2B 4015

[61) T Thio, T R Thurston. N W Preyer, M A Kastner. H P Jenssen. D R Gabbe. C Y Chen, R J Birgeneau and 
A Aharony 1988 Phys. Rev. B38 905

[62) T Shinjo, S Nasu. T Misutani, K Shintakau, N Hosoito. K Matsukaina and T Takabatake 1989 Hyperfine 
Interact (Swttz.erland) 55 (Int Conf on Application of Mosshauer Effect ICAMH '89, Budpest, Hungary, 
4-8 Sept 1989) pi 195

[63) Y r^akamura and K Kumagai 1989 Physica C l62-164 I 81

[64) Y Kitaoka. S Ohsugi, K Ishida and K Asayama 1990 Physica C170 189

165) D Petitgrand and G Collin 1989 Physica B156-157 858
[66) Ch Niedermaycr, H Gluckler, R Simon. A Golnik, M Rauer, E Rcchnagel, A Weidinger, J 1 Budnick, Wc 

Paulus and R Scholhom 1989 Phys. Rev B40 11386
167] V Vjdhyalal, R Navil Kumar and C P G Vallabhan 1988 Proc. National Seminar on Superconductivity. 

Trivandrum Dec. 1988. (The Institute o f Electrical and Electronics Engineers, Kerala)

168] Changyong Sun, Wenhui Su, Liu Hongjian. Zhpw Jiunshi. Wang Falang and Zhang Yupu 1988 Phys. 
Status Sohdi A108 337

(69] H Lutgemeir, R A Brand, Ch Sauer, B Rupp, P M Mengffels and W Zinn 1989 Physica C l62-164 1367

170] A Del Morel. M R Ibarra, P A Algarebel and Amaudas 1989 Phy.sica C l61 4858
[71] T Chattopadhyay, P J Brown, D Bobbenbefg, S Ewert and H Malletta 1988 Europhys Lett. 6 363
[72] J W Lynn, T W Chintm, H Liw, R W Erwin, Jz Liu, K Vender hort and R N Shelton 1989 Phys. Rev 

Jett, 63 2606
P3] J W Lynn, W H Li, H A Mook, B C Sales and Z Fisk 1988 Phys. Rev Lett 60 2781

[74] p Fischer. B Schmid, P Bruesch, F Stucki and P Unternahrer 1989 J Phys. (West Germany) B74 183

[75] H A Mook. DMCK Paul, B C Sales. L A Boalner and L Cussen 1988 Phys. Rev. B38 8954
176] Y Kuno, N Nishika, H Miyatake, S Okuma, Y Walanabe. S R J H Krcitsman and T M Riseman 1988 

Phys. Rev. B38 9276
[77] Xiao Gang. M Z Cicpick and C L Chicn 1989 Phys. Rev. B40 4538



4]6 ChU M Trinadh and S Natarajan

[78] Y Nakamtchi, K Kumagai, H Nakajima and T Fujita 1989 Physira C162-164 181

[79] L Bottyan, Jano^s, A Bares. 1 Fuo, J Dengler and D L Nagy 1989 Hyperfine Interact (Switzerland) 55
\\S5

[80] S C Bhargava, J L Dormann, J Jove and O Gorochov 1990 Programme & Abstracts—Int Conf. on 
Superconductivity, Jan. I0-I4, 1990, Bangalore (Bangalore . INSDOC Regional Centre) p 224

[81] C V Toniy, R Nagarajan. S K Malik. Ram Prasad, N C Soni and Kalyan Adhikary 1990 Programme 
Ahstracts^Int Conf. on Superconductivity Jan. 10-14, 1990, Bangalore (Bangalore : INSDOC Regional 
Centre) p 227

[82] S N Bhatia and R Walia 1988 Proc. National Seminar on Superconductivity (NSSS8), Trivandrum, Dec 
1988 (The Institute of Electrical and Electronics Engineers. Kerala)

[83] 1 S Lyubutin, E M Smimovaskaya, V G Terziev and A Ya Shapiro 1988 JETP Lett 47 238

[84] A Kebede, C S Jee, J Schwegler, J E Crow, T Michalison, G H Myer, R E Salomon, P Schlottmcnn, M V
Kune, S H Bloom and R P Guertin 1989 Phys Rev. B40 4453

[85] D W Cooke. R S Kwok, R L Lichti, T R Adams, C Boekema, W K Dawson. A Kebede, Schucgler, T fi
Crow and T Mihalism 1990 Phys. Rev B41 1801 \

186] I Nowik, M Kowitt, 1 Felner and E R Bauminger 1988 Phys. Rev. B38 6677 i
[87] Liang Ruixing. T Nakamura. H Kawaji and M Itoh 1990 Physica C170 307

^88] E R Bonninger, D Edery, I Felner and I Nowik 1990 Hyperfine Interact. (Switzerland) 55 1195

[89] J Mizuki, Y Kubo, T Manako, Y Shimakawa, H Igarashi, J M Tranquda, Y Fujii, L Rcbelsky and G 
Shirance 1988 Pfmica C156 781

[90] A H Morrish, X Z Zhon, L Y Luo, Z W Li and I Maartense 1989 Hyperfine Interact (Switzerland) 
55 1195

[91] K Kufnagai, M Abe, S Awaji and Fujita 1989 Physica C162r-164 181
[92] J Igalsom 1989 Supercond. Sci Technol. (U.K ) 2 284
[93] R Suryanarayanan, S B Baliga, A L Jain and Gorochov 1989 Mod. Phys. Lett 4 195 ^

[94] G M Luke, L P U , B J Slemlieb, Y J Lernura, J H Brewer, R Kadano, R F Kiefl, S R Kreitzman.
S R Kiseman, M B Maple, C L Seaman, K Kadwai. S Uchida, H Takagi, Y lokura, Y Hidaka,
T Murakami,d Gopalaknshnan, A W Sleight and M A Subranmian 1989 Physica C162-164 825

-195] K N Yang, J M Hcrreira, B W Lee. M K Maple, W H li, J W Lynn and R W Eruin 1989 Phys Rev. B40 
10963

1%] K Kumagai, T Oashi, H Nakajmia, T Tomila and T Fujita 1989 Physica C l62-164 181

[97] B J Stemlieb, G M Luke, Y J Uemura, R Kadono. J R Kempl, R F Kiefl, S R Kreitzman, T M Rjscman, I)
U Williams, J Gopalaknshnan, A W Sleight, A R Strzelecki and M A Subramanian 1989 Phys. Rev. B40 
11320

[98] J M Tarascon, Y Le Page, W R Me Kinnon, P E Micali, P B Barboux, R Ramesh, L H Greene, B G 
Bagley and M S Hegdc 1990 Program & Ah.straas-Int Conf on Superconductivity. Jan. 10-^14. 1990, 
Bangalore (Bangalore : INSDOC Regional Centre) p 5

[99] J M Tarascon, WJ^ Me Kinnon, L H Sreene, G W Hull and E M Vogel 1987 PhysrRev. B36 226
[1(X)] JR  Thompson, D K Christen, S T Sekule, B C Sales and L A Boatner 1987 Phys. Rev. B36 836
[101] Zhung Yuheng, Zhao Huazhang and Foncheggao 1991 Physica C185-189 pt. Ill M^-HTSc Kanazawa 

1771
[102] N Serguci, Burmistrov and B Dubovshii Leonid 1991 Physica C185-189 M ^-HTSC, Kanazawa 2027
[103] J A Hodges. P Bonville. P Imbert and G Jehann 1991 Physica C184 259
[104] 1 Mircbeau, C Bellouard, M Hennion, G Jehanno, V Caignaert, A J Dianoux, T E Philips and K Moorjani 

1991 Physica C184 299
[105] k Kanoda. T Kawugoe, M Hasumi, T Takahashi. S Kagoshima and T Mizoguchi 1988 J. Phys. StK. Jptt 

57 1554



Magnetic superconductors 417

1106]

1107] 

(108] 

[lOO]-

I MO] 

[ 111] 

[112]

[113]

[114]

|11-‘̂]

[116]

[117]

[II«I

[110]

[120]

[ 121]

[122]
[123]

(I24J

[125]

[126]

[127]

[128]

[129]

[130]

[131]
[132]
[133]
[134]
[135]

A S Panfilov, A I Smirnov and LB Kuzmicheva 1991 Sov. J. Low. Temp. Phys. 17 no. 9 
K Kadowaki. J JM Fianse, S Yamagnchi and S Takaji 1990 Physica B18S-186 1455 
Y Maeno, A Odcgawa, N Kokahi, T Suzuki and T Fujita 1991 Physica C173 322
N Hara; A Kamiyama T, I Kamaia, I Nakahara, H Hayakawa, E Akiba and H Asano 1992 S olid  State  
Commun> 82 975

Susumu Katano, N Mori, H Takahashi and H Takai 1989 /  Phys. Soc. Jpn. 58 3980 
D Bloch 1966 J. Phys. Chem. Solids 27 8 8 1

B Barbara, J Beille, A Draperi, H Dupcndant. G Pillion and M Maeder 1988 J. Phys. Collog. (F rance) 
VoL49 no. C - 8  pt 3. p.C8-2139-40
J J Neurneierand M B Maple 1988 Physica C156 574

S Aruinugam, T S Sampath Kumar and S Nalarajan 1990 Proc. o f  Ini. C onf on Superconductivity  Jan. 
1990, Bangalore

S Arumugam, T S Sampath Kiimar and S Natarajan 1990 European High Pressure Reseach Conference. 
U niversity o f  Bordaux, France. July 1990

J S Oslen, S Slcen.stup, I Johnnnsen and L Gerward 1988 Z Phys. B721 165
S Arumugam and S Natarajan 1990 E uropean H igh P ressu re R eserach  Conference, U n iversity  o f  

Bordaux. France, July 1990

T S Sampath Kumar, N Jaya Victor and S Natarajan 1989 D isscussion M eeting on M ateria ls U nder High 

Pressure Dec. 2 3 -2 4 , 1989  . IGCAR, Kalpakkam, India

M D Shajikumar, T S Sampath Kumar. Jaya N Victor and S Natarajan 1988 Proc, N ational Seminar on 
S u percon du ciiv iry  (N !iS -88) Tnvandrum , Institute o f  E lectrica l an d  E lectron ics Engineers, Kerala, 

India p70
S Arumugam, Jaya N Victor, T S Sampath Kumar and S Natarajan 1988 Proc. N ational Sem inar on 

Superconductivity, Tnvandurm, Dec. 1988 Institute o f  E lectrical and Electronics Engineers. Kerala p81 
Fusui Liu 1989 Chin. Phys. Leu. 6  473
^zpunar Baibara, V H Smith and R W Smith 1989 Theochem (Netherlands) 61 347
J M Tranquada, D E Cox, M Suenega, P Zollikar, D Vakmi, M S Alvarex, A J Jacobson and L) C Johnston
1988 Phys. Rev. U t t  60 156
Rajan Choudhury 1992 Indian J  Phys. 6 6 A 159
X Biictle, X Obradors, M J Sayagues, M Vallet and Calbet Gonzalez 1992 J. Phys, ; C ondensed M atter  

4no.2 487
Efstratios Manousokis 1991 Rev. M od. Phys 63. 1 

D C Malli.s Phys. Rev. B38 7061
W Koshibae, Y Ohta and S Maekawa 1991 Physica C18S-189 P a ri III, Proc. Ini Conf. M ^-H T S C , 

Kanazawa

N Kumar 1990 C urren t Trends in C on den sed  M atter, P artic le  P h ysics an d  C osm ology. (Khatmandu 
Summer School May/June 1989 Lecture Notes Vol.l) eds. J Pati, Q Shafi and Yu Lu Swadia (Singapore : 
World Scientific)
S Sorclla, A Porolla, M Parinallo and E Tossatli 1989 Proc. Anniversary A dria tico  R esearch Conference 

an d  W o rk sh o p . (IT C P -B a ly) (Singapore World Scientific); \990 S tro n g ly  C orrela ted  E lectron System s 

(Progress in HTSC Vol. 23) eds. G Baskaran. A E Ruckenslein. E Tosatti and Yu Lu 

M Inui and S Domiach Phys. Rev. B38 663
R Micnas, J Rannigner and S Robaszkiewicz 1990 Rev. M od. Phys. 62 113 

Kusakabeand H Aoki 1991 Physica  B185-189 1505 
D Nguyen Manh, D Mayou and M Cyrot 1991 Physica C185-189 1607 

P W Ami^rson 1952 Phys. R ev. i S  694



418 ChU M Trinadh and S Natarajan

[1361
(137)

[138]

[139]

[140] 
[141J 
]142]
[143]
[144]
[145]
[146]
[147]

[148]
[149]

[150]
[151] 
[J52]

[153]
[154] 
.[155]

T Holstein and H Primakoff 1948 P hys. Rev. 58 1098 
PW Anderson 1973 M ater. R es Bull. 8

G B&skaran 1989 P roc, A n n iv e rsa ry  A d ria tico  R esea rch  C o n feren ce  a n d  W o r k s h o p  (iC T P , Italy) 

(Singapore : World Scientific): 1990 Progress in HTSC Vol. 23 eds. G Boslcaran, A E Ruckenstein, E 
Tasatti and Lu Yu p 209
P W Anderson and ZZou 1988 Phys. R ev Lett. 60 132 
J M Wheatley, T C Hsu and P W Anderson 1988 P hys Rev. B37 5897 
PW  Anderson 1991 Physw a C185-189 1 1 
S H Liu 1988 C hm . J. Phys. (Ta iw an) 26 Suppl. no. 1 17 
Fukuyama Hidetshi 1989 Asta-^Pacific P hysics N ew s 4 no. 2 
E Barnes Stewart 1990 Physica B165 & 166 (Switzerland)
J E Hetrick, Y Hosotani and Bum-Hoon Lee 1991 Ann. Phys. 209 15 I 
J R Schriffer 1991 Physica C185-189 1 7
MoriyaToru, Takahashi Yoshinori and Ueda Kazuo 1991 P hysica  C185-189 114 
J R Clem 1975 J  L ow  Tem p. Phys. 18 427
2^idong Hao, John R Clem, M W Me Eh fresh, L Civale, A P Moloze moff and F Holtzberg P hys. Rev 

B43 2844
Zhidog Hao and John R Clem P hys Rev. L e tt 67 2371 
L F Lou 1989 J. A pp l Phys. 66 979
R G Kulkami and H N Pandya 198*9 Proc. Int Sym p. on H TSC . Ja ip u r  6 -R  July. 198H (New Delhi. 
India : Oxford & IBH) p213
G Y Guo and W M Tcmmerman 1988 J. Phys. C21 L803 
Z Kakol and J M Spal Honin 1989 So lid  S ta te  C om m un  71 283
P Fulde and J Keller 1982 Superconductiv ity  in Ternary C om pounds I!— Superconductiv ity  a n d  M affnetism  

eds. M B Maple and O Fischer (Springer Verleg . Berlin) p249



Magnetic superconductors 419

APPENDIX

List of the magnetic superconductors surveyed in this review

(A) Rare-earth magnetic superconductors (RESCs)

( 16 in number )

Y(i„jc)GdjfOS2 ; La(|.jf)Gd^ ; Cc(]_^)MjrRu2 where M = Ho, Tb ;

(R) Rh4B4 where R = Er, Nd, Sm, Tm, Lu ;

(R) MOfiSg where R = Ho, Pb. Gd, Tb, Dy, Er : YgCov.

(B) Heavy fermion magnetic superconductors (HFSCs)

( 23 in number)

UPt3, URu2Si2, Uq.97 Tho.i3Bei3, CeCu2Si2 

CePb3, UNi2Al3, Celii3, CeRh3B2» CeSn3,

Ce[Ru(i_ )̂Rhjr]  ̂ BN2, UBei3, U(i_ )̂M^Bei3

where M = Hf, Zr, Sc, Lu, Y, Pr, Ce, Th, La ; CeCu2Si2, CeAl2, CeAl3

(C) High magnetic superconductors (HTSCs)

( 38 in number)

[̂La, Sr / Ba / Ca]2 CUO4. U-(Ba, Nd / Sm) -Cu-O, Y-Ba-Cu-0,

(RE) -Ba-Cu-O where RE = Sm, Eu, Gd, Dy, Ho, Er, Tm, Nd ; 

Y-Ba-[Cu-Fe]-0, Gd2Cu04, G d C o^ 2CU307, Gd, g5Sro ,5Cu04, 

[Y-Fc]-Ba-Cu-0, EuBa2[CU(|„ )̂Znjr]^0(7_y), Pr-Ba-Cu-O, 

R-Ba-K-[Cu-Fe]-0 where R = Y, Pr ; [Y-Dy]-Ba-[Cu-Nil-0, 

Ca-UT-Ba-[Cu-Fe]-0 Tl-Ba-Y-Cu-O, Nd-Ce-Cu-O, Y-Sr-Cu-0, 

Ln-Cu-0 where Ln = Nd, Sm, Pr; Sm-Ba-Cu-0, Bi-Sr-Y-Cu-0, 

Bi-Sr-[Y-€a]-0, Bi-[Sr-Ca]-Mn-0, Bi-Sr-Co-O, Eu-Ba-tCu-Zn]-0, 

Pr-[Ba-Pr]-Cu-0, Pr-Gd-Ba-Cu-0

(D) Other magnetic superconductors

(3  in numbers)

(SN)jf, Ca-Zn-Fe-0 and La2Ni04

Total number of magnetic superconductors surveyed : 80



About the Reviewers

Chitti Uma Maheswara Trinadh

Born on 31st May, 1965, he obtained M.Sc. degree in physics (with Electronics as 
Specialisation) from Osmania University, Hyderabad in 1988. He joined as Junior Research 
Fellow in the Department of Physics, College of Engineering, Anna University, Madras in 
October, 1991 under the supervision of Prof. Dr. S Natarajan, Head. His field of research is 
"High Pressure~Low temperature Experimental Studies of High Superconductors".

S Natarajan

Bom on 3rd January 1941, he obtained M.Sc. degree from Annamalai University and Ph.D. 
from I. 1. T., Madras. He was Assistant Professor in Marquatte University, Milwanukee, 
USA for four years. Reader in Madras University for two years and has been Professor and \ 
Head in the Department of Physics, College of Engineering, Anna University, Madras since  ̂
1976.

His research interests include X-ray crystallography, Materials Science, High 
Pressure Physics and Superconductivity. He has 70 research publications in National and 
International Journals. He attended many International and National Seminars and Work
shops and conducted four Seminar / Summer or Winter Schools at Anna University.

He has membership in National Academy of Sciences, Indian Physics Association, 
Tamil Nadu Academy of Sciences, ISTE, Madras Science Association and Association of 
Medical Physics. He is also a member in Expert committee / Staff Selection Committees of 
UGC, UPSC, IIT-Madras and Tamil Nadu Science and Technology Centre.

420 ChU M Trinadh and S Natarajan




