MEETINGS AND CONFERENCES

Scientific session of the Division of General Physics and Astronomy of the
Academy of Sciences of the USSR (25 January 1989)

Usp. Fiz. Nauk 158, 343-346 (June 1989)

A scientific session of the Division of General Physics
and Astronomy of the USSR Academy of Sciences was held
on 25 January 1989 at the S. I. Vavilov Institute of Physics
Problems of the USSR Academy of Sciences. At this session

G. M. Eliashberg. Current carriers and magnetism in
high-temperature superconductors. From the moment of dis-
covery of high-temperature superconductors’ an experi-
mental investigation of a broad spectrum of their properties
that is without precedent with respect to intensiveness and
the variety of the methods employed is being carried on. One
of the most important results achieved up to now is the eluci-
dation of the quantum mechanical nature of the current car-
riers and magnetism in these compounds. All the copper
oxide materials known at present have a sharply expressed
layer structure, and their magnetic and transport properties
are determined primarily by the valence state of the copper
and oxygen ions in the so-called cupratic plane (Fig. 1). This
state can change depending on the composition of the other
elements of the construction which thus play a regulating
role. The two systems that were the first to have been discov-
ered have been studied in greatest detail until now:
La, ,M,Cu0O,, M =Ca, Sr, Ba; YBa,Cu;04,,. For
T> 500K the copperionsin La, CuO, form abody-centered
tetragonal lattice and are situated in an octahedral oxygen
surrounding. The neighboring CuO, planes are at a distance
of ~6.65 A from each other and are shifted by one half of the
diagonal of the square of Fig. 1. Between these planes is situ-
ated a layer of 2LaO. In the temperature range T < 500K a
small orthorhombic distortion occurs which corresponds to
a deviation of the octahedra from the ¢ axis which is perpen-
dicular to the planes. The details of the structure and the (T,
x) phase diagram are given in the review article of Ref. 3. In
YBaZCq}OG +, pairs of closely situated cupratic planes
(~3.2 A with the Y layer squeezed between them are sepa-
rated by a (BaO)CuO, (BaO) sandwich. The oxygen co-
ordination of the copper ions from the CuO, planes is shown
for the cross-sections (a, ¢) and (b, ¢) in Fig. 2.

With a partial replacement of the trivalent La by a bi-
valent alkali-earth metal a sharp change takes place in the
properties of La, .M, CuO,: from an antiferromagnetic
dielectric with Ty = 300K (x = 0) the system is converted
into a conductor with conductivity of a metallic nature. For
M = Sr the highest temperature of transition into the super-
conducting state T, = 40 K in the case of ceramic samples is
achieved for x ~0.17—0.20. A further increasein x leads to a

564 Sov. Phys. Usp. 32 (8), June 1989

0038-5670/89/060564-03$01.80

the following report was presented:

G. M. Eliashberg. Current carriers and magnetism in
high-temperature superconductors.

A brief summary of the report is published below.

decreasein T, and for x > 0.3 there is no superconductivity.
In single crystals the attained values of 7, do not exceed 13
K. Thus, superconductivity in this system exists only in the
range of a disordered solid solution.

YBa,Cu,0, is an antiferromagnetic dielectric with
T = 500 K. The copper plane in the aforementioned sand-
wich does not contain any O ions, and the structure is tetra-
gonal. The highest value of 7, = 93 K is attained for y = 1
when once again an ideal structure is realized which now
turns out to be orthorhombic: the additional O ions are situ-
ated along chains of CuO along one of the directions @ and b.
We note that one of the new systems Y, _ , Ca, TICu,0, has
a structure similar to YBa,Cu,0y . ,, but the CuQO, plane is
replaced by a T1O plane (Fig. 3). The properties of this sys-
tem are determined by the composition of the (Y, Ca) layer,
and from an antiferromagnetic dielectric (y = 0) the system
goes over into a metallic state with T, ~80 K (y = 1).* This
emphasizes the regulating role of the layers with variable
composition: they do not have a direct relevance to the
mechanisms of superconductivity and magnetism.

1. Valence states of the Cu and O ions in the preelectic
and lightly doped phases of La,_,Sr.CuO, and
YBa,Cu,0, , ,. The structure of magnetic phases in these
systems has by now been studied in some detail. Consider-
able information on the dynamics of spin fluctuations is also
available.>” We here note only some results. The magnetic
moments of the sublattices are equal at T = 0 respectively to
0.5 o and 0.66 p, for La,CuO, and YBa,Cu,O¢ which is
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FIG.2.

close to the theoretical value of 0.68 1, for (the quasi-two-
dimensional) Heisenberg model with s = 1/2 and magnetic
moment of 1.1, (asofaCu’* ion). This points to the high
degree of localization of the magnetic states. The exchange
interaction between nearest neighbors in aplaneisJ = 0.12
MeV and between planes is J, =0.002 MeV. A small anisot-
ropy of the interaction leads to the orientation of spins in a
plane as shown in Fig. 1.

The magnetic state is based on the Cu? ™ ion whichisin
the 3d}: _ . state. This is indicated by x-ray methods (pho-
toemission, absorption near the edge of the K band and oth-
ers) combined with theoretical analysis (see Refs. 6, 7,
which contain references to experiment, and Ref. 8). The
large value of /| is associated with the strong hybridization
of 3d }: _ - with 02p, , which leads to superexchange. The
effective filling of the d-shell accompanying this turns out to
beequal to ~ 9.4.® Hybridization, in the first instance, is also
connected with the large value of splitting of 3d states: the
one nearest to the ground state, 3z — 7 lies higher by ~ 1.4
eV.” The charge of the cupratic plane in the dielectric phase
corresponds to (CuQ,)?~ in YBa,Cu,O, the copper ions in
the governing layer, the so-called Cul are in the monovalent
state.’ Therefore this plane is a dielectric of the Mott type.
The gap according to different estimates amounts to 2-4 eV.

As a result of the replacement of La** with Sr** the
lacking electron is taken from the cupratic plane. Due to the
high energy of detachment of the third electron from Cu?*
this leads to the formation of a hole in the initially full 2p
shell of O. Experiment convincingly supports such a picture
(cf. references in the papers of the present author®). In the
case of YBa,Cu,;0, . , for y <0.4-0.5 basically a transition
of the Cul ions into the bivalent state occurs, and the charge
of the cupratic planes remains almost unchanged. With a
further increase of y here also holes appear in the 2p shell of
O. A number of observations shows that at low concentra-
tion the holes are localized. Without dwelling on a discus-
sion of the different models of localization we note only that
the appearance of even a low concentration of holes destroys
the weak interplane exchange and destroys the long-range
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magnetic order. In La, _  Sr, CuO, this occurs already at
x~0.02; in YBa,Cu,0, , , the picture is more complicated
for the reason indicated above.

2. Metallic state. Forx 2 0.05inLa, . Sr, CuO, adelo-
calization of holes occurs. The situation near the threshold
concentration is quite complicated: in contrast to a usual
doped semiconductor here a significant role is played by the
exchange coupling of localized holes with a system of copper
spins.” But at a concentration considerably higher than the
threshold one, the holes are in a band state. Asis now becom-
ing ever more clear the structure of the valence band near its
upper edge is determined primarily by a direct hybridization
of the oxygen p-orbitals.®” If the plane lattice consisted only
of oxygens, then in the strong-coupling approximation we
would have the spectrum (reduced to the Brillouin zone cor-
responding to Fig. 1):

e (p) =¢€, 4= 4t cos (%pxa).cos (% pya) ,

—%gpx. 1)U<_Z—' (1)
Both branches are degenerate along the entire band bound-
ary. Taking into account the Cu®> * potential and the jumps
over the oxygen outside the plane leads to lifting of the de-
generacy (Fig. 4a). The magnitude of ¢, apparently, lies
within the range 0.5-0.7 eV and this leads near the top of the
band to an effective mass m* Sm and a Fermi energy of
Er =1.6(m*/m)x*eV,x*isthe number of holes per cell of
CuO,. Apparently in La,_, Sr,CuO, x*=x. In
Ba,Cu;0, x* = 0.5, if the CuO chains are neutral. Since here
the cupratic planes are doubled, then taking into account the
jumping of holes between the planes the qualitative picture
of the spectrum should have the form shown in Fig. 4b. If
one interprets on the basis of this model the results of the
experimental determination of the Fermi surface'®, then the
Fermi level must lie as shown in Fig. 4b. A more detailed
analysis enables one to explain also the small “‘pockets” of
electronic type.

3. Interaction between carriers and superconductivity.
Little doubt remains now that the superconductivity in the
oxide superconductors in its basic features corresponds to
the BCS theory, whose main element is the formation at
T < T, of Cooper pairs. To the line of reasoning introduced
earlier (cf., for example, Ref. 11) one can add that new data
show that the pairs are singlets: observation of a jump in the
temperature dependence of the relaxation time of the spin of
the 7O nucleus, the gap nature of the temperature depen-
dence of the depth of penetration of the magnetic field, and a
direct observation of the gap on the volt-ampere characteris-
tic by the method of tunnel microscopy.'? The most ade-
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quate apparatus is a formalism based on an explicit taking
into account of the delayed nature of interactions and en-
abling one to extend the BCS theory to the strong-coupling
region. A discussion of various contributions to the interac-
tion function A(w)(fA(w)dw = A — a dimensionless cou-
pling constant) is contained in the author’s paper of Ref. 9.
The central problem that remains is the elucidation of the
role played by the relatively soft (0.1-0.2 eV) modes of elec-
tronic origin. In the first instance these are fluctuations of
the spin system both of the triplet and of the singlet nature,
and also the d—d transitions — fluctuations of the orbital
state of the copper ion which were first discussed by Weber.
In connection with these transitions we note the following.
An increase in the concentration of holes on the 02p shells in
the cupratic plane should lead to a diminishing of their hy-
bridization with Cu3d.*® At the same time the energy inter-
val between the orbital 3d states x> — y* and 3z*> — r* will
diminish and this will lead to an increase of their contribu-
tion to A (w). This effect must be considerably more strongly
pronounced in YBa,Cu;0, than in La, 45 Sr, ;s CuO, since
the concentration of carriers in the latter is significantly
smaller. This is in agreement also with the greater value of
the oxygen isotopic effect in the second of the compounds
mentioned above. On the other hand the existence of a large
number of modes in the phonon spectra of these materials
allows also a different interpretation of data on the isotopic
effect.'® The magnitude of the contribution of spin fluctu-
ations to A (w) is also awaiting to be made more precise. One
can hope that an improvement in the technique of tunnel
spectroscopy will make information on A (w) more precise.
In conclusion we note that the study of copper oxide super-
conductors has made more urgent the problem of describing
a multielectron system in a crystal in the presence of a sub-
system localized as a result of the Mott effect. We do not
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have for such a case an approach equivalent in its generality
and effectiveness to the Landau theory of a Fermi liquid.
Martin’s argument'® in favor of the applicability to such a
system of general relations obtained by Luttinger andWard
in 1961 appears to be unconvincing. In this author’s opinion
in the presence of a Mott subsystem the Green’s function for
the electrons must have a surface of zeros in the Brillouin
zone.'® This surface corresponds to Anderson’s pseudo-Fer-
mi-surface similarly to the manner in which the surface of
the poles of this function is the ordinary Fermi surface.
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