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Theory of the pseudogap in highT . superconductors
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Several different experimental techniques have confirmed the existence of a “pseudogap” in normal
high-T. superconductors with low hole densities. Previous quasispin Monte Carlo simulations by the authors
have shown that a planar one-band model of the oxygen lattice, with a local pairing interaction, produces
uncorrelated bound hole pairs above the superconducting transition temperature when the hole densities are
low. Results of normal-state simulations are reported in this work. They provide evidence for the identification
of the binding energy of intraplanar uncorrelated hole pairs with the observed pseudogap.
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Tallon et al! and Williamset al? have compared the re- supposes all electrons to form singlet pairs, suppressing the
sults of several experimental determinations of the spin gapspin degrees of freedom. A quasispin eigenstate wfth
the pseudogap, and the normal-state gap in the 123 and 1241/2 corresponds to & T,—k ) pair; s;= + 1/2 corresponds
high-T. superconductors. They argue that, as all these type® this pair state being empty. Hence theomponent of the
of gaps appear to have the same dependence on hole densigyasispin changes sign at the Fermi surface. Superconduct-
they should be regarded as different aspects of the same phieg order atT=0 is represented by a gradual turning over of
nomenon. The experimental evidence is consistent with théhe quasispin directions near the Fermi surface in such a way
formation of an energy gap at the Fermi surface in normalthat their components in they plane are all parallél When
state superconducting cuprates at low hole densities. In thiéae dispersion is small, most of the quasispins in the Bril-
following we refer to this experimentally determined gap aslouin zone are found to contribute to the stabilization of the
the pseudogap A simple theoretical explanation of the x-y plane alignment. At finite temperatures, thermal fluctua-
pseudogap is proposed in this work, based on results oliions of the quasispin directions are superimposed on this
tained from temperature-dependent simulations @lamar  simple picture.
one-band Hamiltonian with a localized pairing interaction. The Hamiltonian employed in this work is expressed in
The present work is based on the “hole-modulated hopterms of quasispin operatdras follows:
ping” modef which, when referred to the oxygen lattice, has L L
been shown to provide a good representation of many of the, , z
superconducting properties of copper oxide plahést has H= _ZEK &Mt kE Vi [Sict i g Vide S S
been suggested that, because this model produces only ex- ' (1)
tendeds-wave superconducting pairs, it does not provide as
adequate a model of highs superconductivity in some cu- Whereu is the chemical potential and is the number of
prates as does, for example, thd model. This is to over- lattice sites. The pairing potential for the hole-modulated
look the fact that the-J model is only appropriate for the hopping model is given by
description of hole pairs on the copper lattice, with near half-
filling. There is no contradiction in having local pair solu- Vi =U—K(coky+ coky+coky +coky),  (2)
tions which are extendesl wave when one of the holes is
located on an oxygen ion artdwave when one of the holes
is located on a copper ion.
Previous simulation resufts® have shown that the super-
condL_Jcting transitipn takes quite _different_forms for ma‘_[e_ri- €= — 2t(COK, + COK,) +1’ (COK, X COK,) @)
als with low and high hole densities. At high hole densities
the superconducting transition is BCS-like, with the ex-includes both nearest-neighbor hopping, with matrix element
tendeds-wave superconducting energy gApgoing to zero t, and next-nearest-neighbor hopping, with matrix element
and the coherence length becoming infinite as the systet.
temperature rises above the superconducting transition tem- In order to make simulations of superconducting phase
peratureT . This is interpreted as a pair-breaking transition.transitions practicable it has been found necessary to employ
At low hole densities another energy gaenotedd,) opens  a classical approximation for the quasisptnbjust as has
up for temperatures aboVe.. The hole pairs remain small been done in real-space simulations of superconducflvity,
and bound, giving a Bose-like transition, in which supercon-and in simulations of ferromagnetisfe.g., Ref. 9. This ap-
ducting order is lost because there is insufficient correlatioproach has been validaf@dhrough finite temperature simu-
energy at low hole densities to maintain it. lations of the original BCS Hamiltonian, for which the mean-
We employ thek-space quasispin representation devel-field solution is exact. First of altlassicalmean-field results
oped in Refs. 4—6. This incorporates electronic charges, bwvere obtained by using statistics based on the Brillouin func-

whereU is the on-siteqHubbard repulsion energy anH is
the pairing energy associated with the stimulated hopping of
holes between nearest-neighbor sites. The dispersion
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tion B.(E,/kgT), rather tharB,(E,/kgT), whereE, is the 6
guasiparticle energy &t This showed that the main effect of

using classical spins is to reduce the transition temperature 7 o+
by approximately a factor of 2. Both systems had the same

ground state and showed similar behavior near to the transi-

tion temperature. Good agreement was obtained between the 54 |

classical simulation for quite small lattices and the classical 4

mean-field calculation. i + m
The Metropolis algorithm is employed to simulate an en- |

semble of classical quasispins linspace at finite tempera- n

tures, corresponding to a grand canonical ensemble of hole 45 — o+

pairs. Details of this procedure have been given elsewhere.
The work reported herein has all been carried out using a ¢

100X 100 square lattice ik space. This is the reciprocal ofa = | o+
real-space lattice with periodic boundary conditions, corre- "
sponding to the oxygen atoms in the Cufdanes. Parameter 36 %§++
values (in eV) are t=0.055, t'=—0.01, V=0.946, and N

U =5.0. In each simulation, the temperatdrand the chemi- 7 e

cal potential w are specified, and the hole density is

determined" | o r o

A detailed account of the large number of measurables 27 | ° © o+
determined in our simulations, including their interpretation, o o T T,
can be found elsewhefé Apart from the hole density, the 7 o @0 I° o o +
following measurables are specially relevant to this work:

(i) The active hole densitynact), specifying the hole i wo o ° o o4+
density associated with quasispin vector components in the 18 —
x-y plane, which are subject to superconducting order. This 000 002 004 006 008 010 012 014
satisfies the inequality,cr=<n, and is very nearly equal 1o HOLE DENSITY
for low hole densities.

(ii) The coherence lengtlié), expressed in terms of oxy- FIG. 1. Phase diagram derived from the simulations, showing
gen lattice spacings. This is closely related to the inverse dhe boundaries between phases. I. superconducting, with correlated
the energy gap, whatever its origin. hole pairs, II: uncorrelated hole pairs, and Ill: unpaired holes.

(i) The extended swave ordering parametefC,J,
which is finite in the superconducting phase. above, empirically derived, formula one obtaiha=0.055,

Several methods have been employed to determine thehile the theoretical value obtained from Fig. 4 of Ref. 4 is
hole density in highF, materials. Of particular interest is the An=0.07. Again, this discrepancy could easily be bridged
relationship obtained by Obertelli, Cooper, and Tdlfome- by adjusting the parameters of the Hamiltonian. New simu-
tween the low-temperature hole density in the superconductation results have been obtained in order to investigate the
ing planes and the room-temperature thermopower. Théependence of the energy gap on hole density at tempera-
main consequence of such work is the now generally actures well above the superconducting transition temperature.
cepted empirical relationship between the experimental valu®ur main result is the phase diagram shown in Fig. 1. It
of T, and the hole densityp per oxygen atom, for all the defines three regions, denotedsuperconducting, with cor-
high-T,. superconductors. This is sometimes expressed in theglated pairs Il (uncorrelated paijs and Il (unpaired

form of an inverted parabolal ;= T (max[1—82.6X(2n— holes. The criteria employed to distinguish results which fall
0.1672]. Using this expression, the maximum value &f, into each of these regions are
i.e., T.(max, is seen to occur at aoptimal hole density
Nop=0.08. I: Cee>10"% shown as diamonds,

Theoretical determinations of the superconducting transiH: Ceys<107% ¢<25 lattice spacings, shown as circles,
tion temperatures, as a function of have been reported Ill: Cq<10 % £=25 lattice spacings, shown as plus signs.

previously(see Ref. 4, and references thejeifhese repro-
duce the inverted parabolic form, at least for temperaturesThe 25 lattice spacing criterion is used because, with the
near toT.(maX. In the present simulations it is found that finite lattice used in our simulations, the coherence length
Nopi=0.07. The small difference between this and the expericannot exceed 305 lattice spacings. Most of the results
mental valug(0.08 could easily be bridged by adjusting the shown in the diagram have been selected so as to define
relative values of the parameters in the Hamiltonian. Theprecise boundaries between the three regions. Within the
calculated value off;(maX (i.e., 29 K) is not regarded as limits imposed by the simulation statistics, the boundary be-
significant, for it scales with the energy parameters used itween phases Il and Il is a straight line abdvgmax). This
the Hamiltonian. phase boundary has been found to continue as a straight line
The form of the parabola can be characterized in terms ofip to even higher temperatures than those shown in Fig. 1.
its width, An=2|n"—n,,J, wheren’ is either of the hole The transition from phase | to phase IIl is BCS-like, and the
densities corresponding td./T.(maX=3/4. Using the transition from phase | to phase Il is Bose-like.
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500 — type shown in Fig. 1 have already appeared in the literature,
some of which were published well before the discovery of
high-T, superconductors!? In particular, Robaszkiewicz,
Micnas, and Chad developed a bipolaron model which ex-
hibits superconductivity for low hole densities. Their theory
is expressed in terms of a quasispin formalisnmeal space
This has the effect of fixing the size of the hole pairs, but
N allows inhomogeneities in the hole distribution on the lattice.
As a result, their phase diagraffsg. 4(c) in Ref. 9] do not
exhibit a BCS-like transition, but are in agreement with the
200 — o “ phase diagram obtained in this work at low hole densities
. (where pair sizes are small
a More recently, a considerable amount of theoretical work
100 | . o B g has been carried out on possible “crossover” effects be-
tween BCS and composite boson superconductivity. We
1 5 ° note, in particular, the work of Casasal* which discusses
0 3 o o crossover in terms of pair size, and the more general discus-
" ‘ o, Sion of Gorbar, Loktev, and SharapbvRanderiaet al*®
HOLE DENSITY explicitly link pairing aboveT., obtained in a quantum
Monte Carlo study of the negativid model, with the spin
FIG. 2. Dependence of the energy gap on hole density for  gan_All of this work is in agreement with our main result:
several temperatures. simple one-band models predict uncorrelated hole pairs to
occur aboveT, for low hole densities.
The pairs in region Il of the phase diagram are small, with In simulations of underdoped systems<n,,, with a
a binding energyA,, . They exist at all temperatures for suf- fixed chemical potentiak, the hole density is found to in-
ficiently low hole densities. As shown in Fig. &, increases crease with temperature. Constraints g@rin real high-T,
rapidly with decreasing hole density for results in region Il. systems with low hole densities, could therefore lead to an
This is qualitatively similar to the behavior of the observedincrease, with temperature, of the hole density in the super-
pseudogap as a function of the hole densftyGiven the  conducting band. The lowest lying unoccupied band in the
small quantitative differences between theory and experieopper oxide planes of the highs cuprates is formed pre-
ment, it is reasonable to identify, with the pseudogap. Just dominantly from copper @ states. This would limit the in-
as in the case of the dependenceTgfon hole density, it is crease in the chemical potential because, at sufficiently high
expected that the quantitative discrepancies could be reducéemperatures, electrons excited into the coppdr &and
by the use of a more realistic Hamiltonian. No explicit de-would increase the hole density in the oxygep Band.
terminations of the temperature dependence of thédomeset all’ determine the upper bound of the chemical
pseudogap have been found in the literature, so it is ngpotential to be approximately 300 K above the oxyggn 2
possible to make direct comparisons between experiment arlthnd. Above temperatures of this order, therefore, we would
the temperature dependencelgf shown in Fig. 2. expect real systems to have an effectively constant chemical
One aspect of the results shown in Figs. 1 and 2 is clearlpotential. While at very low temperatures the usual assump-
counterintuitive. We would normally expect the hole pairs totion of constant hole density would be correct, this could no
becomelessstable with increasing temperature, but our re-longer be expected to hold at temperatures abfyemax.
sults show them to becormeorestable. Also, for values af Further simulations are being carried out to investigate this
above 0.05 holes per oxygen ion, uncorrelated bound paimmatter quantitatively.
form from unpaired holes as the temperatinereasesacross Inelastic neutron-scattering results of Rainfoetial®
the boundary between region Ill and region(see Fig. L show a broadening in the crystal-field linewidths of erbium
Further increases of temperature lead to a decrease in the pair123 and 124 compounds with near ton, at two tem-
size and a corresponding increase in the energyAga@and  peratures: a little below, and 30 to 40 % abov&;. Such
hence an increase in stabilityThis behavior can be under- an observation suggests the occurrence of resonances be-
stood by noting thad, measures the gap between the Fermitween more than one energy gap characteristic of the system
energy and the energies of the filled states at top of the bandnd the crystal-field splitting energy. This is in qualitative
The hole density is determined by the value of this gap andgreement with development of a pseudogap abbyves
the Boltzmann distribution. In order to maintain a fixed low shown in Fig. 1. As the temperature is raised, the crystal field
hole density in the single band, is forced to rise with first comes into resonance with superconducting apust
temperature. At the same time, it is found that becomes belowT; where it passes from region | into region Ill. As the
closer to the total hole density as the temperature rises, so temperature increases aboVe the system will come into
that all the holes are provided by quasispins wigf)=0. resonance withl, as it passes from region Ill to region II.
These half-filled hole pair states are nearly degenerate, witfihis scenario depends, of course, on there being only a small
energies close to the Fermi energy. increase of hole density with temperature over this range.
Several theoretical predictions of phase diagrams of the In summary, the normal-state pseudogap, observed in sev-

ENERGY GAP (K)

0.00 0.



55 BRIEF REPORTS 2795

eral of the cuprate superconductors, has been associated whiking a Bose-like superconducting transition at low hole
the Fermi surface moving away from the top of the oxygendensities.

2p band responsible for superconductivity. Comparison of

simulated and experimental results show that this gap can be D.J.N. is grateful to Professor Brian Rainford and Dr.

identified with the binding energies of intraplanar uncorre-Peter DeGroot for helpful discussions relating to the presen-
lated hole pairs. This interpretation is consistent with therdation of this work.
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