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First numerical evaluations of T, for oxygenated and argon-reduced single-layered HgBa2Cu04+~ supercon-
ductors have been presented. Our calculations are based on the dipolon theory and are found to provide an
explanation for the occurrence of superconductivity in single-layered high-T, superconductors. Relevant ex-
pressions useful for the evaluation of T, have been given. Since the polarizabilities of the ions are not known
exactly for the present systems we have performed calculations making use of Pauling's as well as Tessman,
Kahn, and Shockley's polarizabilities in order to estimate the uncertainties in the calculated values of T,
associated with uncertainties in the polarizabilities. The effective charges on the ions required for the evalua-
tion of dipoles and dipolon frequencies have been obtained by means of the bond-valence sums. Without fitting
with any parameters, our calculations yield T, values equal to 80~21 K for the oxygenated and 50~27 K for
the argon-reduced HgBa2Cu04+& superconductors, in agreement with the corresponding experimental values
95 and 59 K. The uncertainties in the calculated values of T,. arise because of the uncertainties in various
physical parameters (including polarizabilities) used and due to errors involved in the calculations. The present
results are consistent with the observed electronic Raman-scattering intensities which show anomalously broad
peaks extended up to several electron volts in cuprate high-T, superconductors. Our calculated dipolon density
of states predict four optical absorption peaks at about 77 cm ', 195 cm ', 1.6 eV, and 2.5 eV.

I. INTRGDUCTIGN

Recently, new cuprate superconductors
HgBa2Ca„&Cu„02„+2+& have been discovered with high
transition temperatures T,=94, ' 127, 134, and 126 K (Ref.
4) for n =1, 2, 3, and 4 (corresponding to one, two, three, and
four Cu02 layers), respectively. Because of their high T,
values, these compounds are useful for theoretical and ex-
perimental studies and technical applications.

The single-layer system HgBa2Cu04+& is of particular
interest because of its high T, value and very simple crystal
structure consisting of simple tetragonal unit cells. Wagner
et al. have made precision measurements of neutron powder
diffraction to investigate the defect structure of
HgBa2Cu04+s. The unit cell (simple tetragonal) of the sys-
tem HgBa2Cu04+z as depicted in Fig. 1 contains a single
Cu02 layer with apical oxygens [denoted by O(2)] above and
below the Cu ions, forming O(2) layers above and below the
Cu02 layers. The oxygen ions in the Cu02 layers are denoted
by O(1). The oxygen ions at the interstitial site in the Hg a b-
plane are referred to as O(3), whereas the oxygen ions in the

Hg plane at a site between Hg(Cud) sites as O(4). The sym-
bol Cu„has been used to designate the small amount (-0.07)
of substitutional Cu on the Hg site.

Wagner et al. have concluded that the single-layered sys-
tem HgBa2Cu04+z contains two defects in the mercury plane
of the structure. One of these is the interstitial oxygen [O(3)]
defect in the Hg a-b plane. By changing the concentration of
this defect from -0.01 to -0.06, one can vary the T, value
of the sample from 59 to 95 K. The second defect arises from
the substitution of a small amount of copper (Cud) on the
mercury site along with the additional oxygen [O(4)] in the
mercury plane (bonded to the copper substitutional defects)

O(4) Hg/Cud
XL

O(3)

O(2)

Ba ()

O(2)

O(3} Hg/Cud

FIG. 1. Depicts a unit cell of HgBa2Cu04+q.

at a site between Hg(Cud) sites. They found that the concen-
tration of this defect remains constant, although the concen-
tration of O(3) changes. Also, by making neutron powder
diffraction measurements down to 10 K, they observed that
the basic structure of the samples remains the same in going
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from normal to the superconducting state.
From a theoretical point of view there are several con-

tending theories for the high-T, superconductors (HTS's)
based on different pairing mechanisms which involve reso-
nant valence bonds, phonons, antiferromagnetic spin Auctua-

tions, excitons, plasmons, polarons, holons, spinons, anyons,
etc. In the framework of the conventional electron-phonon
interaction, attempts ' have also been made by several re-

searchers to understand the superconducting properties in cu-

prate systems.
The aim of this article is to report our first-principles cal-

culations of T, , without fitting with any parameters, in oxy-
genated (T,=95 K) and argon-reduced (T,=59 K) single-
layer HgBa2Cu04+ & superconductors following the
microscopic dipolon theory. "We have selected these sys-
tems because, to the knowledge of the authors, no explicit
evaluation of T, for these has yet been reported in the litera-
ture and because the dipolon theory has not been previously
examined for such single-layer systems.

The dipolon theory is nonphononic in origin and requires
dipolon excitations in HTS's. This theory has been found to
explain not only the observed T, and the variation of T, as a
function of the oxygen-stoichiometry parameter 6 in

YBa2Cu307 &,
' but also dT, ldP, the variation of T, with

the hydrostatic pressure P by first-principles calculations
without fitting with any parameters, in YBa2Cu30693 and

YBa2Cu3066p. ' Furthermore, the dipolon theory is consis-
tent with the observed isotope effect and the observed optical
absorption peaks which are possibly due to the dipolon ex-
citations in the high-temperature superconductors as dis-
cussed in Refs. 9 and 10. Specifically, the broad peaks at 2.5
and 0.36 eV in YBa2Cu&07 z (Refs. 12, 13) and at 1.0 and
0.17 eV in La2,Ba,Cu04 (Refs. 14—19) deduced from the
dipolon density of states are in agreement with the optical
observations in these systems.

The dipolons are the quantized self-sustained collective
excitations ' of the crystal-field-generated electronic di-
poles of the polarizable ions and are mediators (according to
the dipolon theory) for the electron-electron (or hole-hole)
pairing mechanism (the "dipolon" mechanism) in high-T,
superconductors. The frequencies characteristic of dipolon
excitations are shown' to be of the order of 1X10' Hz by
performing first-principles calculations in several HTS s.

Whereas in the BCS theory the electron-phonon interac-
tion plays part, it is the electron-dipolon interaction which
produces an attractive interaction in the dipolon theory. The
crystal-field-generated induced dipoles interact coopera-
tively, giving rise to the dipolon excitations which are quan-
tized and subject to Bose statistics.

In the following section we present the relevant theory
applicable to the oxygenated and reduced HgBa2Cu04+z
single-layer systems. The details of the calculations of the
required crystal fields, the induced dipole moments, the di-
polon frequencies, and the T, values making use of the
Pauling's ' ' as well as the Tessman-Kahn-Shockley (TKS)
(Refs. 21, 22) polarizabilities (to obtain uncertainties in cal-
culated T, values due to uncertainties in the polarizabilities
as the exact values of these are not yet known) are given in
Sec. III. We discuss our results in Sec. IV where we also
present our dipolon density of states for the present systems
and predict the optical bands which are possible to be ob-

served. Section V deals with the conclusion.

II. THEORY

The dipolon-mediated pairing interaction is described by

v„=
kyar, k' cr', qk

Ukki Ck, , Ck Cko.Cki o

where the pairing potential Vkk is given by

I:( — )' —(&, )'l' (2)

with

hkkr
fi, 4 me

+'I I o(r )
1 6me¹oq) )= i Ap

X(eqq j) 8k k q. (3)

(&) (2)
(4)

where (j=1,2),

V'-'-' = —V( ~

kk'

&(J)~2e2$2y d
I
p(J)(7 )]2

3w' v, m, (e ~"')
0 otherwise,

(5)

The above equations involve dipolons with wave vector q,
frequency co-), , polarization mode X, polarization unit vector
e-z, and electrons of mass I, with wave vectors k (or k')
and spins a. (or o.'). C-, , and Ck are the creation and

annihilation operators of the electrons. N is the total number
of oscillating dipoles in the crystal of volume Ap containing
N' number of unit cells. Nd=number of oscillating dipoles
of moment po(~, ) present in a unit cell where 7; describes the
position of the dipoles in a cell.

The pairing interaction Vkk is attractive in the range ek
—e„

I
&fico~~ where ez (or ek ) is the electron energy.

The electron-electron interaction described by Eq. (1) is a
complicated one. For its evaluation one needs to know not
only the dipolon dispersion relations and density of states,
but also the electron energy bands. In addition, one then has
to follow the complicated theoretical treatment such as the
Green's function formulation to calculate T, with the possi-
bility of losing the basic physics of the problem. Because of
this, we adopt the procedure of Refs. 9 and 11 (used in our
previous calculations of T, and dT, ldP in YBa2Cu307 z) to
make the pairing potential as an effective potential V.

In the present situation of a single-layer HgBa2Cu04+z
compound, as will be clear in the next section, we have O(2)
as well as O(1) dipolar oscillations contributing to T, . There
are two characteristic frequencies cod' and cud correspond-
ing to the dipolar oscillations of O(1) and O(2), respectively.
Thus Eq. (2) may be written as
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( [e i 2+ g2( ei )](/2)
X tanh

2k//T
(6)

where k~ is the Boltzmann constant, T is the absolute tem-
perature, and N(eF) is the electron density of states at the
Fermi energy eF . In the above equation cod in the integration
limits are taken as ~d' or cod according to Vzz as V' or
V(2)

Then, for the electron-electron pairing potential given by
Eq. (4) and for co(') ~cod, one deduces the equation useful
for obtaining T, :

(' g~(&) )
1 =N(eF) V(')4~ +N(eF) U(2)@

( g ( )) ( g ( ))

B cl ( B c

with N d(') and N d(
) as the number of O(1) and O(2) dipoles

of strength p (o')(r;) and p o( )(r;), respectively; V, is the unit
cell volume.

Next we make use of the equation for the gap parameter
A(e) at energy e,

V„~ b, (e')
6( e) = —N( eF) )

de
2[ i 2+ g2( r )]1 /2

k//T, = 1.14' cod exp —
) (2) +(2)

N eF V V 2k~Tc)
'

(13)

The above equation is still a complicated one to be solved
analytically for T, because it contains T, not only on the
left-hand side, but also in the exponent on the right-hand
side. For the present systems, the ~d contribution to T, is
dominant and therefore one may write

( V(1) g (&)

T =T() exP
~

V(') 2k, T(')
~

' (14)

where T, is the T, value as if arising only from the fre-
quency cod and is given by

Because of its complicated structure, Eq. (7) is not ame-
nable to analytical solution for T, . Thus one has to resort to
some numerical technique or to some approximate method.

For the present systems under consideration for which
cod' is much smaller than cod and for which
fi~d' /2k~T, ~1 or =1, it is possible to obtain a simple ex-
pression for T, provided that one takes the a~proximation of
neglecting the direct coupling of V and V ' represented by
the last term on the right-hand side of Eq. (7). Then one gets,
from Eq. (7),

( 2k~Tel
(7)

I' 1
k//T, = 1.14ficod exp . —

) (2)
(2) (2)

NeFV (15)

where

$x
4(x) = dy

30

tanh y
(8)

1 2 51 62
9 75 6615 25 515

1382 ii 21 844
1 715 175 79 053 975 (9)

whereas, for x&&1,

4(x) = ln (2.28x). (10)

Alternately, for any value of x one may use

Equation (7) may also be used for the opposite case
~d' ~ cod( by interchanging the roles of ~d' and cod and
correspondingly the roles of V(') and V

For evaluation of the 4(x) integral for x(1 or =1, one
may use

Equation (14) is valid if fixed')I2kaT, (I or =1. If it
happens, in some cases, that Aced' /2k~T, )1, then, in-
stead of Eq. (14), the appropriate expression to be used is

V(') (
T,= T, exp (2) ln 2.28 && (2) ', (16)

2k, T, )

where T( ) is given by Eq. (15).
From the above it is evident that one may estimate T,

readily by first obtaining T( ) from Eq. (15) and then using
appropriately Eqs. (14) or (16). Furthermore, Eqs. (14)—(16)
reveal that the effect of cu„' is to enhance T, .

As will be clear in the next sections, Eq. (14) [or Eq. (16)]
gives a good estimate of T, for the present systems. How-
ever, it must be remarked that, if one does not neglect the last
term on the right-hand side of Eq. (7) which represents the
direct coupling of V and V('), the calculated T, is slightly
reduced. This is because cod' is smaller than cod for the
present systems and consequently this term produces nega-
tive effect on the right-hand side in expression (7). This point
will be further clear in Sec. III.

2 ( 2x
i2n+1/7r g /2n+ I /7r

For a single cutoff frequency co„, Eq. (7) yields

/ 3N' V, m, (A, cud)
k~T, =1 14Acod e p 2 2 2 N„

m e fi X,. ",[po(r;)] N(eF))
(12)

retrieving the corresponding equation given in Ref. 9.

III. CALCULATIONS

A. Oxygenated HgBazCu04+z

In order to evaluate T, from Eqs. (14)—(16) [or from Eq.
(7)], we need the induced dipole moments p(o/)'s and the
frequencies cod 's for the system concerned. To this end one
requires information as to the values of the effective charges
of the ions in the system which we have calculated by means
of the bond-valence sums. ' According to this, the effec-
tive charge q,rf(i) of atom i is
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TABLE I. List of sublattice atoms including defects, Pauling s polarizabilities n; (in units of A ), effective
charge of ions q, tt(i) (in units of e), the sublattice and defect coordinates x, ,y;, z; (in units of a, b, c,
respectively), sublattice and defect occupancies f, , the calculated electric field due to monopoles E, (i), and

the calculated electronic dipoles p, (i) (in units of e A) at various sites in oxygenated HgBa2Cu04+s. Lattice
constants (Ref. 5) used for the calculations are a =3.8750 A., b=3.8750 A, and c =9.5132 A.

Sublattice
atom (i)

Hg

Cud

Ba
CU

O(1)
O(1)
O(2)
O(2)
O(3)
O(4)

5.0
0.1

1.55
1.55
0.1

3.88
3.88
3.88
3.88
3.88
3.88

q tt(')

2.195
0.803
2.073
2.056
2.099

—2.216
—2.216
—1.823
—1.823
—0.940
—2.133

0.0
0.0
0.5
0.5
0.0
0.5
0.0
0.0
0.0
0.5
0.5

0.0
0.0
0.5
0.5
0.0
0.0
0.5
0.0
0.0
0.5
0.0

0.0
0.0
0.2981
0.7019
0.5
0.5
0.5
0.2078
0.7922
0.0
0.043

0.93
0.07
1

1

1

1

1

1

1

0.059
0.09

0.021
0.021
0.466

—0.477
—0.004
—0.003
—0.003

0.551
—0.562

0.020
0.268

p, (i)

-0
-0

0.281
—0.279
-0

0.004
0.004
1 ~ 180

—1.195
0.012
0.745

(17)

where s; represents the bond valence or bond strength be-
tween the pair of atoms i and j,

s;, = exp [(vo —v;, )IBj, (18)

with r;, representing the distance between the atoms i and j;
ro and B are the empirical constants. Setting B=0.37 A, the
values of ro as determined by Brown and Altermatt for Hg,
Cu, and Ba pairing with oxygen anions are (in units of A)
1.972, 1.679, and 2.285, respectively. To calculate the effec-
tive charges q,&t(i) in oxygenated HgBa2Cu04+s, we have
made use of the above B and ro values and the crystal struc-
ture parameters and the occupancies (listed in Table I for
easy reference) of the sites including defects as obtained by
Wagner et al. The calculated values of q, tt(i) are listed in
Table I.

Knowing the values of q,& (i)rand the crystal structure
parameters, we have calculated the induced oxygen dipole
moments p o, employing the self-consistent method. "The
dipolon frequencies cod have been obtained by means of the
dynamic matrix equation, details of which have been fur-
nished in Ref. 10. The crystal fields required for these calcu-
lations have been evaluated by direct lattice summation
method by forming neutral groups of ions to obtain the
convergent sums. The accuracy of these results has been
verified by performing calculations using Ewald's method.
The calculated electric fields and dipole moments at various
sites are found to be along the c direction as a consequence
of symmetry.

The calculated monopole electric fields and the induced
dipole moments at various sites using Pauling s polarizabil-
ities (listed also in Table I) (Refs. 20, 21) are tabulated in
Table I. The polarizability of Hg has not been known. We
have tentatively assigned its value as 5.0 A. . It turns out that
the variation in the value of the Hg polarizability does not
affect our results because of its location in the crystallo-

graphic cell as is also clear from Table I, which shows that
the calculated p, (Hg)-0. The calculated crystal fields at

O(2) located at (0, 0, 0.7922) due to monopoles and self-
consistently calculated dipoles using Pauling s polarizabil-
ities have been compiled in Table II in order to gain insight
into the relative contributions from various ions.

From Table II it is revealed that at the given site O(2) the
crystal electric field due to Hg monopoles is a dominant one,
whereas the dominant electric field due to dipoles arises from
the other O(2) sites. The net electric field due to all mono-
poles comes out to be about twice of that due to all the
dipoles and is of opposite sign. The total electric field due to
all the monopoles and all the dipoles equals —0.308e/A .
This electric field induces a dipole moment on O(2) of mag-
nitude p o(

l= 1.20e A, listed also in Table III.
It must be pointed out that the direction of the induced

dipole of O(2) at (0, 0, 0.2078) is opposite to that of O(2) at
(0, 0, 0.7922). Also, because of the occupancy (0.09) of
O(4), the electric field at O(2) located at (0, 0, 0.2078) is
about 1/o lower in magnitude than that at the site (0, 0,
0.7922). Correspondingly, the induced dipole of O(2) at (0,
0, 0.2078) is about 1/o smaller in magnitude than that of
O(2) at (0, 0, 0.7922). It turns out that incorporation of this
slight difference in the magnitudes of the induced dipoles
does not alter the value of T, significantly in the present
calculations.

The self-consistent calculation of the electric field at O(1)
located at (0, 0.5, 0.5) site is 0.0010e/A, which is smaller
than that at O(2) sites because of large cancellations. The
electric field at O(l) located at (0.5, 0, 0.5) is about 2% less
than that at O(l) located at (0, 0.5, 0.5) because of the slight
occupancy of O(4) sites. Again, this difference does not
change the value of T, significantly. The induced dipole at
the O(1) site due to the calculated electric field is
po' =0.0039e A, listed also in Table III.

Next, we adopt the method of Ref. 10 and make use of the
calculated values of the dipoles p o~~~'s to obtain the dipolon
frequencies. The calculated maximum dipolon frequencies
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TABLE II. Tabulation of the self-consistently calculated electric fields along the c axis, E, , at an O(2)
located at a (0.0,0.0,0.7922) site in oxygenated HgBa2Cu04+e as well as at O(2) located at a (0.0,0.0,0.7939)
site in reduced HgBazCu04+~ due to the monopoles and the dipoles, using Pauling's polarizabilities, of all the
ions in the system; the coordinates of the ions shown in the first column correspond to the oxygenated
HgBazCu04+& and are just to identify the location of the ions in the unit cell. The net result shows the
contributions due to all the monopoles and all the dipoles separately. The total result is the sum of the
contributions due to all the monopoles and the dipoles in the system.

Oxygenated HgBazCu04+ & Reduced HgBazCu04+ &

Due
to

E, (monopoles)
(e/A')

E, (dipoles)
(e/A )

E, (monopoles)
(e/A. )

E, (dipoles)
(e/A )

Hg

Cud

Ba at (0.5,0.5,0.298 1)
Ba at (0.5,0.5,0.7019)
CU

O(1) at (0.5,0.0,0.5)
O(1) at (0.0,0.5,0.5)
O(2) at (0.0,0.0,0.2078)
O(2) at (0.0,0.0,0.7922)
O(3)
O(4)
Net

Total

—0.686
—0.019

0.010
0.299
0.410

—0.380
—0.380

0.134
0
0.011
0.039

—0.562
—0.308

-0
-0

0.024
0.034

-0
-0
-0

0.111
0.080

-0
0.005
0.254

—0.693
—0.025

0.013
0.306
0.395

—0.379
—0.379

0.135
0
0.001
0.043

—0.583
—0.320

-0
-0

0.026
0.034

-0
-0
-0

0.114
0.083

-0
0.005
0.262

TABLE III. Using Pauling's polarizabilities the calculated oxy-
gen O(2) and O(1) dipoles (pat l,p t0'~), the corresponding dipolon
frequencies (cotd ~, comdt'~), and the calculated and experimental val-
ues of T, .

Quantities

pI,'& (e A)

comdt
~ (10' Hz)

p'," (e A)
~&" (10' Hz)

T, (K) (Calc.)
T, (K) (Expt. )

Oxygenated
HgB azCu04+ ~

1.20
6.3

3.9x10 '
0.029
80~21

95

Reduced
HgBazCu04+ ~

1.24
6.6

4.1x10 '
0.031
50~27

59

corresponding to the longitudinal symmetric modes required
for the T, calculations are ~d =6.3X10' Hz for the dipolar
oscillations of O(2)'s and codt'1=0. 029X10' Hz for the di-

polar oscillations of O(1)'s as also listed in Table III.
The calculated values po =1.20e A., po' =0.0039e A. ,

~d& &=6.3X10' I-rz, ~d' =0.029X10' Hz, and the available
calculated value of the electron density of states at the
Fermi level, N(eF) = I 46 states/eV cell, enable us to obtain
T, from Eqs. (14.) and (15). From Eq. (15) we get Tt 1=61
K and then, from Eq. (14), T, =94 K, which is amazingly
very close to the experimental value 95 K. This is very
gratifying since no fitting parameters are involved in the
present calculations. If one chooses to use the rounded of
value of N(EF), namely, 1.5 states/eV cell, the calculated
value of T, increases slightly. In this case T, =72 K and,
correspondingly, T, =101 K.

Though it appears that, since the dipole of O(1) is much
smaller than that of O(2), one could completely neglect

the contribution of the O(1) dipolons. However, our cal-
culations [for N(eF) = 1.46 states/eV cell] reveal that
N(EF)Vt'l=0. 0747, which is almost half of the calculated
value of N(eF) Vt 1=0.158, and thus the contribution of O(1)
should not a priori be neglected.

Next one inquires what the value of T, is if one solves Eq.
(7) without neglecting the last term which couples V( ) and
V ' . We have used an iteration procedure to obtain T, from
Eq. (7), making use of expressions (8)—(11) appropriately.
We get T,=80 K, which is somewhat smaller than the T,
obtained by neglecting the last term in Eq. (7).

Clearly, in the above calculations we have made use of the
Pauling's polarizabilities. ' ' In order to deduce the uncer-
tainty in T, due to uncertainties in the polarizabilities, we
have also performed calculations adopting the TKS polariz-
abilities of the ions. In this case, because the TKS polariz-
abilities are smaller than the Pauling's polarizabilities, the
calculated dipole moments and, correspondingly, the dipolon
frequencies are smaller than those obtained by using the
Pauling's polarizabilities. For TKS polarizabilities we obtain

pa~ ~=0.97e A, p0~'~=0. 001e A, cod~ ~=5.1X10' Hz, and
comdt'1=0. 003X 10' Hz. These values using N(eF) =1.5 states/
eV cell yield, from Eq. (15), Tt 1=58 K and, then from Eq.
(14), T, =85 K, which is slightly smaller than the T, value
obtained by using Pauling's polarizabilities. On the other
hand, Eq. (7), by employing iteration procedure, yields
T, =60 K. Thus the TKS polarizabilities tend to give smaller

T, values than those obtained by using Pauling s polarizabil-
ities as expected because the TKS polarizabilities are smaller
than the Pauling's polarizabilities.

Consideririg all of the above results for the oxygenated
HgBa2Cu04+q (using Pauling s and TKS polarizabilities),
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TABLE IV. List of sublattice atoms including defects, Pauling s polarizabilities n; (in units of A ),
effective charge of ions q,ff(i) (in units of e), the sublattice and defect coordinates x;,y, ,z; (in units of a, b, c,
respectively), sublattice and defect occupancies f;, the calculated electric field due to monopoles E, (i), and

the calculated electronic dipoles p, (i) (in units of e A) at various sites in reduced HgBazCu04+z. Lattice
constants (Ref. 5) used for the calculations are a =3.8888 A, b =3.8888 A, and c=9.5398 A.

Sublattice
atom (i)

Hg

Cud

Ba
Ba
Cu

O(l)
O(l)
O(2)
O(2)
O(3)
O(4)

5.0
0.1

1.55
1.55
0.1

3.88
3.88
3.88
3.88
3.88
3.88

q, n(i)

2.250
0.823
2.053
2.039
2.056

—2.247
—2.247
—1.780
—1.780
—0.873
—2.091

0.0
0.0
0.5
0.5
0.0
0.5
0.0
0.0
0.0
0.5
0.5

0.0
0.0
0.5
0.5
0.0
0.0
0.5
0.0
0.0
0.5
0.0

0.0
0.0
0.3016
0.6984
0.5
0.5
0.5
0.2061
0.7939
0.0
0.036

0.91
0.09
1

1

1

1

1

1

1

0.008
0.10

E, (i)

0.019
0.019
0.485

—0.496
—0.004
—0.003
—0.003

0.573
—0.583

0.019
0.235

-0
-0

0.306
—0.304
-0

0.004
0.004
1.234

—1.243
0.006
0.657

the calculated values may be expressed as T,=80~21 K
(shown also in Table III), compared to the observed T,=95
K (Ref. 27) in this system.

B. Reduced HgBazCu04+~

As the crystal structure parameters and the occupancies
are different, we need to calculate q,ft(i) for the reduced

HgBazCu04+z proceeding as above in the case of oxygen-
ated HgBazCu04+z. Making use of the B and ro values as
given above, the calculated q,&f(i) values obtained by means
of bond-valence sums are given in Table IV along with the
crystal structure parameters and the occupancies of various
sites.

We now use the calculated values of q,ff(i), the crystal
structure parameters, and the occupancies of the sites to cal-
culate by direct lattice summation method by forming neutral

groups of ions to obtain the crystal fields due to monopoles
and dipoles employing the self-consistent method.

The calculated electric monopole fields and the induced
dipole moments at various sites using Pauling s polarizabil-
ities (listed also in Table IV) (Refs. 20, 21) are tabulated in
Table IV. Here also we have tentatively assigned the Hg
polarizability as 5.0 A . The changes in this value are not
found to change our results as it is also clear from Table IV
that the induced dipole moment p, (Hg)=0.

The calculated crystal electric fields at O(2) located at (0,
0, 0.7939) due to monopoles and self-consistently calculated
dipoles using Pauling's polarizabilities are listed in Table II
so as to compare the similar results for the oxygenated
HgBazCu04+z, which are already listed in this table. The
perusal of the values of the crystal fields listed in Table II
shows that the magnitudes of the monopole as well as the
dipole electric fields are slightly increased for the case of the
reduced HgBazCu04+z compared to those for the oxygenated
HgBazCu04+z with the result that the induced dipole mo-
ment at the O(2) site is slightly larger in the former case. The

calculated dipole moment for O(2) located at (0, Q, Q.7939)
in the reduced HgBazCu04+& comes out to be 1.24e A, listed
also in Table III.

We again find (see also Table IV) that the induced dipole
moment of O(2) at (0, 0, 0.2061) is opposite in direction to
that of O(2) at (0, 0, 0.7939). Because of the small occu-
pancy (0.10) of O(4), the total electric field at O(2) located at

(0, 0, 0.2061) is less than 1% lower in magnitude than that at

(0, 0, 0.7939). Consequently, the induced dipole of O(2) at

(0, 0, 0.2061) is less than 1% smaller in magnitude than that
of O(2) at (0, 0, 0.7939). We have ignored this slight differ-
ence in the magnitudes of the dipoles at these two sites as
they do not change T, significantly in our calculations.

The total calculated electric field at O(1) at (0, 0.5, 0.5) is
0.0011e/A, which is smaller than that at O(2) sites because
of cancellation effects. The induced dipole at the O(1) site
turns out to be p 0' = 0.0041e A, listed in Table III.

The calculated values of the dipoles p 0' 's give the dipo-
lon frequencies, cod =6.6X10'" Hz and cod' =0.031X10'"
Hz, tabulated in Table III.

In order to calculate T, we need to know also the electron
density of states at the Fermi level, N(eF). The value of
N(eF) for the reduced HgBazCu04+~ is not known precisely.
However, from the electronic band structure calculations by
Novikov and Freeman and the known occupancies of the

Cud, O(4), and O(3) leading to the information as to the
doping of the charges in reduced HgBazCu04+&, it is ex-
pected that the value of N(eF) should lie between 1.3 and 1.5
states/eV cell.

Corresponding to the occupancies of Cu„, O(3), and O(4),
the number of doped holes is approximately equal to 0.33 per
cell, which suggests, from the calculations in Ref. 26, that
N(eF)=1.33 statesleV cell. Employing this value of N(e~)
and the calculated values of p o

's and cud 's, one obtains,
from Eq. (15), Tt i=25 K and then (following the required
condition), from Eq. (16), T,=65 K, which is close to the
experimental value T, =59 K.
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If one uses N(eF) =1.40 states/eV cell, Eqs. (15) and (16)
yield T~ ~ =35 K and T,=77 K. On the other hand, by itera-
tion technique Eq. (7) yields T, =45 K for N(eF)=1.40
states/eV cell and T,=56 K for N(eF) =1.46 states/eV cell.

As for the results using the TKS polarizabilities, our cal-
culations give T, values smaller than those obtained by using
Pauling s polarizabilities. Explicitly, one gets, from Eqs. (15)
and (16), T, =23, 27, and 33 K for N(eF) =1.33, 1.40, and
1.46 states/eV cell, respectively. Combining all of the above
results for the reduced HgBa2Cu04+&, one may express
T,=50+ 27 K, listed also in Table III.

0{3)

YBa2Cu307 g

Cu02 plane

Cu02 plane

IV. DISCUSSION

The results in the previous section show that the estimated
values of T, (Table III), 80~21 K for the oxygenated
HgBa2Cu04+z and 50~27 K for the reduced HgBa2Cu04+z,
are in agreement with the corresponding experimental val-
ues.

Our calculations in Sec. III demonstrate that it is easy to
estimate the T, values from the simplified expressions (14)—
(16) without resorting to the complicated process of iteration
of Eq. (7). Furthermore, these expressions give reasonably
good estimates of T, compared with the experimental values.

For our calculations we have used the q,&f(i) values for
various ions as obtained by bond-valence sums. This method
gives only an approximate estimate of the effective charges.
It is possible that our calculated values of T, will modify if
one uses more precise values of the charges when they are
available. However, we do not expect drastic changes in our
present calculated values of T, due to this.

The polarizabilities of the ions, particularly of oxygen,
play an important role in our calculations. The exact values
of the polarizabilities of oxygen for the present systems are
not currently known. It is because of this that we have made
calculations using Pauling's and TKS polarizabilities and
presented our results in terms of the uncertainties in T,
which account for the uncertainties in the polarizabilities. If
the exact values, when available, of the polarizabilities are
used, our calculations are not expected to change drastically.
Similar conclusion can be drawn from our previous
calculations "of T, and T, versus Bin YBa2Cu307 & sys-
tems and variation of T, with hydrostatic pressure in
YBa2Cu306.60 and YBa2Cu306 93.

The occupancies of various sites as given by Wagner
et al. along with the crystal structure parameters in the
present systems show some uncertainties. These uncertain-
ties reflect uncertainties in the estimated electron density of
states at the Fermi energy, N(eF), as the occupancies of the
sites are used in estimating the number of charges doped in
the systems, which, in turn, has been used in estimating the
value of the associated N(eF). It is because of this that we
have calculated T, values for different appropriate values of
N(eF) in Sec. III in order to find the relevant uncertainties in
the calculated values of T, .

The saddle-point effect on the electron density of states is
also important in our calculations since the electron density
of states is high near a saddle point (as it is also evidenced
from the calculations in Ref. 26) and because the calculated
values of Ref. 26 have been used in our estimation of T, .

To the knowledge of the authors, no explicit calculations

0{2)

HgBa2Cu04+g

0{2)
Oxygen plane

Cu02 plane

Oxygen plane

FIG. 2. Displays the cooperative oscillations of the dipoles
which contribute dominantly to T, . (a) For the YBa2Cu307 z sys-
tem with O(3) dipolar oscillations. (b) For the HgBa2Cu04+z sys-
tem with O(2) dipolar oscillations.

of T, for the present systems have yet been published in the
literature (as also mentioned in Sec. I) for comparison with
our results.

As for the comparison with our previous evaluation "of
T, and T, versus 8'in YBa2Cu307 z systems and the varia-
tion of T, with hydrostatic pressure in YBa2Cu30660 and
YBa2Cu30693 we first recall that the dominant contribution
to T, in the YBa2Cu307 z systems arises from the O(3) di-
polar vibrations, whereas we find in the present systems that
the dominant contribution is from the O(2) dipolar vibra-
tions. More clearly, the perusal of the calculated dispersion
relations (not presented here) of the dipolons discloses the
fact that in the YBa2Cu307 z systems the O(3)'s from the
closeby planes vibrate symmetrically so as to contribute to
T, dominantly, whereas in the present systems the (similar)
symmetric O(2) vibrations from the nearby O(2) planes give
rise to the dominant contribution. This comparison has been
displayed pictorially in Fig. 2.

As emphasized in Sec. I, the broad peaks at 2.5 and 0.36
eV in YBa2Cu307 & and at 1.0 and 0.17 eV in
La2 Ba„Cu04 deduced from the dipolon density of states
are in agreement with the optical observations in these sys-
tems. This finding has encouraged us to calculate the dipolon
density of states also for HgBa2Cu04+&. Following the pro-
cedure of Ref. 10, the calculated dipolon density of states as
a function of dipolon frequency for the oxygenated
HgBa2Cu04+z have been shown in Fig. 3 for dipolons asso-
ciated with O(1), O(2), O(3), and O(4).

In Fig. 3 the dotted and solid curves correspond to dipo-
lons associated with O(1) and O(3), respectively, whereas the
chain-dot and dashed curves correspond to dipolons associ-
ated with O(4) and O(2), respectively. To facilitate presenta-
tion of our data, the units for the density of states for the
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FIG. 3. Plot of dipolon density of states as a function of dipolon
frequency associated with O(1) (dotted curve), O(2) (dashed curve),
O(3) (solid curve), and O(4) (chain-dot curve) dipolons for oxygen-
ated HgBa2Cu04+&. To facilitate presentation, the units for the dot-
ted [O(1)] and solid [O(3)] curves are modes/cell X10' Hz for the
dipolon density of states and 10 Hz for the frequency (correspond-
ing to N=12); the units for the chain-dot [O(4)] and the dashed

[O(2)] curves are modes/cell X10' Hz for the dipolon density of
states and 10' Hz for the frequency (corresponding to N=14).

dotted [O(1)] and solid [O(3)] curves are taken as
modes/cellX10' Hz and for the frequency as 10' Hz; the
units for the chain-dot [O(4)] and dashed [O(2)] curves are
modes/cellX10' Hz for the density of states and 10' Hz for
the frequency.

From our calculated dipolon density of states, it is pos-
sible to predict four optical absorption peaks. First peak cor-
responds to O(1) dipolons, which lies at nearly 77 cm ' and
extends from 13 to 97 cm ' (dotted curve in Fig. 3). The
peak which lies at 195 cm ' and extends from 191 to 200
cm (solid curve in Fig. 3) is due to O(3) dipolons. The
other peaks are due to the O(4) and O(2) dipolons, which lie
at nearly 1.59 eV (chain-dot curve in Fig. 3) and 2.5 eV
(dashed curve in Fig. 3), respectively. The O(4) peak extends
from 1.5 to 1.6 eV, whereas the O(2) peak from 2.1 to 3.9 eV.
Hur et al. have observed a peak close to 195 cm ' in their
electronic Raman spectra of HgBa2Cu04+z, which has not
yet been identified. We propose that this peak corresponds to
our predicted O(3) dipolons, which is expected to disappear
if O(3) defects disappear. Experimentally, Hur et al. find
that this peak disappears when the system becomes pure,
which, according to our calculations, is due to reduction
(partial or complete, depending on the sample) in the
strength of the O(3) dipoles (and correspondingly, the dipo-
lon frequencies) in going from impure to pure systems. Also,
the low energy of the experimental peak at 108 cm ' due to
plasmons observed in Ref. 27 may be explained by interac-
tion of plasmons with O(1) dipolons. This is interesting and
important and, hence, warrants further, more careful investi-

gations theoretically as well as experimentally.
Hur et al. have not been able to observe our predicted

O(4) (1.59 eV) and O(2) (2.5 eV) peaks simply because they
have not made observations above 0.09 eV. If the experimen-
tal observations are made near 1.6 and 2.5 eV, one expects to
observe peaks in the optical spectra corresponding to our
predicted 1.59- and 2.5-eV peaks. This possibility is also
revealed by the fact that the electronic Raman-scattering ex-
periments show unexplained anomalous broad peaks ex-
tended up to several electron volts in cuprate high-T,
superconductor s.

Critically, one may argue that the present work is based
on pure speculation with dipolon excitations whose existence
is rather doubtful. However, this is not so because the exist-
ence of the dipolon excitations has already been established
theoretically by our first-principles calculations of dipolon
excitations and dipolon density of states in several high-T, .

superconductors. ' The experimentally observed broad peaks
at 2.5 and 0.36 eV in YBa2Cu307 z,

' ' the observed broad
peaks at 1.0 and 0.17 eV in La2,Ba,Cu04, ' ' and the
observed peak in HgBa2Cu04+~ at about 195 cm ' (as dis-
cussed above), which agree with our calculated respective
dipolon excitations, provide further proof for the existence of
dipolon excitations, particularly when no other (correct) ex-
planation for the appearance of such peaks exists. This
point is further supported by the fact that the dipolon theory
provides possible explanation not only for T, values in the
present systems, but also for the T, and the variation of T,. as
a function of the oxygen-stoichiometry parameter 6 in

YBa2Cu307 z (Refs. 9, 10) and for the variation of T, with
the hydrostatic pressure, by first-principles without fitting
with any parameters, in YBa2Cu30693 and YBa2Cu3066().

"

V. CONCLUSION

We have made first-principles calculations of T, for the
oxygenated and reduced HgBa2Cu04+& in the framework of
the dipolon theory. It has been possible to perform these
calculations because not only the precise crystal structure
parameters are known by powder diffraction method, but
also the calculated values of the electron density of states
in these systems. We have taken into account the uncertain-
ties in polarizabilities by performing calculations using both
the Pauling s and Tessman-Kahn-Schockley polarizabilities
as the exact values of the polarizabilities are not yet avail-
able. In our calculations we have also estimated the effective
charges of the ions by bond-valence sum method ' in order
to estimate the realistic values of the required dipoles and
dipolon frequencies. Without fitting with any parameters, the
calculated values of T, are found to be 80~21 and 50~27 K
for the oxygenated and reduced HgBa2Cu04+z systems, re-
spectively, in agreement with the corresponding experimen-
tal values 95 and 59 K. The uncertainties in the calculated
values are estimated to be due to uncertainties in various
physical parameters (including polarizabilities) and due to
calculational errors. We have also been able to predict the
possibility of observing four optical absorption peaks at —77
cm ', -195 cm ', —1.6 eV, and -2.5 eV from our calcu-
lated dipolon density of states.
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