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The Fermi level of oxide electrons is uniquely related to the magnitude of the equilibrium value of
the oxygen pressure above the specimen. The Fermi level dependences of the electron density of
states, lattice constants, superconducting transition temperature and other specimen
characteristics have been obtained experimentally. A correlation was found between peaks in the
electron density of states, anomalously high values of the deformation potential and structural
phase transitions. On the free-energy axis these phase transitions are located very close to the
high-temperature superconducting phase, at a distance of several tens of millivolts. It is shown
that there is a narrow region in the neighborhood of the structural phase transition with extremal
values of the electron and lattice characteristics of the compound. It is just in this region that high-
temperature superconductivity appears in YBa, Cu, O, _;.

The influence of structural phase transitions on super-
conductivity has been studied for a long time; see, for exam-
ple, Ref. 1. The construction of actual models requires a
knowledge of the features of the electron-lattice interaction
associated with phase transitions. Control of the Fermi level
makes it possible to study various details of the electron-
phonon coupling. '

The Fermi level of an oxide can be controlled by chang-
ing the equilibrium oxygen pressure in the atmosphere above
the specimen. When the Fermi level intersects singularities
of the electron spectrum, a discontinuous change occurs in
the oxygen content in the specimen. This opens up a remark-
able possibility of analyzing the fine details of the electron
spectrum by the change in specimen weight.

The Fermi level dependences of the following quantities
were measured in the present work: specimen mass, electron
density of states dN /JE, lattice constants, superconduct-
ing transition temperature, resistivity and the resistance ac-
tivation energy. The values of the deformation potential
were measured in the superconducting and normal phases.
A correlation was found between peaks in the electron den-
sity of states and structural phase transitions.

THE EXPERIMENTS

Heating ofa YBa, Cu, O, _ s specimen in oxygen at tem-
peratures above 450-500 °C leads relatively rapidly to the
establishment of equilibrium, which in the present case im-
plies equality in the chemical potentials of the particles by
means of which the specimen exchanges with the gaseous
oxygen. Such particles are oxygen molecules, atoms and ions
and also, of course, electrons. Thus when equilibrium is at-
tained the chemical potentials of the specimen electrons and
the electrons of the gaseous oxygen are also equal:

spec gas

}le —ue . (1)

In the ideal gas approximation the electron chemical poten-
tial is determined by the usual formula

pe =—kTlInn,+C, (2)

where n, is the electron density. On the basis of the law of
mass action, applied successively for the processes
0,20+ 0and0=20" + ¢, we can write n, ~ P /2, where
P is the oxygen pressure. The expression
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pe ==Yk ln P+C. (3)
follows from this. A change in oxygen pressure from P; to
P, | leads to a change ih the chemical potential of electrons
in the gas by an amount

gas kT P,

Ape =——

(4)

[Equation (4) is used to determine partial pressures of oxy-
gen with the help of electrochemical probes. ]

It is evident that when equilibrium is reached between
specimen and gas, when Eq. (1) is satisfied, the chemical
potential of the specimen electrons or the Fermi level
changes by the same amount

spec kT Pi'+i
Ap. —AE;——Tln p, (5)

We consider an example. Suppose the Fermi level is
located in some band of allowed states; equilibrium then ex-
ists between specimen and gas, i.e., u¥* = E (Fig. 1,a). We
then bring this system out of equilibrium by sharply increas-
ing the oxygen pressure. This leads to a lowering of u8*, as
shown in Fig. 1,b. Relaxation to a new equilibrium state will
be associated with the introduction into the specimen of a
new supply of oxygen atoms. Each oxygen atom introduces
two empty states into the specimen into which electrons are
drained from the Fermi surface, thereby reducing its level.
This will go on until the Fermi level in the specimen equals
the new value of the chemical potential of the electrons in the
gas (Fig. 1,c). The possible form of the new band of electron
states introduced by oxygen atoms is shown there by the
dashed line.

If the oxygen in the specimen is divalent, then the new
band will be located below the Fermi level. In that case the
number of electron states in the interval AE is determined
by the expression

AN=2Axz, (6)
where Ax is the number of oxygen atoms entering the speci-
men as a result of the change AE in the Fermi level.

If the oxygen valency in the specimen is less than two,
then part of the band appears above the Fermi level. In that
case the number of electron states in the interval AE . corre-
sponds to the expression
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the expression
AN=nAz, 6"

where n is the effective oxygen valency which, for example,
takes a value in the interval 1 <» < 2.

Since the amount of oxygen Ax is in principle accessible
to measurement, the value of AN can be determined experi-
mentally. Afterwards the function

D(Es)=AN/AEv, (7

can be calculated, which has the dimensions of the electron
density of states.!” Here v is the specimen volume.

We determined the amount of oxygen Ax by two meth-
ods—by weighing the specimen before and after baking or,
as described by Gerbshtein e al.,? by using a superionic oxy-
gen pump. The corresponding number of electron states AN
was then found according to Eq. (6), after which the values
of the function of Eq. (7) were calculated.

The specimens were baked at 500 °C in oxygen at pres-
sures of 10, 3,..., 10~ ° atm consecutively in order to obtain
values of D(E ) over a wide range of changes of E.. Times
from 3 to 24 h, as a function of the pressure, were sufficient to
establish equilibrium. The oxygen pressure was monitored
with the help of a superionic oxygen sensor. According to
Eq. (5), each consecutive baking of the specimen raised the
Fermi level by 18 mV. Before each baking the specimen was
weighed, and lattice constants, superconducting transition
temperature, the resistivity at room temperature and also
the resistance activation energy at the transition to the di-
electric phase were measured.

One of the D(E) dependences obtained in this way is
shown in Fig. 2. The value of the oxygen pressure at which
the specimen was heated is plotted along the vertical axis
with the values of the Fermi level corresponding to them.
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FIG. 2. Dependence of the electron density of states at the Fermi level D
on E,.. The dotted straight lines correspond to E for 1) YBa, Cu;0, ;,2)
YBa,Cu,0, and 3) E, for T, = 90 K.
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FIG. 1. Scheme of relative position of the chemical potential of electrons
in the gas u#* and in the specimen E:a) in the initial equilibrium state; b)
immediately after increasing the oxygen pressure; ¢) in the final equilibri-
um state.

The dependence shown is of complicated form with peaks at
the values E = 120 and 160 mV.

The value of the function D(E) varies weakly in the
range 30 < Er <60 mV and equals 2.6 states per €V in the
elementary cell. Since the lattice constants and the supercon-
ducting transition temperature also change little in this in-
terval (Figs. 3 and 5), it can be expected that the measured
D(Ey) relation is roughly the same as the usual electron
density of states D(E) at the Fermi level. The corresponding
value of D(E) averaged over the results of measurements
on eight specimens, constituted 2 states per 1 eV in the ele-
mentary cell.

The positions of the Fermi level for oxygen concentra-
tions in the specimen corresponding to the formulae
YBa,Cu,;0, and YBa,Cu;0,, are shown by the dashed
lines. It can be seen that the removal of 0.7 oxygen atoms is
accompanied by a raising of the Fermi level by about 200
mV.

Values of the specimen mass m and of the coefficient §
(curve 2) are shown in Fig. 3 together with D(E.) and also
values of the difference in lattice constants b — a (curve 3).
It can be seen that the peaks of the D(E) curve can be
associated with the features determined in curves 2 and 3.

The lower peak corresponds to a sharp change in § and
b — a. The structure of the specimen before and after this
change remains orthorhombic; consequently, a transition
from the orthorhombic-1 to the orthorhombic-2 phase takes
place. The chemical formula changes here roughly from
YBa, Cu,; 0 to YBa, Cu; O ;. This transition can be asso-
ciated with doubling of the lattice period which takes place
as a result of the removal of half the oxygen atoms from the
CuO chains.’

The upper peak corresponds to equalizing of the lattice

E,mV 06 05 04 03 02 0] &
216 e

1 1 L T ¥ ki

) i

108

72

35

0 . 1 | H J

212 - 23 214 215 mmg

FIG. 3. Location of the phases (I—orthorhombic-1, II—orthorhombic-2,
IIT—tetragonal) and (curve 1) the electron density of states D as a func-
tion of E; 2) the specimen mass m and the coefficient & characterizing the
specimen composition 3) the difference in lattice constants & — a.
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FIG. 4. Location of the phases and the form of the dependence on E.of 1)
the resistance at room temperature R,y and 2) the resistance activation
energy at the transition to the dielectric phase & .

constants and consequently is associated with the transition
to the tetragonal phase. The transition is of the order—disor-

der type and the ordered state, corresponding to the formula -

YBa, Cu; O ;, can be associated with a tripling of the period
of oxygen atoms in the chains.> The position of the three
observed phases relative to the E axis is also shown in Fig.
3.

The dependence of two quantities on E is shown in Fig.
4: R 5 is theresistance of the specimen at room temperature
(curve 1) and &, is the average value of the resistance acti-
vation energy, characterizing the transition of the specimen
to the dielectric state (curve 2). These dependences look
different in each of the three phases. In the orthorhombic-1
phase R ;o increases linearly with E . In the orthorhombic-
2 phase this dependence becomes exponential. At a tempera-
ture below 1-2 K such a specimen goes into the dielectric
state with resistance activation energy &, dependent on
temperature as in Anderson localization, as was noted by
Moshchalkov et al.*

The activation energy &, grows rapidly in the tetra-
gonal phase, reaching a value of 100 mV. The dependence of
the superconducting transition temperature 7.(E) is
shown in Fig. 5 on the background of the function D(E,).
As Ep is increased a transition from 90 degree superconduc-
tivity to 60 degree superconductivity takes place. Supercon-

FIG. 5. Comparison of the dependences T, (E,) (full line) and D(E,)
(dashed). The values E, = 70 mV and E, = 40 mV indicate the distance
from the Fermi level to the peaks in the electron density of states for (trace
1) 90- and (trace 2) 60-degree superconductivity.
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ductivity disappears in about the middle of the orthorhom-
bic-2 phase.

The lower dotted line shows the position of the Fermi
level in a specimen when its oxygen content corresponds to
T. =90 K. It can be seen that 70 mV above the Fermi level
there is a strong peak in D(E.). The upper dashed line
shows the position of the Fermi level for 7, = 60 K. In this
case thereis a peak in D(E) at a somewhat smaller distance
of 40-50 mV above the Fermi level. The tendency for the
formation of peaks in the electron density of states may be
essential for high-temperature superconductivity.

We give, finally, the experimental values of the defor-
mation potential v = AE/(Av/v), where v = abc is the x-
ray volume of the elementary cell and Av the change in this
volume arising on changing the Fermi level by AE.. In the
orthorhombic-1 phase v,, =30 eV, in the orthorhombic-2
phase vy, =4 eV and in the tetragonal phase v, =30 ¢eV. It
can be seen that in the superconducting orthorhombic-1
phase the deformation potential is an order of magnitude
greater than in ordinary metals and superconductors, while
in the orthorhombic-2 phase it is the same as in ordinary
metals. Although the quantity Av/vis not a “‘good” descrip-
tion of the deformation of an anisotropic material, the values
obtained for the deformation potential carry important in-
formation, which we discuss below.

DISCUSSION

Conductivity in YBa,Cu;0,_; is mainly determined
by the CuO, planes. The sharp increase in R ,,, (see Fig. 4)
at the transition from the orthorhombic-1 to the orthorhom-
bic-2 phase is therefore evidence of a radical rearrangement
in the electron spectrum of the planes. The transition to the
dielectric state observed for T < 1-2 K, which is characteris-
tic of Anderson localization, also indicates a rearrangement
of the electron spectrum of the planes. A rapid increase in
&, takes place at the transition to the tetragonal phase,
which is evidence of further rearrangement of the electron
spectrum of the planes.

As can be seen from the experiment, the sequence of
transitions from the conducting state to Anderson localiza-
tion and then to the usual dielectric state is a result of succes-
sive raising of the Fermi level. The simplest explanation of
the transition to Anderson localization and then to the di-
electric state is the approach of the Fermi level to the top of
the valence band (below the percolation threshold of holes)
and then its (the Fermi level) emergence into the forbidden
band.

The conclusion can be drawn from an analysis of the
geometry of the elementary cell of YBa, Cu;0, _4 that for
T2 500 °C there is an effective exchange by oxygen atoms
between CuO chains and CuO, planes. This conclusion fol-
lows from experiments on isotopic oxygen exchange.®

This indicates that in the process of establishing equilib-
rium the oxygen content changes not only in the chains but
also in the planes. We will evaluate the change in the oxygen
content in the planes. According to Egs. (7) and (6) we can
write for v = 1 the expression

Az='/,D (E¢) AEr, (8)

which represents a peculiar conservation law: one must *“‘pay
for” the change in Fermi level by a change in oxygen content,
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FIG. 6. Schematic of the location of the phases (I—orthorhombic-1, IT—
orthorhombic-2, III—tetragonal) and the form of the dependence of E,.
on 1) the specimen volume v in the absence of a structural phase transition
2) on specimen volume v, and 3) on deformation potential v~JE./dv
when a structural phase transition occurs.

and the “price” is determined by the electron density of
states. Let us suppose that for the CuO, chains D(E;) =1,
then we obtain the result that a change in Fermi level by 200
mV gives rise to a change in the number of oxygen atoms in
the elementary cell by 0.1 atom, i.e., in each tenth elemen-
tary cell there will be a lack of one oxygen atom.?> When
these defects are distributed along the planes, the distance
between them is approximately three lattice constants, or 12
A. Under corresponding conditions the ordering of defects
can occur, such as in essence, Jahn-Teller phase transitions
in the chains, which illustrates the rich possibilities for real-
izing different superstructures, not only in the chains, but
also in the planes.

Finally, we show that the anomalously high value of the
deformation potential in the superconducting, orthorhom-
bic-1 and the tetragonal phases is associated with the near-
ness of structural phase transitions.

Suppose trace 1 in Fig. 6 describes the dependence of
specimen volume on the electron chemical potential v(Ey)
in the absence of a phase transition. If there exists a region of
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“forbidden” values of the volume &v through which the
specimen passes discontinuously, i.e., if a structural phase
transition occurs, then the v(£;) dependence acquires the
form shown in curve 3, on which there are two peaks on both
sides of the orthorhombic-2 phase region. The position of the
phase shown in the figure corresponds to the experimental
values of the deformation potential. We point out that the
high value of the deformation potential only occurs for a
deformation which accompanies a structural phase transi-
tion.

Apparently, near such a structural phase transition, not
only the deformation potential but also other electronic and
lattice characteristics should have extremal values, an exam-
ple of which is the peaks in the electron density of states

" D(Eg). In our opinion this fact can have a key role in the

mechanism of high-temperature superconductivity.

The authors thank M. S. Bresler and B. P. Zakhar-
chenya for their interest in the work and for valuable discus-
sions.

Y Unlike the usual electron density of states D(E) = dN /JE, the pro-
posed function D(E;) = dN /JE,. reflects the response of the electron
spectrum to a rearrangement of the lattice. Under conditions of strong
electron-phonon interaction, this function carries information impor-
tant for elucidating the nature of high-temperature superconductivity.

) The calculation is valid if a phase transition does not occur in the plane
for a change in Fermi level. This value grows appreciably in the opposite
case.
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