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Electron paramagnetic resonance (EPR) studies on single crystals of YBa,Cu;0¢. 5 were performed in
a wide range of oxygen concentration 8. Intrinsic EPR signals due to the existence of paramagnetic
chain fragments could be detected only in a limited & range (0.7 <8 <0.9). The linewidth of the signal
passes through a minimum near 105 K and broadens exponentially for further decreasing temperatures.
This behavior manifests the opening of a pseudogap in the dynamic spin susceptibility of the CuO,
planes. At higher temperatures the linewidth follows a Korringa behavior. The g values reveal axial
symmetry with respect to the c axis [g =2.28(1); g, =2.03(1)] and are almost temperature independent.
We compare our results with inelastic neutron scattering and nuclear-magnetic-resonance data.

I. INTRODUCTION

The high-T, cuprate superconductors are still at the
focus of present interest. Despite an enormous amount of
experimental and theoretical results the importance of
antiferromagnetic (AFM) spin fluctuations for the
normal- and superconducting-state properties is still un-
clear. Focusing on YBa,Cu;3Oq, 5, a universal o /T scal-
ing of the dynamic susceptibility Y''(w,T) has been
detected in the weakly doped metallic state.! The same
scaling relation has been theoretically proposed by Var-
ma, Littlewood, and Schmitt-Rink? and it was suggested
that this non-Fermi-liquid behavior might be related to
the unusual normal-state properties. However, it also be-
came clear, that this universal scaling behavior breaks
down in more metallic YBa,Cu;0Oq¢ 5 samples at low en-
ergies and for temperatures below 100 K. 3

In the superconducting samples a spin pseudogap
opens above T, which appears to be strongly dependent
on oxygenation. This has been demonstrated using in-
elastic neutron scattering®> (INS) and nuclear-magnetic-
resonance (NMR) techniques.® The non-Fermi-liquid
behavior of the dynamic susceptibility, namely, that
X''(w,T) decreases with decreasing temperature, has been
explained to be due to a singlet pairing of electrons in ad-
jacent CuO, planes by Millis and Monien.’

In this experimental report we will show that the tem-
perature dependence of the dynamic susceptibility of the
CuO, planes in YBa,Cu;O,5 can also be studied by
electron-paramagnetic-resonance  (EPR)  techniques.
After the discovery of high-T, superconductivity by Bed-
norz and Miiller,® the observation of EPR signals in
YBa,Cu;O0q, 5 due to the presence of Cu?" has been re-
ported in a vast amount of literature.® However, soon it
became clear that these signals were due to impurity
phases!® or complex paramagnetic defect states.!! Very
recently we have demonstrated that intrinsic EPR signals
due to the existence of paramagnetic chain fragments
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(PCF’s) can be detected in YBa,Cu;0q., 5 single crystals
for concentrations 0.7 <8 <0.09.!> Similar results have
been obtained earlier by Shaltiel et al.,'* by Alekseevskii
et al.,'* and by Kochelaev et al.'’

Here we present a detailed EPR study on
YBa,Cu;0¢, 5 focusing on the temperature dependence
of the intensity of the absorption line, as well as on the
temperature dependences of the resonance field and the
linewidth. The most relevant results can be summarized
as follows.

(i) From the temperature dependence of the intensity
I(T) we calculated the absolute number of PCF’s and we
gained information on the static susceptibilities of chains
and planes, separately.

(i) We observed a strong depression of the dynamic
susceptibility of the CuO, planes, x''(w, T) at low temper-
atures which provides experimental evidence for the
opening of a spin gap in the heavily doped metallic re-
gime.

(iii) At high temperatures a Korringa-type behavior of
the relaxation rate points toward a Fermi-liquid behavior
of the spin susceptibility of the planes.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The EPR experiments were performed on almost 30
high-quality  single crystals of YBa,Cu;Oq,;
(~1X1X0.1 mm?) which were kindly provided from
three different laboratories (Shubnikov-Institute for Crys-
tallography, Moscow,'® Institut fiir Physik der
Universitat Frankfurt/Main,!” and Institut fiir Physikal-
ische Hochtechnologie, Jena'?). Crystals with small
amounts of spurious phases were excluded from further
investigations. In the single-phase material the oxygen
content was varied by heat treatment in an argon-oxygen
atmosphere (~ 10 Pa O, partial pressure). After the heat
treatment the crystals were quenched to liquid-nitrogen
temperature.
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Nonresonant microwave absorption appearing at the
onset of the superconducting state was used to determine
T, of the annealed crystals. The oxygen content & was
determined using the T, vs 8 phase diagram. '3

The EPR measurements were carried out with a Vari-
an E-Line spectrometer at X-band frequency of about 9.3
GHz with 100 kHz field modulation. Temperatures be-
tween 4.2 and 300 K were accessible and controlled by an
ITC-4 temperature controller in an Oxford Instruments
helium-flow cryostat. Considering the orthorhombic
crystal symmetry the crystals were mounted on two
different sample holders which guaranteed a rotation of
the crystal in the external magnetic field with ¢ axis
parallel (6=0°) to perpendicular (6=90°) or around the c
axis (6=90°).

Well-defined but weak EPR signals were observed in
crystals with oxygen concentrations 0.7 <8 =0.9 and for
temperatures 80 <7 <200 K. A typical example of an
experimentally observed spectrum is shown in Fig. 1 for
YBa,Cu;045 (T,=63 K) at 105 K. Here we show the
field derivative of the absorption dP /dH vs the magnetic
field H for two different angles. Upon rotation of the ¢
axis from parallel (6=0°) to perpendicular (6=90°) with
respect to the external magnetic field, the resonance field
H ., is shifted by almost 0.4 kOe. The absorption lines at
all angles can be described by Lorentzian line shapes
(dashed lines in Fig. 1). A summary of the angle-
dependent measurements for §=0.8 at 7'=105 K is
presented in Fig. 2. The angular dependence of the reso-
nance field for c||H to ¢l H is well described by g factors
in an s =1 system with uniaxial symmetry, namely,
g =(glcos’0+g1isin’0)!/?  with g ;=2.28(1) and
g€,=2.03(1). When the a/b plane is rotated at 6=90°
the resonance field is almost constant for all angles. Simi-
lar observations were made in all our specimens.

At this point, the origin of the EPR signal is still un-
clear. From the angular dependence of the resonance
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FIG. 1. Absorption derivative dP /dH vs magnetic field H in
YBa,Cu;0¢ 3 at two different crystal orientations at 105 K. The
fits with Lorentzian line shapes are indicated by dashed lines.
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FIG. 2. Angular dependence of the resonance field H, in
YBa,Cu;0q 3 for rotations around two different crystallographic
orientations. The results of fits as described in the text are indi-
cated by solid lines.

field, which resembles the symmetry of the crystal, one
can conclude that it is an intrinsic paramagnetic center
(PC).'? The observed g values are close to what one ex-
pects for Cu?t in a crystal with axial symmetry. But a
detailed analysis of the temperature dependences of the
intensities of the absorption line, I(T), of the g factors,
and of the linewidth of the resonance absorption, AH (T),
are needed to gain further insight into the nature of the
PC which acts as the EPR probe in YBa,Cu;O0¢,5. I(T)
is determined by the thermal population of the energy
levels of the PC in the external field H. For isolated PC’s
I(T) should follow a Curie behavior. Shifts in the g
values are related to the static susceptibilities, while the
temperature dependence of AH gives insight into the dy-
namic susceptibility of the CuO, planes as seen by the
PC’s.

The temperature dependences of the intensity of the
absorption line, as determined by its area under the ab-
sorption curve, of the g factors, and of the linewidth are
shown in Figs. 3(a)-3(c). Surprisingly, the intensity of
the EPR line reveals only a weak temperature depen-
dence [Fig. 3(a)]. The same is true for the g factors. Both
g, and g, are almost temperature independent [Fig. 3(b)].
Only at lowest temperature is there a small upturn of
both g values. The most interesting and unexpected re-
sult was the temperature dependence of the linewidth
[Fig. 3(c)]. With decreasing temperatures it decreases,
passes through a minimum near 105 K, and steeply in-
creases for further decreasing temperatures. Due to this
broadening the absorption line is lost at temperatures ap-
proximately 10 K above the superconducting phase tran-
sition temperature. Similar observations were made for
all single crystals in an oxygen concentration range of
0.7<6=0.9.

Figure 4 shows the dependence of the superconducting
phase transition temperature 7', vs the oxygen concentra-
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FIG. 3. Temperature dependence of the intensity of the ab-
sorption line (a), of the g factors g, and g, (b), and of the
linewidth (c) in YBa,Cu;Og g.
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FIG. 4. Oxygen concentration dependence of the fraction of
paramagnetic. chain fragments npcr as calculated from the in-
tegrated intensity of the EPR signal in YBa,Cu;0¢. s (full sym-
bols, right scale). The concentration dependence of the super-
conducting phase transition temperature T, is also shown (solid
line, left scale). The inset shows the concentration dependence
of paramagnetically active chain fragments for two different
“sample preparation” temperatures as calculated using a
modified lattice-gas model (see Ref. 19).
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tion 8. In this phase diagram we have plotted the ob-
served intensities of the EPR absorption for crystals with
different oxygen concentrations at a constant temperature
(T'=105 K). These intensities are a direct measure of the
concentration of PC’s in YBa,Cu;0¢. 5 as a function of 8.
EPR signals could be detected for concentrations
0.7<6=0.9 only. No signals were observed for § <0.7
and for §>0.9.12 We were able to reproduce the spectra
after annealing cycles which first established an oxygen
content with 8~ 1 (no EPR signal) and then decreased &
again into the EPR-active regime. It is interesting to
note that the maximum of the EPR absorption is located
on the borderline from the orthorhombic phase II to the
orthorhombic phase I. It is this regime where PCF’s are
expected, which are located in the CuO chains. 12,19
From intensity considerations, in connection with the
sensitivity of our spectrometer, it is possible to get a
rough estimate of the absolute number of EPR active
chain fragments (see Sec. IIIC). For §=0.8 approxi-
mately 15% of the Cu ions along the chains contribute to
the PCF’s. These results can be directly compared to cal-
culations using a modified lattice-gas model'® (inset in
Fig. 4). The theory predicts a maximum of PCF’s close
to §=0.8, exactly where it was detected experimentally.
The absolute numbers differ by a factor of 2—-3, which is
not astonishing considering the experimental uncertain-
ties and the simplified model assumptions.

In the next chapter we will try to analyze the experi-
mental results outlined above. We develop a model in
which the PCF’s in CuO chains are strongly coupled to
the spin system of the CuO, planes. Within this model
the temperature dependences of the linewidth, the g
values, and the intensities can be calculated and com-
pared to the experimental results. Furthermore, this
model calculation provides the possibility to gain insight
into the spin dynamics of the CuO, planes.

II1. DISCUSSION AND ANALYSIS

A. Introductory comments

The observed EPR signal has features which can be re-
lated to the Cu?*t ion having d° configuration and the
dxl—y2 orbital as a ground state (axial symmetry,
g >&,>2) with z along the ¢ axis of the crystal. One
evident candidate for a such a paramagnetic center could
be Cu(2) in the middle of a square of O ions in the CuO,
layer, but it can be ruled out because of an extraordinari-
ly large linewidth due to the anisotropic part of the
strong exchange interaction.?® Hence similar signals were
usually ascribed to Cu(l) ions in the chains embedded
into a specific environment of neighboring oxygen
atoms'* or to paramagnetic chain fragments with oxygen
holes.'*!> None of the models could consistently de-
scribe the observed EPR signals with respect to the elec-
tronic structure of Cu(l) ions and the local symmetry of
their sites.

For §=0 Cu(1) reveals a d '° configuration which is not
paramagnetic. With increasing doping (8>0), for low
oxygen content a neutral oxygen atom will accept two
electrons from neighboring Cu™ ions, yielding a Cu**-
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027-Cu?* configuration. At the same time superex-
change interactions will couple the two Cu?* ions to a
spin singlet. Each new oxygen atom joining to this shor-
test fragment of a chain can take now only one electron
from the nearest Cu(1) ion to form Cu?*. In other words,
fragments of a chain with n oxygen atoms have n —1
holes in the corresponding p® configurations and n +1
Cu?* ions (one hole in every d '° shell). The ground state
of this system of 2n holes (p and d) will still be a spin
singlet state, giving no EPR signal. The appearance of
paramagnetically active chain fragments with an odd
number of holes (with more than one O?~ ion per frag-
ment) can be expected in the region of oxygen doping
where the orthorhombic phase II (ortho II) transforms
into ortho I. It is interesting that in this transition region
from ortho II to ortho I a new superstructure has been
detected (ortho III) in which one oxygen-poor chain is
followed by two oxygen-rich chains. In the ortho I phase
the length distribution of PCF’s is similar in all chains,
while in the ortho II regime oxygen-poor chains alternate
with oxygen-rich ones (Ref. 21, and references therein).
According to numerical calculations within an improved
lattice-gas model, a sufficient probability to meet such
PCF’s is found for oxygen concentrations 0.6 <8 <0.9."°
This is exactly the concentration regime where EPR sig-
nals could be observed in our samples. It is worth men-
tioning that the creation of PCF’s is closely related to the
transfer of holes into the CuO, planes. At the same time
this transfer increases the number of O?” ions in the
basal planes.

So far, we can understand the existence of EPR signals
from CuO PCF’s. However, it seems difficult to under-
stand the observed anisotropy of the resonance field by
considering the local symmetry of the lattice sites of the
PCF’s. In the chains Cu?" is located in the center of a
slightly distorted square of oxygen atoms [O(1), O(4)].
Hence approximately the same electronic ground state
and the same g factors are expected as those found for the
CuO, plane, but now with the symmetry axis parallel to
the plane. However, this is obviously in contradiction
with the observed EPR signals. The end of a PCF yields
a threefold-coordinated position with no axial symmetry
at all, again in contradiction to the experimental results.
Our proposal to solve these discrepancies will be given in
Sec. IIIC.

The observed temperature dependence of the EPR
linewidth is similar to earlier reports in YBa,Cu;Og
single crystals'>!® and in La,_,Sr,CuO,,s ceramics
doped with Mn (Ref. 22) or Fe.?* With decreasing tem-
perature the linewidth decreases, passes through a
minimum close to 105 K, and strongly increases on fur-
ther cooling until the signal is lost below 80 K, well above
the superconducting phase transition temperature. This
behavior is almost opposite to the temperature depen-
dence of the nuclear relaxation rate 1/7T; of *Cu in the
high-temperature superconductors.6 Nevertheless, there
is no doubt that the PCF’s have interactions with spin
fluctuations of the CuO, planes; in particular, there is a
superexchange interaction between Cu’" ions belonging
to the chain and the plane via the apical oxygen ion O(4).
This interaction gives a contribution to the relaxation
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rates, I‘cp, in the same way as for ®*Cu nuclear spins in
the planes. The corresponding contribution to the EPR
linewidth can be written in terms of the imaginary parts
of the longitudinal and the transverse dynamical spin sus-
ceptibilities x,(q,®) and x,(q,®) of the CuO, plane:?*

(q0—wy) (q,)
X\q 4 Xi\q

b

(1)
where J, is the exchange integral between Cu?* ions lo-
cated in chains (¢) and planes (p) and o, is the EPR fre-
quency. The latter is expected to be small in comparison
with the important frequencies of AFM fluctuations in
the CuO, planes.

The nuclear relaxation rate of >Cu, 1/ 63Tl, is given by
a similar expression to Eq. (1).° Both quantities, I, and
1/63T1, depend on the local dynamic susceptibility but,
of course, are characterized by very different coupling
mechanisms. Combining the expressions for I';, and
1/%T,, we can get a rough estimation of I, using the

relation

S S 2 U
cp (gﬁ')/)z A2 63T1 -

Here A is the hyperfine coupling constant of the $3Cu nu-
clear spin. If we take %7, ~1073 s, 4~50 kOe/up,*
and J,, =200 K, then we get [';,~5.10'? Hz, a value
that considerably exceeds the observed EPR linewidth
(=~10% Hz). This estimate can be considered as a hint to
the existence of a collective motion of magnetic moments
of PCF’s and CuO, planes, making the mutual relaxation
unobservable. Theoretical estimates of this so-called
bottleneck regime have been given by Barnes?® and Plef-
ka.?’ This idea has proven to be helpful also to resolve
all the other difficulties mentioned above and will be our
starting point for interpretation of the experimental re-
sults. As a matter of fact, a similar model of the spin dy-
namics for PCF’s and CuO, planes has been used already
earlier' in order to explain the values of observed g fac-
tors and the EPR intensity. Clear evidence of the
bottleneck effect?® in the coupled system of the magnetic
moments of the EPR probe (here PCF’s) and the AFM
spin fluctuations in the CuO, planes has been demon-
strated in EPR measurements of La,_,Sr,CuO,_ 5 doped
with Mn. %

B. Spin dynamics of paramagnetic chain fragments

In addition to the strong spin coupling between PCF’s
and the spins in CuO, planes described above we have to
take into account the direct relaxation of the transverse
magnetic moments of both spin species to the lattice (1)
(in particular, to free carriers in the plane). Both relaxa-
tion rates, I';; (chain-lattice) and T'j; (plane-lattice), cer-
tainly will contribute to the EPR linewidths. However, if
these relaxation rates, I'; and T, are much smaller
compared to the relaxation rates between the two spin

species, I, then a single EPR line corresponding to the
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collective motion of their transverse magnetic moments
will be observed. This situation is similar to the so-called
“bottleneck effect” for EPR of localized moments which
are coupled to the conduction electrons by the isotropic
exchange interaction (see, for example, the review of
Barnes?® and the thesis of Plefka?’). Explicitly, the con-
dition for the existence of a bottlenecked regime is the
following:

IT, + T pe +i(AX .0, TAX,0,)]
>>1Fp1-‘rd+i(cop-‘"a)c)| . (2)

Here w, and w, are the EPR frequencies of PCF’s and
the CuO, planes; x. and Y, are the corresponding
effective spin susceptibilities of chains and planes, includ-
ing a mutual influence within molecular field theory, and
A is the dimensionless exchange coupling constant be-
tween them:

1+Ax° 1+2x°
— 0 P =40 "¢
Xe=Xe l_xzxgxgy Xp Xp 1—A.ZX2X8 ) (33)
with
4J,
A= A= npep NS (S + gy P

3kyT
(3b)

N,2.8,15

We have introduced “bare” magnetic susceptibilities x°
and )(2 with N, as the number of Cu ions in chains per
cm? and npcp as the concentration of PCF’s; g, and 8
are the corresponding g factors. Differences between the
g factors are the reason why the EPR frequencies are in-
volved in Eq. (2), since only the operator of the total spin
of PCF’s and CuO, planes has a zero commutator with
the isotropic exchange interaction between them, but not
the magnetic moment. Terms with A in (2) appear due to
the additional coupling of the equations of motion for the
transverse magnetic moments of these two subsystems,
since each of them relaxes to the instantaneous effective
alternating field including the corresponding molecular
field correction. The relaxation rates ', and I, are
connected by the detailed balance equation
8XT 0, =8 Xp T pe-

In a phenomenological way, the expected EPR
linewidth and g factors in the strong-bottleneck regime
can be written immediately in terms of relaxation rates
and susceptibilities:?3

0 0
8cUp Xcrcl +Xprpl ((A(JJ)2>
AH=T .= +Re - (4a)
i T tx,) T, +ikx,o,
and
Xc8: 1t Xp8)p
=2 Apop (4b)
e Ty X,

Equation (4) directly shows that the large contributions
(~JZ) to the EPR linewidths resulting from Eq. (1) are
actually canceled. In addition, the exchange coupling be-
tween the two subsystems, PCF’s and CuO, planes,
strongly reduces the possible inhomogeneous broadening
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of the EPR line caused by the distribution of local fields,
including anisotropic exchange interactions between
PCPF’s, magnetic dipole-dipole interactions, and hyperfine
structures. The second term in (4a) represents contribu-
tions according to this inhomogeneous broadening;
((Aw)?) is the mean square of the bare shift from reso-
nance, producing this inhomogeneous broadening.

According to the model described above, the EPR sig-
nal contains information concerning the spin dynamics of
both the PCF’s and CuO, planes. It is evident that this
model cannot be fully reduced to the spin dynamics based
on the Mila-Rice Hamiltonian?® since the relaxation of
the total magnetic moment to the lattice implies the ex-
istence of other degrees of freedom, e.g., coupling to
holons due to spin-orbit interactions.

C. Data analysis of the EPR absorption line

Intensity of the EPR absorption line

The observed integrated intensity of the EPR absorp-
tion line is only weakly dependent on temperature, in
clear disagreement with the Curie law which would be
expected for PCF’s. However, in the model we outlined
above the PCF’s are strongly coupled to the spins in the
CuO, planes and both spin species undergo a collective
motion of their transverse magnetic moments. In this
bottleneck case the intensity of the EPR signal is propor-
tional to the static susceptibilities of chains and planes,
i.e., I ~x.tX,- The bare susceptibility )(2 is known from
experimentally observed Knight shifts in NMR measure-
ments.® It depends strongly on temperature and continu-
ously increases towards higher temperatures (below 300
K) for metallic samples with x <0.94. Hence we took

\\ T T T T
—~ 16 ‘\\ YB32CU3O68 -
Z \ ’
E ‘\\ TC - 63 K
= 12t
=
<
~
2 8
‘@
5
- 4}
A=
00

FIG. 5. Temperature dependence of the measured intensities
of the EPR absorption lines (solid symbols). The static suscepti-
bility of the CuO, planes (y,) as determined from the Knight
shift in NMR experiments (dashed-dotted line) and the Curie-
type susceptibility of the paramagnetic chain fragments (Y.,
dashed line) combine to the total susceptibility which has been
fitted to the experimental results (solid line).
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the values for x, from the Knight-shift data of Ref. 6 and
added a Curie law for the chain susceptibility .. The re-
sult of this fit using only one single free parameter, name-
ly, the concentration of PCF’s, is shown in Fig. 5 for a
sample with §=0.8 (T, =63 K). The agreement with the
experimental data is reasonable and similar results were
obtained for the other samples investigated. The depen-
dence of npcr on the oxygen content § as determined in
five different samples is shown in Fig. 4. It reveals a simi-
lar concentration dependence as predicted by recent
lattice-gas models. !> However, theoretically the absolute
values are overestimated by a factor of 2 to 3 (compare
the experimental values as determined in five different
crystals with the model calculations shown in the inset of
Fig. 4).

g factors

Cu?t ions with a d 2_,2 ground state reveal a g tensor
with axial symmetry and the principal values

81=8,=2+2u,, g;=2+8u,, u,=A/A (5)

P p

where A is the spin-orbit coupling parameter, A, is an
averaged crystal-field splitting between the ground state
and d,,,d,,,d,, orbitals, and the indices 1, 2, and 3
denote the a, b, and ¢ axes of the orthorhombic unit cell.
In the case of the PCF’s the situation is more compli-
cated. The ground state is the superposition of wave
functions of d and p orbitals with coefficients which de-
pend on the length of the PCF’s. According to the local
symmetry of the Cu>”" ion in the PCF, the corresponding
contribution to the ground state must have the form

r

ld.)=cosTld 2_ ) +sinS-ld o) (6a)

and the corresponding g factors are

g1=2+2u,(2— cosa—V 3sina) ,
g,=2+2u (2— cosa+V 3sina) , (6b)
g3=2+4u (1+ cosa) .

In twinned single crystals, regions with g, and g, are
interchanged. The contribution of p holes to the ground
state should depend on the length of the PCF’s, but we
expect them to be less important in comparison with Eq.
(6a). In the bottleneck regime the effective g factors can
then be calculated according to Eq. (4b). In twinned
crystals a single EPR line should be observed in direc-
tions of the field in between the @ and b axis, only

" Xc{2+4u (1+ cosa)} +x,(2+8u,)

, (7a)
geﬂ XC+XP
gl =xc{2+2uc(2——cosa)]+xp(2+2up) (7b)
eff Xc+Xp

For other directions in the a,b plane the line should be
split. We did not observe two lines, probably owing to
the large linewidth. For the Cu?" ion in the fourfold-
coordinated position within the chain, on the basis of the
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FIG. 6. Temperature dependence of g; and g, (solid symbols)
compared to the predictions of our model (solid lines).

Knight shift analysis, Mila and Rice suggested the rela-
tion cot(a/2)=V'3.28 This corresponds to a perfect
square of oxygen atoms around the Cu?* ion. However,
for PCF’s this is not true, especially not for threefold-
coordinated Cu ions at the ends of chain fragments. Our
attempt to fit the experimental values of g factors using
(7a) and (7b) with only one parameter u =u.=u, and
cot(a/2)=2.41 is shown in Fig. 6. The absolute values
are not well described. This is not astonishing in view of
the oversimplified model for the PCF’s. But we em-
phasize that the main features (glg > gls and a weak tem-
perature dependence) are correctly reproduced.

Linewidth

Under the assumption that the susceptibilities are
known, the temperature dependence of the EPR
linewidth, according to Eq. (4a), is determined by the
three temperature-dependent functions I, T, and T,
and by two constants {(Aw)?) and A. To simplify the
fitting procedure we used explicitly the assumption
I, <<T',, since the PCF’s are not coupled directly to
charge carriers. For the relaxation rates of the magnetic
moments of the CuO, planes to the lattice we assume a
Korringa type of behavior, namely,

l"p, =bT . (8)

This ansatz was successfully used in the case of
La,_,Sr,CuO,, s doped with Mn.??> Assuming that in
the bottleneck regime the molecular field parameter A
can be neglected, the temperature dependence of the
linewidth is essentially determined by the temperature
dependence of F(T)~T,, namely,

xX5bT A
F(T) ~

8cUp
_——‘AH=Fe =
# T 0 +x)

Here A and b are temperature-independent fitting param-

9)
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eters and F(T)~T,
tibility [see Eq. (1)].

To fit the experimental results of AH (T) it is necessary
to develop a model function F(T) for I‘cp, i.e., for the dy-
namic susceptibility of the planes. According to our dis-
cussion in Sec. IIT A, the relaxation mechanism of PCF’s
due to spin fluctuations in the CuO, planes should be
similar to the nuclear relaxation. Hence we have tried to
use a function F(T)~1/T{(T), and T(T) taken from
NMR measurements.® The result was not satisfying,
since it produces an EPR linewidth which increases too
slowly for decreasing temperatures. It was also impossi-
ble to describe the data using F(T)~ T%, which was suc-
cessfully used in the case of La,_, Sr,CuQO,, 5 doped with
Mn.?? In this latter case it was assumed that the strong
increase of AH(T) towards low temperature is deter-
mined by the coupling of the EPR probe to magnon exci-
tations which already exist in the paramagnetic state. Fi-
nally, we have chosen a purely phenomenological func-
tion for the averaged imaginary part of the dynamic sus-
ceptibility, which has been used by Tranquada et al.’ to
explain neutron-scattering results. According to Eq. (1)
we took

corresponds to the dynamic suscep-

I ~F(T)=T |tanh |72~
@ IR R T
+tanh | 0oy (10)
A Tk, T ’

where fio, is an energy which reflects a spin-gap behavior
of the dynamic susceptibility. For high temperatures or
high measuring frequencies, Eq. (10) yields the o /T scal-
ing behavior expected for the dynamic susceptibility of
the CuO, planes.!

To describe the experimental results of AH(T), A, b,
and w, in Egs. (9) and (10) are the only fitting parameters.
The result of a fit of Eq. (9) to the temperature depen-
dence of the linewidth in sample 2 is shown in Fig. 7.
The agreement between the model and the experimental
results is strikingly good. Similar results were obtained
for all samples investigated. The relevant fitting parame-
ters were similar for all oxygen concentrations.

The susceptibilities x2(7) and x5(T) in Eq. (9) have
been determined already earlier [Egs. (3a) and (3b)] to
describe the temperature dependence of the intensity of
the resonance absorption. However, to describe AH (T)
for all oxygen concentrations with a common set of pa-
rameters, the fit quality was considerably increased by as-
suming a concentration of PCF’s, ipcp, that is constant
for all §, in clear disagreement with the results as shown
in Fig. 4. The fact that, on the one hand, AH (T) can be
calculated assuming a constant density of PCF’s, Aipcg,
but, on the other hand, I (T) which measures the absolute
value of PCF’s, npcp, yields a density that strongly de-
pends on 8, can only be explained by assuming an elec-
tronic phase separation of the sample.?’ EPR results
provide evidence that clusters with a high local concen-
tration of PCF’s are embedded in a matrix with a low
concentration of PCF’s. The intensity of the absorption
line measures the total number of PCF’s. The linewidth

0.5 :
0.4 i
©
8ot i
b’
N
T 02} i
< v #1 §=075
e # §=0.8
0.1 YBaCLO o #3 5=082 -
a,Cu o#4 6§ =0.85
273648 a #5 5=0.88
i 1 " 1 " 1
O 80 160 240

T(K)

FIG. 7. Temperature dependence of the linewidth AH in
YBa,Cu;04, 5 for five samples with different oxygen concentra-
tions. The solid line represents the result of a fit using Eq. (9) to
the data obtained on sample 2 (7, =63 K).

is sensitive to the high concentration of PCF’s within
clusters. Hence npcg(8) in Fig. 4 describes the 8 depen-
dence of the concentration of EPR-active clusters. This
electronic phase separation could be enhanced by the
quenching procedure we used for the sample preparation
and should appear close to the phase boundary of ortho I
to ortho II. At the moment, it is unclear if similar ex-
planations would hold assuming a superstructure of
oxygen-rich and oxygen-poor chains (i.e., ortho III).
Here a more detailed analysis of g values, intensities, and
linewidth is needed which, at the moment, is in progress.
The parameters 4 and b slightly change from sample
to sample, but closely match the local concentration of

- PCF’s, fipcp. The gap energy #iw, =451+ 10 meV was kept

constant for all oxygen concentrations. The value of the
pseudogap resulting from our analysis is almost two times
larger than the values resulting from inelastic-neutron-
scattering measurements for heavily doped YBa,Cu;0q , 5
samples.* However, the values for the spin-gap energy
were derived in a very different way, which makes a
direct comparison difficult. For example, in the analysis
of the gap values from NMR and INS data, only the
second term of Eq. (9) has been used, neglecting all other
contributions to the temperature dependence of the dy-
namic structure factor or of the observed relaxation rates.
But it is due to the contribution of two temperature-
dependent terms in Eq. (9) that our analysis is not very
sensitive to the gap value, which results in a relatively
large error of ﬁwg. However, we can state explicitly that
the susceptibility of the planes is drastically suppressed
for temperatures below 80 K and at low frequencies. The
analysis of INS and NMR data (see Ref. 5) using the phe-
nomenological ansatz of Eq. (10) yielded %o, =9 meV for
8=0.6 (INS) and #iw, =18 meV for §=0.63 (NMR).

At the same time we want to point out that, although
the general behavior of the EPR linewidth of
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La, ,Sr,CuO,,5 doped with Mn (Ref. 22) and the sys-
tem under consideration is very similar, the interpreta-
tion is very different. While the broadening of the EPR
line with decreasing temperature in the former case could
be fitted using Eq. (9) with F(T)~T*“ and a~2, the ade-
quate analysis of the heavily doped YBa,Cu;O¢ 5 system
evidently requires an exponential function displaying
pseudogap behavior, consistent with NMR and INS mea-
surements. This interpretation is in accord with the
theory of Millis and Monien’ who proposed that the de-
crease of the susceptibility is due to an incipient spin-
density-wave ordering in the case of La,_,Sr,CuO, s,
but is due to the appearance of a spin gap in
YB32CU306+5.

IV. CONCLUSION

We have presented detailed EPR measurements in
YBa,Cu;0¢. 5 for different oxygen contents. An intrinsic
and well-defined signal has been observed only in a nar-
row concentration range 0.7 <8 <0.9 and can be attri-
buted to the existence of paramagnetic CuO-chain frag-
ments. The weak temperature dependence of the EPR in-
tensity and of the values of the g factors as well as the
peculiar temperature dependence of the linewidth can be
understood in terms of an isotropic exchange coupling of
PCPF’s to the spin system of the CuO, planes, resulting in
a collective motion of their magnetic moments (strong-
bottleneck regime). Combining a Curie law of the PCF
susceptibility with the temperature dependence of the
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CuQ, static susceptibility as determined in NMR mea-
surements, we were able to explain the temperature
dependence of the integrated intensity of the EPR ab-
sorption line and we were able to estimate the averaged
concentration of PCF’s as function of the oxygen content
6. The maximum number of PCF’s appears close to the
phase boundary between ortho II and ortho I phases.
These results are qualitatively consistent with theoretical
predictions by Uimin and co-workers. 1%2!

At high temperatures, where the coupling between the
two spin systems, namely, the PCF’s and the spin fluctua-
tions in the CuO, planes, is the strongest, the broadening
of the EPR line is caused by the relaxation of the trans-
verse magnetic moment of the CuO, planes to the lattice,
presumably to the carriers of spin and charge in the same
plane. This relaxation rate displays a Korringa-type tem-
perature dependence. At low temperatures the relaxation
of PCF’s to the spin fluctuations in the CuO, planes is
dominant. The very steep increase of the linewidth with
decreasing temperature can be connected with a pseudo-
gap behavior of the dynamic spin susceptibility of the
CuO, planes. From the analysis using a phenomenologi-
cal model we determined the spin gap #iw, =45+10 meV,
rather independent of oxygen concentration, in the heavi-
ly doped metallic state (0.75 <8 <0.88).
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