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The relaxation of Yb** in YBa,Cu;0, (6 <x<7) was studied using electron paramagnetic resonance. It was
found that both electronic and phononic processes contribute to the Yb3* relaxation. The phononic part of the
relaxation has an exponential temperature dependence, which can be explained by a Raman process via the
coupling to high-energy (~500 K) optical phonons or an Orbach-type process via the excited vibronic levels
of the Cu?* ions (localized Slonczewski-modes). In a sample with a maximum oxygen doping x=6.98, the
electronic part of the relaxation follows a Korringa law in the normal state and strongly decreases below T..
Comparison of the samples with and without Zn doping proved that the superconducting gap opening is
responsible for the sharp decrease of Yb>* relaxation in YBa,Cu;Og o5. It was shown that the electronic part of
the Yb** relaxation in the superconducting state follows the same temperature dependence as 3Cu and 70
nuclear relaxations despite the huge difference between the corresponding electronic and nuclear relaxation

rates.
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I. INTRODUCTION

It is well known that in the high-7. superconductor
YBa,Cu;0, the substitution of yttrium by isovalent rare-
earth (RE) ions, having local magnetic 4f moments, does not
change the critical temperature T, considerably.' This makes
it possible to use these local moments as useful paramagnetic
probes of the electronic states within the CuO, planes with-
out seriously perturbing them. Relaxation of the RE mag-
netic moments provides important information about fluctu-
ating electric and magnetic fields in cuprate superconductors.
In the normal state, RE ions with nonzero orbital moment
can interact with phonons, spin fluctuations, and charge car-
riers. These interactions limit the lifetime of the crystal-field
(CF) excitations and lead to broadening of the observed CF
transitions. Inelastic neutron scattering (INS) is widely used
to study the relaxation of the RE magnetic moments in cu-
prates superconductors by measuring the linewidths of the
observed CF transitions.2 However, the mechanism of the
relaxation of RE ions in cuprates is the issue of hot
debates.>* Most of the authors consider an interaction of 4f
spins with charge-carrier spins (Korringa mechanism) as a
dominant channel of relaxation.”™® Other authors, in oppo-
site, conclude that the interactions of RE spins with charge
carriers are negligible and that the interactions with lattice
vibrations are only responsible for the relaxation behavior of
the 4f spins in cuprates.””!! At the moment there is no con-
sensus on this subject and therefore it is important to disen-
tangle the electronic and phononic sources of relaxation.

Relaxation of the 4f magnetic moments can be studied
also by measuring the linewidth of the electron paramagnetic
resonance (EPR) signal of the RE ions.'? There have been a
few EPR studies of the RE ions with nonzero orbital moment
(Er and Yb) doped in cuprates.'>Y Again, the situation with
EPR is similarly contradictory as in INS studies. Some
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groups observed both electronic (Korringa) and phononic
(Orbach) contributions to EPR relaxation.'>1¢17 While others
conclude that the Korringa contribution is negligible and the
interaction with lattice vibrations only is sufficient to explain
the temperature dependence of the EPR linewidth in
cuprates.'8-20

In this work we report a detailed EPR study of the Yb*
relaxation in YBa,Cu;0, samples with oxygen content x
covering the whole doping range (6 <x<7). By measuring
the temperature dependence of the Yb3* EPR linewidth in a
broad temperature range, it was found that both phononic
and electronic mechanisms contribute to the relaxation. The
electronic contribution decreases with decreasing oxygen
content x, while the phononic contribution is practically dop-
ing independent and has an exponential temperature depen-
dence. In a sample with a maximum oxygen doping x
=06.98, the electronic part of the relaxation follows a Kor-
ringa law in the normal state, and a sharp drop of the relax-
ation rate is observed below T.. In the superconducting state
the electronic part of the Yb** relaxation rate follows the
same temperature dependence as ®*Cu and '’O nuclear relax-
ations.

This paper is organized as follows: sample preparation
and experimental details are described in Sec. II. The EPR
spectra and the procedure of their analysis are discussed in
Sec. III. Section IV presents the temperature and doping de-
pendence of the Yb’* relaxation rate in the normal and su-
perconducting states. In Sec. V we summarize our results
and the conclusions of this study.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of Y,_,Yb,Ba,Cu;0, were
prepared by the standard solid-state reaction by using Y,03,
Yb,03, BaCOs;, and CuO of a minimum purity of 99.99%.
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Appropriate amounts of starting reagents were mixed and
calcinated at temperatures 800—920 °C during at least 150 h
in air, with several intermediate grindings. Finally, the as-
prepared sample was oxidized in oxygen atmosphere (1 bar
of O,) at 500 °C. After the oxidation the sample had oxygen
content close to 7 (6.98). The required oxygen content in the
samples was adjusted by gettering in a closed ampoule with
metallic copper (850 °C, 10 h; cooling 10 °C/h). The oxy-
gen content in the reduced samples was checked by compar-
ing theoretical and real mass changes of the oxidized getter
and the reduced sample. For all the samples phase purity was
checked with a conventional x-ray diffractometer (SIEMENS
D500).

The dilute level of the Yb doping (y=0.02) was chosen in
order to minimize broadening effects from Yb-Yb interac-
tions and at the same time to obtain a sufficiently strong EPR
signal. The EPR measurements were performed with an
X-band BRUKER EMX spectrometer equipped with an Ox-
ford Instruments helium flow cryostat. In order to avoid a
signal distortion due to skin effects, the samples were ground
and the powder was suspended in epoxy. The c-axes grain
orientation was obtained by placing the samples in a 9 T
magnetic field until the epoxy hardened. As a result of the
orientation procedure the ¢ axes of the grains were preferen-
tially aligned along the magnetic field direction.?!

EPR spectra were measured in five samples
Yo_gng().OzBazClbOx with x=6.1, 64, 65, 66, and 6.98 and
critical temperatures T, of 0, 12(1), 51(1), 60(1), and 93(1)
K, respectively. In addition, one Zn-doped sample
Y0.98Yb0~02Baz(CuO'g7Zn0.03)306‘95 was measured with Tc
=57(1) K.

III. ANALYSIS OF THE YTTERBIUM EPR SPECTRA

In the YBa,Cu;0, structure, the rare-earth site is eightfold
coordinated by oxygens lying in the CuO, bilayers. Group
theoretical considerations show that the eightfold degeneracy
of the ground-state multiplet *F, of the Yb>* ions (4f") is
split by the crystal electric field of orthorhombic symmetry
into four Kramers doublets.?? Generally, this splitting is large
enough so that only the lowest lying doublet is appreciably
populated at low temperatures. In fact, inelastic neutron-
scattering measurements showed that in YbBa,Cu3;0; the
first-excited doublet lies 1000 K above the ground doublet.??
So, EPR signals would be observed only for this doublet,
which can be described in an effective S=1/2 notation.

Figure 1(a) shows Yb** EPR  spectra of
Y03YbgoBa,CusOg4 at T=40 K with the external mag-
netic field along and perpendicular to the crystal ¢ axis. The
spectra correspond to Yb** with an effective spin S=1/2
with g values g;=3.13(3) and g,=3.49(3). The average
value g,,=3.37 is close to g=3.43 expected for the isolated
I'; ground doublet.?” Figure 1(b) shows Yb** EPR spectra
for the optimally doped sample x=6.98 at T=25 K. Note
that the EPR line splits into two components for the H L ¢
orientation. This reflects the transition from tetragonal to
orthorhombic crystal symmetry in YBa,Cu;0, with increas-
ing oxygen content. Enhanced noise seen in these spectra is
related to the superconducting state. It is known that in the
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FIG. 1. EPR spectra of Yb* in grain oriented

Y03 Ybg 0:Ba,Cus0, with different oxygen contents: (a) x=6.4; (b)
x=6.98. Two orientations correspond to the external magnetic field
along and perpendicular to the crystal ¢ axis.

superconducting state the strong noise is generated due to
vortex motion in the modulating magnetic field used in stan-
dard EPR spectrometers.

Figure 2 shows typical EPR spectra for the x=6.4 sample
at different temperatures with the magnetic field applied per-
pendicular to the ¢ axis. The EPR lines in the g=~2 region
are due to Cu®* defect centers, which are always present in
YBa,Cu;0q,,.2* The concentration of the Cu>* defect centers
in our samples correspond to 1-2% of the total copper con-
tent, as determined from the Cu** EPR signal intensity. The
Yb** EPR spectrum at 40 K is rather complex, with a domi-
nant central line and shoulders on each side. The shoulders
are due to partially resolved hyperfine components. Natural
ytterbium has 69% even-mass isotopes with nuclear spin /
=0 14% "'Yb with /=1/2, and 16% 'Yb with [=5/2.
Both odd isotopes give rise to nuclear hyperfine interactions.
In Fig. 2 one can see that with increasing temperature the
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FIG. 2. EPR spectra in grain oriented Y 9gYbg oBa,CusOg 4 at

different temperatures for a magnetic field direction perpendicular

to the crystal ¢ axis. The solid lines are fits to the data, including
relaxation as described in the text.

Yb** EPR line broadens and the multiple-line structure of the
Yb spectra gradually merges into one line which continues to
broaden with temperature. This broadening is due to the Yb
relaxation and is the subject of the present study.

The observed line shape can be interpreted in the follow-
ing way: a temperature-independent residual function due to
inhomogeneous broadening which is further broadened by a
temperature dependent relaxation. The method by which the
relaxation-induced peak-to-peak derivative linewidth AB! is
extracted from the total peak-to-peak linewidth of the ]_EZII)DR
signal AB;p depends upon the line shapes associated with
inhomogeneous and homogeneous broadening mechanisms.
The homogeneous broadening leads to Lorentzian line shape
while the inhomogeneous low-temperature line shape is usu-
ally approximated as either Lorentzian or Gaussian. For a
Lorentzian-Lorentzian convolution there is a simple relation:
ABSP(T)zAB;p(T)—Ang, where Ang is a residual,
temperature-independent  linewidth. The result of a
Lorentzian-Gaussian convolution is called a Voigt function,
which cannot be expressed in closed form.

In our case the low-temperature line shape is neither
Lorentzian nor Gaussian. The anisotropic nature of the Yb**
signal, the partially resolved hyperfine structure, and the
nonideal grain alignment, make it very difficult to accurately
model the complex shape of the Yb EPR spectra and its
evolution with temperature. Therefore, in order to extract the
linewidth related to relaxation, we used an approach similar
to one used in inelastic neutron-scattering studies of rare-
earth relaxation in cuprates.’

The inhomogeneous broadening of an EPR line is due to
the spread of the resonance frequencies of an assembly of
electronic spins. The width of the single spin packet contrib-
utes to homogeneous broadening. This situation can be de-
scribed by a convolution integral,??
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I(B)=fp(B’)f(B—B')dB'=p(B)*f(B), (1)

where * is the convolution symbol, p(B) is the inhomoge-
neous line shape, and f(B) is the resonance line profile of the
spin packet given by a Lorentzian line function. EPR spectra
are usually detected in the form of a first derivative, I'(B)
=0I(B)/dB. In this case I'(B)=p(B)*f'(B), where f'(B) is
the first derivative of a Lorentzian with amplitude A, center
at By and the peak-to-peak width AB| related with relax-

ation,
. 2(B=By Z(B—Bo)>2}_2
f(B)=A A5, {3+< iva . 2)

In order to describe the inhomogeneous line shape p(B), we
divided Yb EPR spectra in 120 points with a step of JB
=1 mT in the interval of 120-240 mT. In this case an inte-
gral is replaced by a sum of 120 Lorentzians,

120

I'(B)= 2>, piB)) - f'(B~B,)B. 3)
i=1

The residual function p,(B;), characterizing the inhomoge-
neous line shape was obtained at low temperatures where
relaxational broadening is negligible. We found that in all
samples measured in the present work, except one Zn-doped
sample, the relaxational broadening was absent below 40 K.
Therefore, this temperature was used to determine the inho-
mogeneous line shape for samples without Zn doping. In
Zn-doped sample the linewidth continues to decrease down
to 15 K and therefore the inhomogeneous line shape was
determined at this temperature. As an example, the line
drawn through the 40 K data in Fig. 2 represents the residual
function for x=6.4 sample. Having established the residual
function, we kept the coefficients p; fixed at all temperatures
and fitted the data at high temperatures by convolving the
residual function with the broadening function of Lorentzian
shape. The center B, width ABI’)p, and amplitude A of the
broadening function were the only variable parameters. The
resulting fits are shown in Fig. 2.

The peak-to-peak linewidth AB; is related to the trans-
verse relaxation rate 75" as follows:p26
— gupAB,

> Sy =762 X 10°%AB;,. (4)

For paramagnetic relaxation of RE ions in cuprates 751 is
equal to the spin-lattice relaxation rate 77", as was shown for
Gd3+ in Y0‘99GdOA01B32CU408.27

IV. TEMPERATURE AND DOPING DEPENDENCE OF
THE YTTERBIUM RELAXATION

A. Yb3?* relaxation in the normal state

Figure 3 shows the temperature dependence of the peak-
to-peak width AB’ = related with relaxation and correspond-
ing relaxation rate 1/7; of Yb** in Y 4gYb ¢,Ba,Cu;0, for
different oxygen contents. In order to distinguish between
electronic and phononic contributions to relaxation, let us
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FIG. 3. (Color online) Temperature dependence of the width of
the broadening function AB’ and the corresponding spin-lattice
relaxation rate TTI of Yb** in Y gYbg0:Ba,Cus0, with different
oxygen content x for H L c¢. The solid lines represent the best fit to
Eq. (6).

first consider the sample with the lowest oxygen content (x
=6.1). One can see in Fig. 3 that in this sample, which is
antiferromagnetic and insulating with practically no charge
carriers, the relaxation rate is comparable to those of samples
with much higher oxygen contents. Consequently, this sug-
gests that the phonon contribution to the rare-earth relaxation
rate is significant at all oxygen doping levels since in the x
=6.1 sample the electronic contribution is expected to be
negligible.

We observed that the temperature dependence of the re-
laxation rate follows closely the exponential function
C exp(-A/T) with A=520(30) and 570(30) K, for x=6.1 and
6.4 respectively. This is demonstrated in Fig. 4, where the
relaxation rates as a function of inverse temperature are plot-
ted on a semilogarithmic scale. Such an exponential depen-
dence is expected for the Orbach relaxation process via an
excited intermediate energy level.”® In this case A corre-
sponds to the separation between the ground-state doublet
and the excited level. According to inelastic neutron-
scattering experiments the first-excited energy level of Yb in
YBa,Cuz0; is about 1000 K above the ground-state
doublet.”? Since there is no excited crystal-field energy level
with A~500 K, the traditional Orbach relaxation mecha-
nism can be excluded.

An exponential temperature dependence of the relaxation
rate is also expected for the Raman two-phonon process in-
volving optical phonons or local vibrations.??3° In this case
the relaxation rate is

1/T, = C exp(QUT)/[exp(QUT) - 17°, (5)

where () is the optical phonon frequency.?*3* The solid lines
in Fig. 4 represent a best fit to the data using Eq. (5). It is
obvious that the Raman process involving optical phonons
can explain the phonon contribution to the Yb** spin-lattice
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FIG. 4. (Color online) The width of the broadening function
AB;p and the corresponding spin-lattice relaxation rate TII of Yb3*
in Yg93YbgpBa,CusO0, with x=6.1, 6.4, and 6.98 versus inverse
temperature plotted on a semilogarithmic scale. For x=6.98 sample
only phononic contribution to relaxation is plotted. The solid lines
represent the best fit to Eq. (5).

relaxation. Optical phonons within the energy range 500(50)
K exist in YBa,Cu;0,. These are: (i) the in-plane bond-
bending (500-560 K) and (ii) the out-of-plane B, (470 K)
phonons.3! Theoretical calculations are necessary in order to
determine which of the two optical phonon modes (in-plane
bond bending or out-of-plane B;,) mostly contributes to
Yb** spin-lattice relaxation.

It is interesting to note that an exponential temperature
dependence of the spin-relaxation rate was observed in a
previous EPR study of crystals containing Jahn-Teller (JT)
transition metal ions.3>33 In this case relaxation takes place
due to an Orbach-type process via the excited vibronic levels
of the JT ion (localized Slonczewski modes).>* In our case
such a scenario is also possible if Yb>* spin relaxation occurs
due to coupling to the vibrations of surrounding CuOg com-
plexes since Cu’* is a strong JT ion. There are no reports on
JT splitting of Cu?* in SrTiO; or similar perovskites, but in
MgO and CaO it is approximately 1500 K,3* which is much
larger than 500 K found in the present work. However, it was
observed that for Ni** the JT splitting in SrTiOj is two to
four times reduced compared to MgO, CaO, or Al,0;.3 A
similar reduction in the JT splitting can be expected also for
Cu?* in perovskites. In addition, in cuprates the Cu?* ions are
situated next to each other. In such a cooperative situation
the energy of the Slonczewski mode will be lower compared
to the isolated Cu* ions. It would be interesting to search for
localized vibronic modes in cuprates using inelastic neutron
scattering.

For an oxygen content x > 6.4, Eq. (5) cannot describe the
relaxation data well, and it was necessary to take into ac-
count the Korringa relaxation mechanism where localized
Yb** moments couple to mobile charge carriers in the CuO,
planes through an exchange interaction. In normal metals the
Korringa relaxation has a linear temperature dependence
bT."> The parameter b is proportional to the product
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TABLE 1. The fitting parameters of the Yb** relaxation in
Y0<98Yb0<02Ba2Cu30x llSil'lg Eq (6)

T, c Q b
x (K) (G) (K) (G/K)
6.1 10800(500) 500(30) 0

6.4 12(1) 13190(500) 540(30) 0

6.98 93(1) 9090(400) 460(30) 1.27(10)
6.95(Zn) 57(1) 10160(400) 490(30) 1.27(10)

[J4N(ER)]?, where J is the exchange integral between Yb3*
moments and holes, and N(Ey) is the density of states at the
Fermi energy. In underdoped cuprates the density of states at
the Fermi level is temperature dependent due to the
pseudogap opening. This leads to the nonlinear temperature
dependence of the relaxation rate as demonstrated by *Y
NMR (Ref. 35) and Gd EPR (Ref. 36) experiments in
YBa,Cu;0,. No exact formula exists to describe this nonlin-
ear temperature dependence. Therefore we did not fit the data
for underdoped samples (6.4<x<6.98). However, the use
of the Korringa law is justified in our optimally doped
sample x=6.98, where the pseudogap is absent.®> The solid
lines in Fig. 3 correspond to fits of the data using a sum of
phononic and electronic contributions,

1T, = C exp(Q/T)/[exp(Q/T) — 17 + bT. (6)

The obtained parameters C, (), and b are summarized in
Table L. It is interesting to compare the value of the Korringa
constant b=1.27(10) G/K for x=6.98 with the values ob-
tained from EPR measurements of Gd-doped YBa,Cu;0,. In
contrast to Yb**, the Gd>* ion has zero orbital moment (L
=0) and interacts very weakly with lattice vibrations. There-
fore, the Korringa relaxation due to interaction with charge
carriers is the dominant process and the Korringa constant
can be obtained directly from the temperature dependence of
the EPR linewidth. Indeed, EPR measurements on a Gd-
doped EuBa,Cu;04 g5 single crystal’’ showed a linear broad-
ening of the EPR line in the temperature range 90-300 K
with the Korringa constant »=0.5 G/K. This value of b is
comparable, but smaller than our value of b. This is expected
due to the smaller oxygen content (x=6.85) and conse-
quently smaller density of states at the Fermi level N(Ey)
compared to our sample (x=6.98).

The comparable values of Korringa constants b for Gd**
and Yb** in YBCO show that they have similar exchange
coupling Ji with charge carriers. The observed Korringa
constants of RE ions in YBCO are at least 1 order of mag-
nitude smaller than the corresponding quantities found for
RE ions in conventional metals.'?> The small value of b for
RE ions in YBa,Cus0, is due to the weak coupling J; be-
tween the RE moments and the holes in the CuO, planes.
This explains naturally the small effect of RE magnetic mo-
ments on T, in YBa,Cu;0,.%

B. Yb** relaxation in the superconducting state

Generally, it is difficult to measure EPR in the supercon-
ducting state because of the strong microwave absorption
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FIG. 5. (Color online) (a) Temperature dependence of the width
of the broadening function AB;p and the corresponding spin-lattice
relaxation rate TTI of Yb3+ in Yo'gngo'OzBazcu:;O@gg (YBCO7)
and Y08 Ybg 02Bay(Cug 97Zn (3)306.95 (YBCO7:Zn) for H L c. The
solid lines represent the best fit to Eq. (6) of the YBCO7 and
YBCO7:Zn data above their superconducting transition tempera-
tures 7.=93 and 57 K, respectively. (b) Temperature dependence of
the electronic part of the Yb3* relaxation 1/bﬁlT in YBCO7 and
YBCOT7:Zn. The dashed line represents the normal-state relaxation
expected by the Korringa law.

and the noise due to vortex motion in the modulating mag-
netic field used in standard EPR spectrometers. Nevertheless,
in grain-aligned samples with small grain size it was possible
to observe an Yb** EPR signal below T [see Fig. 1(b)]. This
allowed us to study the temperature dependence of the Yb**
relaxation in the superconducting state. We observed a strong
reduction in the Yb** relaxation rate below 7T.. This is clearly
seen in Fig. 3 for x=6.98, where the relaxation rate falls
below the theoretical line given by Eq. (6). It is natural to
attribute the drop of the relaxation to the opening of the
superconducting gap.

In order to check this possibility, we measured the relax-
ation of Yb3+ in Y()_gSYbo_OzBaz(CuO‘97Zn0.03)3O6_gs where Zn
doping reduces T, to 57 K. Figure 5(a) shows the tempera-
ture dependence of the peak-to-peak width Ang related with
relaxation and corresponding relaxation rate 1/7 in samples
with and without Zn doping. It is expected that 3% Zn dop-
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ing should not change strongly the phonon spectra and the
electronic density of states. In fact, above ~90 K the relax-
ation rates are very close for both samples. However, below
~90 K the behavior of relaxation is different. While the
relaxation rate of the sample without Zn doping sharply de-
creases below this temperature due to the onset of supercon-
ductivity, in the Zn-doped sample relaxation continues to de-
crease gradually until Tf“=57 K, where a similar sharp turn
is observed. This result unambiguously shows that the super-
conducting gap opening is responsible for the drop of Yb**
relaxation in YBa,Cu;0g¢ ¢5. Moreover, it proves the presence
of the electronic channel of relaxation described by the Ko-
rringa term bT in Eq. (6). Zn doping helps to reveal the
Korringa term, which is masked at high temperatures by
phonon relaxation due to the much stronger temperature de-
pendence, and below 7, by opening of the superconducting
gap. Figure 5(b) shows the electronic part of the Yb>* relax-
ation after subtracting the phonon contribution in pure and
Zn-doped samples. The linear temperature dependence in the
normal state and a sharp decrease below T, are clearly seen.

In superconducting samples at low temperatures extra
broadening could be present due to the distribution of the
diamagnetic shifts related to the irregular shape of the pow-
der grains. However, we observed no additional broadening
even in optimally doped superconducting sample down to 40
K. In fact, the superconducting and nonsuperconducting
samples had the same inhomogeneous linewidth at this tem-
perature. This is in agreement with the estimations of the
diamagnetic shift ~3 mT at 10 K in H L ¢ orientation in
YBa,Cu30,, which further decreases with increasing
temperature.’® Therefore, extra broadening from the distribu-
tion of this diamagnetic shift in our optimally doped sample
at 40 K is estimated to be about 1 mT, which is much smaller
than the observed inhomogeneous linewidth AB,,=11 mT.

It is expected that the electronic part of the relaxation of
the 4f magnetic moments on the yttrium site in YBCO mea-
sured by EPR has the same temperature dependence as ¥y
nuclear relaxation, since in both cases the relaxation is pro-
portional to the imaginary part of the dynamic spin
susceptibility.>® This was confirmed by EPR measurements
of Gd** spin relaxation in YBa,Cu;0, in normal state.3%
Also, in the present work, the electronic part of the Yb** spin
relaxation in optimally doped YBCO above T, shows a linear
temperature dependence (Korringa behavior) such as ¥Y
nuclear relaxation.?® Note, however, that there is a huge dif-
ference between the magnitudes (more than a factor 10°) of
the electron and nuclear relaxation rates due to the large
difference between the corresponding coupling constants.

It would be interesting to compare the temperature depen-
dences of the electron and nuclear spin-relaxation rates on
the yttrium site in the superconducting state, where relax-
ation drops due to the opening of the superconducting gap.
Unfortunately, no detailed %Y nuclear relaxation data exists
for YBa,Cu;0, in the superconducting state. A very small
coupling between the yttrium nuclei and the charge carriers
leads to very long relaxation times and makes Y NMR
measurements in the superconducting state extremely diffi-
cult. Therefore, we plot in Fig. 6 the electronic part of 1/7,T
versus reduced temperature 7/ T, for Yb** in x=6.98 sample
together with the corresponding quantities from NMR mea-
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FIG. 6. (Color online) (1/T,T) of Yb*" in the superconducting
state normalized by its value at 100 K in Y 9gYbg :Bay,CuzOg 95
versus reduced temperature 7/7,., compared with those of 70
NMR (Ref. 41) and *Cu NMR (Ref. 42) in YBa,Cu30,_

surements for 70O and ®*Cu nuclei in YBa,Cu;0,.4'42 The
relaxation rates are plotted for H L ¢ orientation, and ®Cu
NMR relaxation data are plotted for weak magnetic field H
=0.45 T where the fluxoid core contribution to relaxation is
small.*> The electron and nuclear relaxation rates were nor-
malized to their values above 7, at T=100 K. As is evident
from Fig. 6, (1/T,T) shows a very similar tem})erature de-
pendence for the Yb** electronic spins and the “°Cu and 70
nuclei.

Previously, the relaxation rate 1/7; of Yb3* in the super-
conducting state of optimally doped YBa,Cu;O; was ex-
tracted from '"*Yb Mossbauer spectra.*> The temperature de-
pendence of 1/7 was followed only up to 90 K limited by
the decrease in the intensity of the Mossbauer effect. There-
fore, a sharp decrease in the relaxation rate at transition from
normal to superconducting state was not observed. Neverthe-
less, it is interesting to compare the absolute values of the
relaxation rates of Yb** obtained by Mdossbauer and EPR
techniques. Such a comparison is shown in Table II. The
excellent quantitative agreement of the relaxation rates ob-
tained by two different experimental techniques is remark-
able and provides strong support of the methods of extracting
relaxation rates from Mossbauer spectroscopy*’ and from
EPR spectra presented in this work.

Relaxation measurements at low temperatures (T<<T,)
can provide information about the superconducting gap

TABLE II. The relaxation rates of Yb** in YBa,Cu;0; at dif-
ferent temperatures obtained by Mossbauer technique (1/ TIIVIS, Ref.
43) and by EPR in the present work (1/75FX).

T /Ty /TR
(K) (10° 571 (10° 571
60 0.5(1) 0.6(1)
70 1.3(1) 1.2(1)
80 2.5(1) 1.8(1)
90 4.0(1) 4.4(1)
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symmetry.** However, in the present EPR experiments we
could not detect relaxation broadening at 7<<T.. since it be-
comes much smaller than the inhomogeneous residual line-
width. This prevents a reliable measurement of the relaxation
rate below T=0.5T,. It is expected that at low temperatures
in the superconducting state the Yb** relaxation rate will
decrease below 107 s7!. In this case T, can be measured
directly using the pulse EPR techniques. It would be inter-
esting to perform such experiments at low temperatures.

V. SUMMARY AND CONCLUSIONS

To summarize, we performed a detailed study of the tem-
perature dependence of the Yb** EPR linewidth, i.e., the re-
laxation in YBa,Cu;0, from the undoped insulating to the
optimally doped superconducting region (6 =x=7). It was
found that both electronic and phononic processes contribute
to Yb3* relaxation. We were able to separate these processes
and studied their relative contributions to relaxation as a
function of oxygen doping. As expected, the electronic con-
tribution decreases with decreasing oxygen doping, while the
phonon contribution is practically doping independent. It
was found that the phononic part of relaxation has an expo-
nential temperature dependence, which cannot be explained
by a traditional mechanism involving acoustic phonons.
Instead, a Raman process via the coupling to high-energy
(~500 K) optical phonons or an Orbach-type process via
the excited vibronic levels of the Cu®* ions (localized Slon-
czewski modes) is responsible for the phononic part of the
Yb** relaxation in YBa,Cu;Oq,,.
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In a sample with maximum oxygen doping x=6.98, the
electronic part of relaxation follows the Korringa law in the
normal state, and a sharp drop of the relaxation rate was
observed below T.. Comparison of the EPR linewidths in
samples with and without Zn doping allowed us to prove that
the superconducting gap opening is responsible for the sharp
decrease in Yb** relaxation in YBa,Cu;Og 5. It was shown
that the electronic part of the Yb** relaxation rate in the
superconducting state follows a very similar temperature de-
pendence as the 9Cu and the 7O nuclear relaxation rates,
despite the huge difference between the corresponding elec-
tronic and nuclear relaxation rates.

There is an excellent quantitative agreement between re-
laxation rates of Yb** in YBa,Cu;0, obtained previously by
Mbossbauer spectroscopy and in the present work by EPR.
This provides strong support of the methods of extracting
relaxation rates from Mossbauer spectroscopy and from EPR
spectra. One should note however, that the EPR signal from
Yb** in YBa,Cu;0, can be followed up to at least 160 K,
while Méssbauer measurements in the same compound using
70yb are limited by 90 K due to the decrease in the intensity
of the Mossbauer effect with temperature.

The present results demonstrate that Yb®* can serve as a
very effective microscopic spin probe to study electronic,
magnetic and lattice properties of YBa,Cus0,.
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