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Abstract. Concentrated polycrystalline DyBasCuszOg4, compounds are studied by X-band EPR spec-
troscopy. A broad resonance line due to the highly anisotropic EPR spectrum of Dy®" ions is identified on
several specimens at low temperatures. Powder simulation of the EPR spectra complies with the ground
Kramers doublet predicted by crystal field analysis of Dy®T ions. Calculations of the second and fourth
moments of the resonance lines due to the dipole-dipole interactions of Dy>t indicate the presence of
substantial exchange narrowing of the dipolar-broadened EPR linewidth.

PACS. 76.30.-v Electron paramagnetic resonance and relaxation — 74.70.-b Superconducting materials

(excluding high-T. compounds)

1 Introduction

A considerable wealth of experimental studies has been
devoted in the investigation of rare earth (R) mag-
netism coexisting with high-T,. superconductivity in the
RBasCu3064, (R123) layered compounds [1,2]. Thor-
ough investigations have shown that the low-temperature
ordered states of the R3* sublattice are mainly deter-
mined by the interplay between the long-range dipolar in-
teraction and the short-range exchange interaction, which
varies substantially along the lanthanide series and most
importantly as a function of the oxygen doping [1-4].

Electron paramagnetic resonance (EPR) studies of
rare earth-doped high-T, superconductors have provided
valuable information on the ground state properties of
R3* ions [5], which have been further employed as sen-
sitive probes of spin dynamics in high-T, superconduc-
tors [6]. EPR spectroscopy in concentrated R123 com-
pounds has been exploited to clarify the origin of the
exchange coupling between R3* ions and to provide an
independent estimate of its magnitude through the analy-
sis of the EPR linewidth [7-9]. In both cases, however, the
application of EPR has been mainly focused on the S-state
Gd>* ions and to a lesser extent on the heavier Er3t and
YB3+ Kramers ions, while recently the observation of the
low field EPR spectrum for Dy>* ions in oxygen-deficient
Y123 has been reported [10].

To elucidate the origin of the EPR spectra and verify
the presence of exchange coupling between Dy>* ions, we
have carried out an X-band EPR study on concentrated
DyBasCuszOg4, compounds subjected to different ther-
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mal treatments. The EPR spectrum due to Dyt ions is
observed at low temperatures, in accord with the large
anisotropy of the ground Kramers doublet predicted by
crystal field analysis. Although the Dy EPR spectrum
is excessively broadened in the X-band, comparison with
the EPR linewidth due to the dipolar interaction provides
strong evidence for the presence of exchange narrowing.

2 Experimental details

EPR measurements were performed on polycrystalline
DyBasCusOg4, samples derived from the corresponding
single-phase Dy123 high-T; superconductors, which were
earlier prepared by the standard solid state reaction tech-
nique [11]. Partial deoxygenation of the samples was car-
ried out by thermal treatment in He atmosphere at 850 °C
followed by rapid cooling at room temperature in the re-
ducing atmosphere. The EPR spectra were recorded on
fine powder samples, sealed in quartz tubes, using an
X-band (v = 9.43 GHz) Bruker 200D spectrometer at var-
ious time intervals after the final thermal treatment. The
magnetic field was scaled with an NMR magnetometer. An
OXFORD flow-cryostat was employed for measurements
in the temperature range of 4.2-20 K.

3 Results and discussion

Figure 1 shows the low temperature EPR spectra at
variable microwave power for an “aged” Dy123 super-
conductor and the corresponding oxygen-deficient sam-
ple obtained after thermal treatment in He atmosphere at
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Fig. 1. Low temperature X-band EPR spectra of polycrys-
talline DyBaz2CuzOs4, compounds at increasing microwave
power. (a) Fully oxygenated, “aged” superconducting sample
and (b) partially deoxygenated sample.

850 °C for 24 h. At low microwave power, a weak signal
with some complex structure is observed near zero mag-
netic field in the superconducting sample (Fig. 1a) and a
rather weak g ~ 2.0 EPR signal due to Cu?* paramagnetic
defect centers, which is more clearly detected on the oxy-
gen deficient phase (Fig. 1b). The former signal resembles
closely the anomalous non-resonant microwave absorption
most frequently detected in degraded high-T,. supercon-
ductors [12]. In the oxygen-deficient sample (Fig. 1b), a
very weak g = 4.2 resonance line becomes gradually re-
solved along with the intense Cu?* anisotropic EPR pow-
der spectrum, which may be due to the presence of a
low concentration of copper pairs or even iron impurities.
However, the most interesting feature of the EPR spectra
at higher microwave power, is the observation of a very
broad, asymmetric EPR spectrum, most prominent in the
oxygen deficient sample (Fig. 1b). This EPR spectrum ap-
pears to be shifted at high resonance fields and stems from
the resonance spectrum of Dy3*t as will be shown below.
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To verify the latter observation, further EPR measure-
ments were performed on another polycrystalline Dy123
sample. Figure 2a shows the EPR spectra recorded im-
mediately after the thermal treatment of the sample in
He atmosphere at 850 °C for 2 h. In this case, only the
anisotropic g = 2.0 EPR spectrum and the g ~ 4.2 EPR
lines were observed along with some very weak fine struc-
ture lines due to molecular oxygen contamination [13], su-
perimposed on a very broad background line. Subsequent
measurements on the same Dy123 sample one month and
two months after its thermal treatment are shown in Fig-
ures 2b and 2c, respectively. In both cases, the broad EPR
spectrum can be clearly evinced spanning over the entire
magnetic field range. A weak signal is also observed at
very low fields, most probably due to the non-resonant mi-
crowave absorption that indicates a very small supercon-
ducting volume fraction characterizing the partly deoxy-
genated state of the present samples. It is also worth not-
ing the appearance of an intense EPR spectrum in g ~ 2.2
region, which becomes progressively separated from the
persistent Cu?t EPR pattern with the passage of time.
The latter EPR spectrum, which shifts towards lower mag-
netic fields and exhibits a non-monotonic temperature
variation of its intensity is indicative of the formation of
metastable copper complexes such as copper pairs or other
paramagnetic centers due to exchange coupled copper ions
with antiferromagnetic ground states [14].

Despite the excessively large linewidth in the X-band,
the broad EPR spectrum can be consistently attributed
to the EPR spectrum of Dy** ions. The crystal field (CF)
interaction of Dy3T (4f°) has been studied by inelastic
neutron scattering in the Dy123 superconductor [15]. The
CF parameters for the corresponding Doy, site-symmetry
were derived, in the context of Stevens formalism, by fit-
ting the four lowest excited CF states that were exper-
imentally determined. In this case, the 16-fold degener-
ate 6H15/2 ground term of Dy®t is split into eight I}
Kramers doublets. According to the crystal field analy-
sis, the ground state wavefunction comprises a dominant
(=~98%) contribution of the M = £11/2 component with
principal g-values g, = 1.8, g, = 1.2 and g, = 14.2, im-
plying Ising-like anisotropy [15]. Table 1 shows the corre-
sponding CF parameters, converted in the spherical tensor
formalism [16], in comparison with some representative
values reported for the heavier R** ions in the R123 crys-
tal structure [17-23], as well as the CF parameters pre-
dicted for Dy®* by the superposition model analysis [24].
As can be seen in Table 1, the values of the leading fourth
and sixth order CF parameters for Dy3" are systemati-
cally smaller than the values reported for the other R3*
ions for which a smooth reduction following the lanthanide
contraction would be expected.

To explore the latter behavior and its implication on
the ground state properties of Dy>t, we have calculated
the crystal field energy levels in the spherical tensor oper-
ator formalism using the two lowest .JJ multiplets of Dy3*
with intermediate coupling wavefunctions [25] and allow-
ing for J-mixing. Good agreement with the experimen-
tal energy levels (0, 3.3+ 0.1, 5.9 +£ 0.2, 14.0 = 0.5 and
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Table 1. Crystal field parameters (in cm™') in the spherical
RBasCu3Os+x (R123) (z = 1) high-T¢. superconductors.
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tensor formalism for R3>" ions in the Doy, site symmetry of

B9 B2 BY B? B} B3 B2 B¢ BS Ref.

Dy123 261 33 ~1547 59 885 253 5.4 618 3.6 [15]
339 33 ~1670 59 928 298 -5.6 686 5.4 this work

- - 2140 124 1205 671 -1 1404 2.0 [24]

Ho123 331 57 ~1766 16 976 452 24 1202 -10.0 [17]

435 77 -1907 -297 1050 472 -253 1305 -15.0 [18]

548 -48 -2065 ~113 1040 484 —40 1307 24.0 [19]

Er123 324 150 -1942 - 1338 458 -56 1237 0.0 [20]

225 77 -2081 105 1209 474 -7 1202 5.4 [21]

Tm123 372 112 -1856 119 1134 432 -168 1263 0.0 [22]

Yb123 92 13 -2088 82.5 1152 576 -8 1259 5.7 [23]

4000
H [Gauss]

Fig. 2. Low temperature X-band EPR spectra of an oxygen-
deficient DyBasCuzOes4, sample at various time intervals af-
ter thermal treatment. (a) Fresh sample, (b) 1 month and
(c) 2 months after thermal treatment. The dotted line indi-
cates the constant position of the Cu®*"™ EPR spectrum.
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17.0+1 meV [15]) was obtained for the set of CF parame-
ters shown in the second row of Table 1. The calculated en-
ergy levels are found at 0, 3.28, 5.70, 14.31 and 17.39 meV,
while the corresponding ground doublet is still dominated
by the M = +11/2 component (~99%) resulting in the
even more anisotropic g-values g, = 0.86, g, = 0.78 and
g = 14.17. The derived CF parameters are indeed larger
than those previously determined for Dy®t though they
remain smaller than those reported the other R3T ions
(Tab. 1), indicative for the need of further refinement of
the CF parameters based on a wider experimental CF en-
ergy spectrum [26].

Powder simulation of the Dy3* EPR spectrum was
subsequently performed for the corresponding ground
doublet, which is described by an effective spin S = 1/2,
based on the calculated g-values. Reasonably good agree-
ment with the broad experimental EPR spectrum was ob-
tained for axial g-anisotropy with g ~ 14.0 and g, ~ 1.0
and anisotropic linewidths of magnitude AH| ~ 4500 Gs
and AH, =~ 1000 Gs, in magnetic field units. Simulated
EPR spectra in comparison with the experimental ones
are shown in Figure 3. Comparison with the EPR spec-
tra of c-axis aligned Y.99Dy.01BasCusQOg polycrystalline
samples, where g values of 11.5 and 7.0 have been de-
termined for the ground and first excited CF doublets,
respectively [10], is not presently feasible as the g compo-
nent of the powder EPR spectrum could not be reliably de-
termined with the present spectral resolution. Moreover,
due to the large resonance width that strongly exceeds
the resonance field H,, absorption at both +H, caused
by the two oppositely rotating components of the linearly
polarized rf field, which were not taken into account in
the powder simulation, may give an appreciable contri-
bution in the EPR spectrum, especially in the lower field
region (H < 3000 G). Further analysis shows that the
broad EPR spectra may be also fitted to a reasonable ap-
proximation with a single Lorentzian line including both
circularly polarized components, the largest deviation oc-
curring in the low field region, with g-values in the range
of 1.32-1.42 and isotropic linewidth AH = 7600(100) Gs.
The latter results were subsequently explored to obtain a
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Fig. 3. Simulated X-band (v = 9.4358 GHz) EPR spectra of Dy*" ions in comparison with the experimental ones at low
temperature. The simulation was performed for S = 1/2 with axially symmetric g-tensor, Lorentz lineshape function and

anisotropic linewidth (half-width at half-height) with gy = 14.0, g1 = 0.95, AH| = 4400 Gs, AH, = 1000 Gs (upper curve)
and g = 14.0, g, = 1.0, AH) = 4500 Gs, AH, = 1000 Gs (lower curve).

rough estimate of the EPR intensity and the correspond-
ing spin concentration by comparison to CuSQOy4 - 5H5O.
For the EPR spectrum corresponding to the Dy123 sam-
ple one month after its thermal treatment (Fig. 2b), the
spin concentration is found, within at least 50% error
mainly caused by the linewidth uncertainty, to approach
the nominal Dy3* concentration in the Dy123 host. How-
ever, an appreciable reduction of the spin concentration,
approximately by an order of magnitude, is estimated af-
ter further time exposition (Fig. 2¢). Considering that the
Dy3* EPR spectrum nearly vanishes immediately after
thermal treatment (Fig. 2a), more accurate investigations
of the temporal evolution of the EPR intensity might be a
useful probe of oxygen rich regions during the aging pro-
cess. Despite these shortcomings, it can be clearly evinced
that the broad X-band EPR spectrum, systematically ob-
served in concentrated Dy123 compounds, stems from the
anisotropic powder spectrum of Dy3t ions with a domi-
nant contribution from the high field g; component.

To explore further the broadening of the Dy3* EPR
spectrum, the dipolar EPR linewidth of Dy3* ions in
the Dy123 crystal structure was analyzed employing the
method of moments [8,9]. The secular second MZ(O) and

fourth M, io) moments due to the dipole-dipole interaction
as a function of the angle 6 of H with the c-axis were
accordingly calculated in the high-temperature approxi-
mation. An axial g-tensor with principal values g| ~ 14.0
and g, ~ 1.0 was explicitly taken into account, while the
implicated lattice sums were numerically calculated within

7a x Ta block in ab plane with lattice constant a = b =
3.860 A. The secular moments, parallel and perpendicular

to the c-axis, are found to be M. ~ 22.9 x 108 (MHz)?,

2]
M) ~136.2x10"7

(MHz)* and M) ~ 5.7x108 (MHz)?,
Mﬁ_) ~ 8.5x 1017 (MHz)?* and the corresponding values of

the ratio p = MQ(O)/Mio) are fig) = 2.60 and pz; = 2.61,
close to the value of u = 3 expected for Gaussian lineshape
function [27]. The dipolar EPR linewidth (half-width at

half height) would be then given by AH; = v21In 24/ Mz(io)
leading to the anisotropic values of AH| ~ 2900 Gs and
AH | =~ 20100 Gs, in magnetic field units.

Comparison of the linewidth values derived from the
simulation (AH| ~ 4500 Gs and AH =~ 1000 Gs) with
the theoretical dipolar widths shows that the experimen-
tal EPR spectrum is much narrower on both principal
directions. Even though the linewidth values of the Dy3+
EPR spectrum may be only a rough approximation due
to the limited spectral resolution in X-band, the latter re-
sult provides strong evidence for the presence of substan-
tial exchange narrowing. Moreover, another contribution
to the EPR linewidth might be inferred from the presence
of a rapidly fluctuating internal field [28] that has been
recently related to the orbital magnetic state that may be
pertinent to the inhomogeneous superconducting phase of
most high-T, cuprates [29,30].

Accurate determination of the anisotropic linewidth
at higher EPR frequencies would further enable a quan-
titative estimate of the exchange coupling between Dy3+
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ions, which, according to the theoretical treatment of the
specific heat data, varies considerably as a function of the
oxygen content [1] and the investigation of additional con-
tributions to the relaxation rate of Dy>* ions.

4 Conclusions

The anisotropic EPR spectrum of Dy3* ions is identified
in concentrated DyBayCusOgy, compounds subjected to
different thermal treatments employing X-band EPR mea-
surements. The EPR spectrum due to Dy?* ions com-
prises a broad asymmetric resonance line due to the dom-
inant contribution of the high field g, component of the
corresponding powder EPR pattern, which complies with
the crystal field ground doublet. Comparison of the theo-
retical dipolar width with the experimental EPR spectrum
indicates the presence of exchange narrowing.
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