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Electron paramagnetic resonance of single-phase pellets of
the high-T, superconductor YBa2Cu307 —„
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The Cu-local environment of the high-T, superconductor Yaa2Cu307- has been investigated
in the bulk form by the electron-spin-resonance technique. T~o nonequivalent Cu2+ ion sites are
singled out in this orthorhombic superconducting phase all over the experimental temperature
range (77-298 K). The density of the magnetic moments drops under temperature increase from

liquid nitrogen up to the superconductive transition temperature, therein it tails off almost lin-

early.

A wealth of techniques has been used by now to study
the layered superconducting' YBa2Cu307 —„and a lot of
information on electronic, vibrational, and structural
properties have become available. 2 The correlation of
various results is aho at hand and may be attempted.

We apply the electron-paramagnetic-resonance (EPR)
technique3 to investigate a single-phase- high-T, pellet
aiming at local properties around paramagnetic Cu ions.
As it is well known the method is effective for those
species having one or more unpaired electrons. The spec-
troscopic g-splitting factor of the Zeeman interaction term
varies with the relative orientation of the crystal axes with

respect to the magnetic field, unless metal iona are in reg-
ular octahedral crystal fields. Contrary to neutron and x-
ray diffraction, local arrangements around Cu ions are
probed and information about the environmental symme-
try, electronegativity, as well as bondings with the nearest
neighbors can be obtained.

We have evidence of two nonequivalent Cu + sites per
unit cell, the first, Cu(1), having a square planar coordi-
nation and the second, Cu(2), a tetragonally distorted oc-
tahedral cage with a high delocalization of the unpaired
electron in the d„~ ~~ cupric atom orbitaL Moreover, the
intensity of the EPR signal decreases sharply as tempera-
ture increases between 77 K and T, and then tails off
linearly up to room temperature. A localized magnetic
moment description in terms of the Curie susceptibility
law is very likely appropriate for all temperatures ranging
from the superconductive transition temperature in the
metal-like behavior of the sample.

Previous EPR measurements 5 have been taken on
powdered Y-Ba-Cu-O superconductors and the finer de-
tails related to the two Cu ion sites are absent, although
the intensity trend of the signal is roughly similar.

Polycrystalhne YBa2Cu307 samples were prepared
and carefully characterized at Istituto di Elettronica dello
Stato Solido del Consiglio Nazionale delle Ricerche. A
mixture of Y2Q3, BaCO3, and CuO in the nominal molar
ratio Y:2Ba:3Cu was ground and reacted for 12 h in an
alumina crucible in Sowing 02 at 900 C. A final heat

treatment at 650'C in oxygen atmosphere was given for
12 h.

X-ray diffraction spectra of the superconducting pellets
were taken with a 8-28 powder diffractometer using Co-
Ka radiation with a Fe filter. Figure 1 shows the x-ray
diffraction pattern of one of our monophase polycrystal-
line samples. All the peaks in the pattern belong to the or-
thorhombic phases YBa2Cu307-„. Their Miller indeces
are shown in the figure.

The dc resistance versus temperature was measured by
the four-lead method. The superconductive transition
temperature T, was 92+ 0.5 K (midpoint of the resistive
transition) as shown in Fig. 2. Above T, the behavior of
the resistance was metal-like.

The EPR measurements were performed at the Physics
Department of the University of Calabria using a Bruker
Model ER-200D-SRC X-band spectrometer equipped
with an ER4111VT temperature control unit (accuracy
+ 0.3 K). The pellet was inserted in an EPR quartz tube
which in turn was placed in a quartz Dewar centered in a
TE~e2 cavity. The microwave power was fixed well below
the value causing signal saturation. The spectra were tak-
en in the first-derivative mode with a modulation frequen-
cy of 100 kHz. 1,1'diphenyl-2-picrylhydrazyl (DPPH,
g 2.0037) was used as a reference for the g value and the
magnetic field calibration was done by a Magnon pre-
rision NMR gauss meter.

Several spectra were taken from just below the transi-
tion temperature up to room temperature and no change
of the line shape or its magnetic field position was ever
recorded. A further test was performed dipping the sam-
ple in liquid nitrogen and the main EPR features were not
only still observable but even clearer. The intensity of the
resonant signal was certainly changing under temperature
increases although at different rates.

Figure 3 shows EPR spectra of polycrystalline
YBa2Cu307, superconductive pellets at 77, 90, 107,
128, and 298 K. Four equally separated absorption bands
can be figured out as it is expected when the unpaired
electron of the Cu + ion interacts with the spin I 2 of

1988 The American Physical Society



s

50
2e (d&gi

I

30

FIG. 1. X-ray diN'raction pattern of the high-T, superconductive YBa2Cu307-„pellet investigated by the electron spin resonance
technique,

its own nucleus. Although a theoretical simulation would
better clarify the experimental line shape, the dip at 3100
G may be interpreted as the superposition of two adjacent
hyperfine features. The Cu2+ hole is in the d, ~ ~ orbital
with lowest energy because of tetragonal distortions from
octahedral symmetry. The spectrum at 77 K is by far the
most intense and shows very clearly the shoulder at g~
while the last two hyper6ne features merge together.

Since the spectrum is the envelope of line shapes from
all possible orientations of the x axis of the paramagnetic
microcrystal with respect to the magnetic field, the orien-
tation of the metal-ligand complex in the crystal cannot be
determined. Only the mean g splitting and

~
A

~ hyperfine
factors with respect to the same crystal principal axes can
be found. Nevertheless, a large number of bondings is ex-
pected to lie in the plane perpendicular to the s axis of the
single cupric complex either for the pyramidal or square
planar ligand environment and, actually a larger absorp-
tion is observed at higher magnetic fields. The corre-
sponding g~ value is about 2.069 which approaches fairly
closely the free-electron g value of 2.0023 while the gi
value (2.194) is quite different being gi )g~. No
hyperfine structure can be resolved in the high magnetic
field region while the (Ai) component can be estimated
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FIG. 2. dc resistance vs temperature of the investigated sam-
ple.

tobe 72+ 2 G.
A careful inspection of our measurements shows that

the intense negative wing is more symmetric at 77 K, the
shoulder around g& is sharper, and moreover the last two
hyperfine features merge together in one broad structure.
These are, in our opinion, the presence signs of two
different EPR signals and of a slight shift towards lower
magnetic fields of one of the two distinct absorptions over-
lapping all over the experimental range. Actually, the
comparison between present and previous 5 results forces
us to claim for the evidence of these two contributions.
Although powdered samples with different stoichiometry
or phase do not show any EPR features in the high mag-
netic field region and the signal appears much broader
than ours all over the acquisition range, nevertheless the
EPR linewidth increases significantly below T,.

In order to understand the already published EPR re-
sults, we ground our polycrystalline pellet to powder and
the EPR result of Mehran, Barnes, McGuire, and Cal-
laghers was obtained at room temperature. We speculate
that this finding may be related to the existence in the pel-
let of large crystallites with a preferential crystallographic
orientation. This suggestion is supported by our prelimi-
nary results on single crystals of YBa2Cu307 „which
give highly resolved EPR spectra. X-ray diffraction mea-
surements further confirm the above hypothesis. In fact,
the relative intensity of diffraction peaks does not follow
the expected behavior for a completely randomly oriented
specimen. s On the other hand, scanning electron micro-
graphs of our pellet show the existence of a texture of rod-
like crystallites.

The tripled perovskite structure of the orthorhombic su-
perconducting phase is formed by one square-planar
Cu +(1) complex and two square-pyramidal Cu2+(2)
ligand environments per unit cell. Thus, we expect
that the EPR signal from the Cu2+(2) unpaired electron
is twice as intense as Cu +(1) EPR. The low magnetic
field region of the spectrum may display mainly the
tetragonal distortion of the Cu +(2) arrangement with
the z axis along the elongated Cu(2) —0 bond. Accord-
ingly ( 8 i [ might be related to the absorption of the most



ELECTRON PARAMAGNETIC RESONANCE OF SINGLE-PHASE. . . 2315

, I

50

30

20

10
re

5
1(~3/7

3100
MAQNKTIC PIKl 9 (Q)

FIG. 3. Electron spin resonance spectra of the polycrystalline YBa2Cu307 —z pellet. The inset shows the peak-to-peak intensity of
the main derivative line shape vs 1IT.

a,bundant cupric ion.
The EPR results suggest a high degree of overlap be-

tween the 3d„~ „~ metal-ion orbital and the orbitals of its
surrounding ligands forming strong bonds along x and y
axes and a weak bond along the tetragonal axis. A similar
Cu environment is found, for example, in cupric acetate
where the bridge of the two Cu-04 square-pyramidal com-
plexes is due to carbon atoms instead of yttrium. '2

The intensity trend of present EPR signals versus tem-
perature is shown in the inset of Fig. 3. Although we
focus mainly on the temperature region above T„never-
theless the signal amplitude variation below and above T,
may deserve theoretical attention because of its possible
relation to a change of the sample spin density. No
change of the Cu oxidation state in the orthorhombic cell
is observed since there occurs not even the slightest
modification of the EPR line shape other than its attenua-
tion. At 77 K, however, the EPR signal is twice as intense
as the one at 90 K. At higher temperatures, above T„
that is, in the metallic state, the quasi-two-dimensional
motion of superconductive pairs within Cu(1)-Oz planes'
is damped and the EPR response due to localized magnet-
ic moments on Cu2+ ions may change because of a more
delocalized metal-like paramagnetism. All that should
give rise to a net attenuation of the total spin density value
according to the observed scaling of the EPR signal.
Similar findings have been already published and tenta-
tively interpreted. ' Whatever the proper theoretical ex-
planation is, the parallel behavior of the EPR response
and of the electrical conductivity versus temperature is
suggestive and very likely indicative of a related mecha-

nism between the two.
The present interpretation is supported by infrared, '4

neutron, s ' and x-ray diffraction " measurements.
They also suggest the presence of two symmetrically non-
equivalent microenvironments of Cu iona. We can more-
over exclude that copper iona are present in oxidation
states other than Cu + in agreement with photoemission
results. '~

In conclusion, we observe hyperfine structures in EPR
spectra of superconductive YBazCus07-„pellets. Most
probably the good quality and the presence of large crys-
tallites in the samples are responsible for the highly
resolved spectra. The main contribution to the EPR spec-
tra comes from the square-pyramidal Cu + ligand envi-
ronment. The intensity trend of the EPR amplitude
versus temperature suggest a big variation of the spin den-
sity amount on going from below to above T„but no
change in the Cu oxidation state.

Measurements on YBazCus07 „single crystals are in
progress and preliminary results show well-resolved
hyperfine structures belonging to the two cupric species.
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