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Electric-quadrupole interaction at the Eu site in a high-7. superconductor EuBa,Cu3;07 —
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The electric-quadrupole interactions at the Eu site in a high-7. superconductor EuBa;Cu307—y
have been studied at 4.2 and 300 K with ''Eu Mossbauer spectroscopy. It is found that the
quadrupole coupling constant is small and negative at both temperatures. This is at variance with
the theoretical predictions published in the literature, which are based on calculations of the
electric-field-gradient tensor using a point-charge model. The reasons for the failure of such cal-
culations applied to various high-7. superconductors published in the literature are discussed.

I. INTRODUCTION

Studies of electric-quadrupole interactions with nuclear
quadrupole resonance (NQR), nuclear magnetic reso-
nance (NMR), Maossbauer spectroscopy (MS), or per-
turbed angular correlations (PAC) provide valuable com-
plementary information about the local structure, the lo-
cal electronic states, and the chemical bonds associated
with various ions in crystalline and amorphous com-
pounds. In these studies one measures the quadrupole
' coupling constant eV,.Q, where —e is the charge of the
electron, V¥, is the principal component of the electric-
field-gradient (EFG) tensor, and Q is the nuclear quadru-
pole moment.' Sometimes the asymmetry parameter 7 is
also determined. By comparing the experimental values
of V>, and n with the calculated ones, it is possible in prin-
ciple to test different theoretical models which attempt to
describe local properties of an ion in a given system.

Mossbauer studies of high-7. superconductors have
been performed using mainly >’Fe nuclei of Fe atoms sub-
stituting Cu atoms. The purpose of such studies has been
to characterize local structure and the properties of Cu
atoms. Since there are two crystallographically in-
equivalent Cu sites in 1:2:3 high-7, superconductors, and
due to the fact that the substitution process of Cu by Fe
atoms is preferential and leads to chemical disorder, STFe
Madssbauer spectra are complex. Consequently, in spite of
many claims in the literature,2~* it has not been possible
as yet to make an unambiguous assignment of the ob-
served Mossbauer subspectra to specific local config-
urations. Furthermore, since the majority of 3’Fe MS ex-
periments were performed on polycrystalline high-T7,
compounds, the sign of V,, at the two Cu sites, whose
knowledge is crucial for a comparison with the predictions
of theoretical models, was not determined. In those few
cases, when attempts have been made to determine the
V.. sign, contradictory results?~* were obtained (analysis
of experimental data in Ref. 2 is superior to that in Refs. 3
and 4, and consequently, the V. sign given in Ref. 2 is
more reliable than the one given in Refs. 3 and 4).

RBa;Cu30;-, (R is a rare-earth element) high-T. su-
perconductors can be also studied with MS using Moss-
bauer nuclei of rare-earth (RE) elements. Here the situa-
tion is more straightforward. First, RE elements occupy
only one crystallographic site, and consequently, Mdss-
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bauer spectra are essentially simpler. Second, Mdssbauer
RE elements constitute an integral part of these supercon-
ductors and, therefore, a substitution process is not neces-
sary. It should be noted that although various RE ions do
not influence appreciably the superconducting properties
of RBayCu307-, compounds, their presence is indispens-
able for the existence of these compounds. They can,
therefore, be used as local probes to study possible
changes of various characteristics of these compounds as a
function of temperature, pressure, and other parameters.
In this paper we are concerned with '3!Eu MS studies of
the high-T, superconductor EuBa,Cu;O7—,.

The first ''Eu MS experiments on EuBa,Cu;07 -,
were aimed at determining the oxidation state of the Eu
ions.>® The ''Eu Mossbauer spectra, which at first
glance appear to be in the form of a broadened single line,
were fitted with a single Lorentzian. From the value of
the isomer shift § it was concluded that Eu ions are, as
could be expected, in a trivalent oxidation state.>® The
procedure of fitting '°'Eu Mdssbauer spectra with single
Lorentzians was used in subsequent '>'Eu Mo&ssbauer
studies of EuBa,Cu3z;O7—, (Refs. 7 and 8) and other Eu-
containing high-7, superconductors.’ Such a fitting pro-
cedure is, however, a crude approximation and leads to
the loss of valuable information on the EFG tensor.

The mmm point symmetry of the Eu site (14 site in
Wyckoff’s notation, Pmmm space group) in EuBa,-
Cu307 -, requires that the EFG tensor exists and is not
axially symmetric (the asymmetry parameter! 7=0).
Consequently, ''Eu Méssbauer spectra of Eu-containing
1:2:3 high-7, superconductors, which by eye inspection
look like broadened single lines,> ~° are in fact due to the
presence of a small quadrupole interaction. As will be
shown below, the absolute value of the quadrupole cou-
pling constant and its sign can be determined unambigu-
ously from an appropriate fit of a good-quality Mdssbauer
spectrum. This is an important observation, since '*!'Eu
Mossbauer quadrupole spectra of polycrystalline sam-
ples,"'% as opposed to corresponding >’Fe spectra,'! pro-
vide both the absolute value and the sign of V,,. It is espe-
cially the knowledge of the V,, sign which is essential for
discriminating between different theoretical models used
to calculate V,.

Calculations of the EFG tensor at the Eu site in
EuBa,Cu307 have been recently performed, using an ionic
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model of a crystal lattice, for two different distributions of
nonstoichiometry holes among the Cu and O ions.'? For
both distributions the value of eV, Q, (Qg is the nuclear
quadrupole moment of the ground state) turned out to be
positive: 106 MHz (6.10 mm/s) for the nonstoichiometry
holes distributed equally among the chain Cu and O ions,
and 250 MHz (14.40 mm/s) for the nonstoichiometry
holes shared equally among the Cu and O ions in the
CuO; plane. These calculated values were compared with
the absolute value |eV,.Q,| =125(10) MHz [7.20(0.56)
mm/s] obtained experimentally.'> On the basis of this
comparison, which assumes a positive experimental value
for eV,;Qy, it was concluded that there is a preference of
the holes for the CuO chain. '?

It will be shown in this paper that, contrary to the con-
clusion of the previous 'S'Eu MS study'® of EuBa,-
Cu307 -, both the absolute value and the sign of eV Q,
can be determined unambiguously from a good quality
spectrum and its suitable analysis. The sign of eV,.Q,
turns out to be negative at 4.2 and 300 K. Consequently,
the calculated values of eV;.Q, (Ref. 12) are incorrect
and the interpretation'? based on the claimed agreement
between theory and experiment is unjustified. The
reasons for the incorrectness of the EFG calcula-
tions'>!415 at different sites in various high-7, supercon-
ductors will be discussed.

II. EXPERIMENT

The polycrystalline compound EuBa,Cu3;O;-, was
prepared through a solid-state reaction of appropriate
amounts of Eu;03, BaCOs3, and CuO, each 99.99% pure.
The actual preparation process consisted of grinding,
pressing, and sintering several times under conditions
similar to those described elsewhere. '

The resulting powder was characterized by a Siemens
D500 x-ray diffractometer using Cu Ka radiation. Resis-
tivity was measured by a standard four-probe method.
Mossbauer measurements were conducted at 300 and 4.2
K using the 21.53 keV transition in '"'Eu. The Mss-
bauer spectra were recorded with a Wissel II spectrome-
ter, which was calibrated with an iron foil.!” A sinusoidal
reference signal was used, resulting in two mirror-image
spectra that were folded. A newly purchased Amersham
100 mCi *'Sm(SmF;) source was kept at room tempera-
ture. The surface density of the Mdssbauer absorber was
49.8 mg/cm?,

III. RESULTS AND DISCUSSION

The x-ray-diffraction pattern of EuBa,Cu3;O7-, indi-
cates a high-quality single-phase material possessing an
orthorhombic structure. The values of the unit-cell
parameters obtained from the fit, a=3.840(2) A,
b=3.905(2) A, and ¢ =11.698(5) A, are in a good agree-
ment with the literature data.'® The resistivity measure-
ments gave the superconducting transition temperature
T.=93.7(1) K, which refers to the resistive midpoint, and
the transition width A7, =0.6(1) K, which was deter-

mined from the 10% and 90% points of the resistive transi-
tion. The sharpness of the superconducting transition as
measured by AT,, which is smaller than AT, reported for
other polycrystalline EuBa,Cu307 -, samples'® and com-
parable to AT, for single crystals,?® confirms the high
quality of the sample produced.

I5'Eu Méssbauer spectra at 300 and 4.2 K appear, on
casual inspection, as single lines. However, as a visual in-
spection of the fit to the 300-K spectrum using a single
Lorentzian [Fig. 1(a)] shows, this does not describe prop-
erly the experimental spectrum. This is especially clearly
reflected by the presence of structure in the plot of the
difference between the experimental and fitted spectra
shown in Fig. 1(b). The same behavior is observed for the
4.2-K spectrum. The failure of a single-line fit indicates
that the experimental spectrum is due to the presence of a
small quadrupole interaction. The values of & (relative to
the source), the full linewidth at half maximum I, and 12
(defined as [T f= ) (y*Pt — ytheor) 2/ expt] /(k — m), where k
and m are, respectively, the number of experimental
points and the number of fitted parameters) obtained
from the single-line fits are 0.741(9) mm/s, 2.745(33)
mm/s, and 1.741 for the 300-K spectrum, and 0.792(12)
mm/s, 2.801(46) mm/s, and 1.469 for the 4.2-K spectrum.
The natural linewidth for the 21.53 keV transition in
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FIG. 1. (a) ''Eu Méssbauer spectrum of EuBa;Cu3O7—, at
300 K. The solid line is a least-squares fit to a single Lorentzian.
(b) Difference between the experimental and fitted spectra. The
vertical bars indicate the statistical error.



9110 Z. M. STADNIK, G. STROINK, AND R. A. DUNLAP 39

SIBu, Ipat, is equal to 1.31 mm/s.?! However, the
linewidth of the ''Sm(SmF3) source is broader than I'ys
due to the noncubic SmF; source matrix. For the fresh
source used in our experiments, the source linewidth was
2.14 mm/s. The difference of 0.605 mm/s between the I'
value obtained from a single-line fit of the 300-K spec-
trum of EuBa,Cu3;07 -, and the source linewidth is much
larger than that expected from a finite absorber thickness
line broadening. 2! This also indicates that the experi-
mental line shape is the result of a small quadrupole in-
teraction.

Using the method described by Shenoy and Dunlap, '°
5'Ey Mossbauer spectra of EuBa,Cu3;O7—, at 300 and
4.2 K were fitted with 12 component lines of the same
linewidth, which are present for a nonaxially symmetric
EFG tensor. The positions of the component lines depend
on &, eV;.Q,, 1, and the ratio Rp =Q./Q; of the excited
and ground-state nuclear quadrupole moments, whereas
their ingltensities are a function of 7.'® The value of Ry is
1.312.

As can be seen from Fig. 2(a), the fit assuming a
nonzero quadrupole interaction describes satisfactorily the
shape of the experimental spectrum. This is also shown in
Fig. 2(b) by the lack of structure in the difference spec-
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FIG. 2. (a) '"$'Eu Méssbauer spectrum of EuBa;Cu3O7-x at
300 K. The solid line is a least-squares fit assuming a nonzero
quadrupole interaction. The component lines are also shown.
(b) Difference between the experimental and fitted spectra. The
vertical bars indicate the statistical error.

trum. The parameters &, eV;.Qg, 1, ', and x* obtained
from the fit are 0.760(7) mm/s, —5.313(229) mm/s,
0.80(5), 2.286(58) mm/s, and 0.998 for the 300-K spec-
trum, and 0.824(12) mm/s, —5.726(325) mm/s, 0.70(5),
2.340(83) mm/s, and 1.051 for the 4.2 K spectrum. The
fit assuming a nonzero quadrupole interaction is clearly
superior to the single-line fit, as shown by significantly
smaller values of % and as seen by visual inspection (Figs.
1 and 2). Also the I values obtained from the quadrupole
fits are physically acceptable. We thus conclude that the
quadrupole coupling constant at the Eu site in the high-T
superconductor EuBa,Cu3zO7-, is small and negative,
both at 300 and 4.2 K, and that its absolute value slightly
increases with decreasing temperature.

In order to test the sensitivity of the fit to the sign of
eV..Q,, attempts were made to fit the S'Eu Mossbauer
spectra with positive values of eV;.Q,. These attempts
failed since the fits gave values of 2% much larger than the
values obtained from the single-line fits and the difference
spectra contained distinct structural features. The fits
with negative values of eV..Q, strongly depend on the
value of 1. This is demonstrated for the 300-K spectrum
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FIG. 3. (a) ''Eu Méssbauer spectrum of EuBa;Cu307-x at
300 K. The solid line is a least-squares fit assuming a nonzero
quadrupole interaction with the fixed value n=0. The com-
ponent lines are also shown. (b) Difference between the experi-
mental and fitted spectra. The vertical bars indicate the statisti-
cal error.



39 ELECTRIC-QUADRUPOLE INTERACTION AT THE Eu SITE . .. 9111

in Fig. 3(a), where the fit was made for the n value fixed
to zero. This fit clearly fails as shown by the difference
spectrum [Fig. 3(b)] and as evidenced by an increase of y
to 1.191. These tests demonstrate the sensitivity of the
shape of the ''"Eu Mossbauer spectra to both the sign of
eV..Q, and the value of 7.

The value of & confirms that Eu ions occur in the
trivalent oxidation state.?? The decrease of & on going
from 4.2 to 300 K is caused by the second-order Doppler
effect.!'2! 'S'Eu MS studies of the perovskites EuMO;
(M =Co, Cr, Mn, Fe, and Sc) showed**?* that eV, Q, is
small and negative. Since the crystallographic structure
of the high-T, superconductor EuBa,Cu3;07 -, is based on
a perovskite structure, one can expect also a negative sign
of eV..Q, in this compound, which is indeed the case.
This additionally confirms the correctness of the analysis
presented above.

A negative sign of eV,;Q, at the Eu site in EuBa,-
Cu307 -, found experimentally in this work is at variance
with the positive sign obtained theoretically.!?> Also the
negative V,, value at the Cu(2) site in YBa;Cu3zO7—,
determined experimentally? using >’Fe MS does not agree
with the positive value predicted theoretically.'%!*!5 The
reasons for the failure of the EFG calculations in the
high-T superconductors'%!%!3 to predict correctly the ab-
solute value and the sign of ¥, are discussed below.

In general, the EFG tensor in an ionic compound con-
sists of two contributions: one arising from the charge dis-
tribution of the surrounding ions in the crystal lattice (lat-
tice contribution), and another arising from the electron
distribution in incompletely filled electronic shells of the
local probe (NQS, NMR, MS, or PAC) atom (valence
contribution). Any component Vi; of the EFG tensor at a
nuclear site may be written as

Vi=00—y )V + U ~-R)VY, (1)

where 7. and R are the Sternheimer antishielding and
shielding factors, respectively.! For a calculation of the
lattice contribution in ionic compounds, a point charge
model is usually used. In this model a multipole expan-
sion of the electric potential is used, and the monopole and
the dipole contributions to V}; are calculated (the high-
er than dipole contributions are usually negligibly
small).?>2® It has been shown for various ionic com-
pounds that the dipole contribution to V,-‘j“ cannot be
neglected.'"?>2® This contribution was not taken into ac-
count in the ¥/} calculations at various sites in the high-
T. superconductors,'>'*!3 and this is the first probable
cause of their disagreement with experiment. Second, the
point charge model itself, which neglects charge transfer
and covalency effects (always present to a larger or small-
er degree in ionic compounds), is a very crude approxima-
tion of a real physical situation in these compounds. To
use this model as the only theoretical basis for calculating
V13 in the high-T, superconductors'?>!*! for comparison
with the experimental V., which is necessary to discrim-
inate between various hypothetical charge distributions on
different ions, is obviously incorrect. If the point charge
model is still being used in the literature, "> it is only
because of its simplicity and its ability to predict qualita-
tively, in certain cases, trends in the changes of ¥, with

composition for a given series of ionic compounds. Third,
as discussed in detail in Ref. 26, there is a significant con-
tribution to the EFG tensor in oxides [overlap contribu-
tion (1 —R)V$'], which arises from the overlap distortion
of the filled orbitals by the ligands. This contribution,
which is more important for the Cu sites than for the RE
sites (because of the shorter Cu-O distances in compar-
ison to the R-O distances), was ignored in the ¥, calcula-
tions in the high-T, superconductors. This is another
probable reason for their failure. Fourth, for the calcula-
tion of eV..Q, at ’Fe nuclei in YBay(Cu, —,Fe,)307-
the values of Q, used were 0.213b (Ref. 12) and 0.215
(Ref. 14). These values are incorrect. A theoretical
analysis 27 of the Mossbauer data on FeCl, and FeBr; mol-
ecules trapped in an argon matrix, which involves the
evaluation of the EFG tensor at °’Fe nuclei using elec-
tronic wave functions obtained by the first-principle unre-
stricted Hartree-Fock procedure, yields the value of
0.082b for Q.. This is substantially smaller than the pre-
viously accepted value of about 0.20b. Subsequently, the
new value of Q, was supported by an independent line of
reasoning based on nuclear physics experimental data and
shell-model calculations.?® Additional confirmation for
the new value of Q, came from the analysis of >’Fe quad-
rupole interaction data in transition-metal alloys,? and
from covalency calculations in a-Fe;03.%° Thus, the new
value of Q. is now firmly established and the use of the old
Q. value of about 0.215 in the calculations of eV, Q. in
Fe-containing high-T. superconductors'?!* leads to its
overestimation by the factor of 2.6. Consequently, the
claims'>!* regarding the agreement between the calculat-
ed and experimental values of e};.Q, based on the old
value of Q, are invalid.

Contrary to persisting beliefs, a calculation of the EFG
tensor in solids is a complex and challenging theoretical
endeavor. While experimental techniques for obtaining
eV,,Q are highly sophisticated, the theoretical under-
standing of the origin of the EFG tensor is poor. In fact,
modern first-principle EFG calculations, which are neces-
sary to make any meaningful comparison between experi-
ment and theory, are rare, and those available were per-
formed for simple systems.?"? 73! First-principle EFG
calculations in the high-7, superconductors, when avail-
able, will undoubtedly provide a better insight to the elec-
tronic structure and the charge distribution at various
sites in these oxides. In view of the arguments presented
above, the failure of the point charge model'>!*!> to
correctly calculate the EFG tensor in high-T, supercon-
ductors is hardly surprising.

IV. SUMMARY

STEu Mossbauer spectra of a high-quality high-7, su-
perconductor EuBa,Cu30O7-, were measured at 300 and
4.2 K. Their analysis shows that the sign of the quadru-
pole coupling constant eV;.Q, at the Eu site is negative.
This is at variance with theoretical calculations of the
EFG tensor, which predict a positive sign of eV;,Q;. The
reasons for the failure of the EFG calculations in various
high-T, superconductors were presented.
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