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The hyperfine interactions at the europium lat tice sites in samples of the homologous
(Fe,Cu)Srq(Eu, Ce)„Cuq04+Q + (n = 2, 3) series were studied by 'Eu Mossbauer spectroscopy.
The work was motivated by the search for new superconducting phases. This homologous series is
based on the YBaqCus0r s (1:2:3)structure. The samples used in the Mossbauer measurements
consisted of crystallites with random orientation and grain oriented crystallites. The texture of
oriented samples was analyzed by x-ray diffraction. The complete quadrupole Hamiltonian of the
21.5-keV p-transition of Eu was successfully applied in the analyses of all the Mossbauer spectra.
In samples having n ( 2 the europium atoms occupy a single lattice site, whereas the spectra of
the n = 3 samples exhibit hyperfine interactions of the two different europium sites. Analyzing the
hyperfine parameters of the latter samples was made possible by simultaneous fitting of three spec-
tra, corresponding to three different crystal orientations of the same specimen. This fitting scheme
also enables more precise determination of the hyperfine parameters in the n = 2 samples. In these
samples an electric field gradient (EFG), with a large negative-valued main component (V„) paral-
lel with the crystal c axis, was found. In the n = 3 samples, the two EFG's of the europium sites
were found to have V„components of opposite signs. The negative V„value was attributed to the
rare-earth site adjacent to the CuO layer. This site, found in all samples of the series, corresponds
to the rare-earth site of the 1:2:3system.

I. INTRODUCTION

The search for new high-T, superconducting materials
is often based on using existing families of compounds
to synthesize new related compositions, which may ex-
hibit superconducting properties. Usually, the chemical
syntheses involve changing the number of simple build-
ing blocks within the unit cell. A representative example
is the Bi-based phases (Bi2Sr2Ca„ iCu„02„+4) in which
the amount of Ca-Cu-0 units may vary. Characterizing
the physical properties of the various phases should give
information about the mechanisms leading to the super-
conducting transition.

The YBa2Cus07 s (1:2:3) system has served as the
parent phase for the newly synthesized homologous se-
ries (Fe,Cu)Sr2(Eu, Ce) Cu204+2 +, . The first mem-
ber of the series (n = 1) is the tetragonal 1:2:3phase.
Higher members include a triple perovskite block and
[(Eu,Ce)02]„ i fluorite blocks. So far superconductivity
has not been detected when n ) 2. The crystal struc-
tures of the n = 2 and 3 phases of the series are shown
in Fig. l.

The hyperfine interactions of the rare-earth site of the
l:2:3 compounds are now quite well known due to ex-
tensive Eu Mossbauer studies. The shapes of the
spectra are adequately explained by a nonzero electric
quadrupole interaction, the Hamiltonian of which is read-
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FIG. 1. Crystal structures of two members of the
(Fe,Cu)Sr2(Eu, Ce) Cu204+2~+, series (n = 2 and 3).

ily implemented for computer fitting. The closely re-
lated Eu-doped Ca site of the 80 K phase of the Bi series
has also been studied in some detail. The values of
the hyperfine interactions at the Eu site have been found
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to be similar due to the resemblance of the rare-earth
sites in these compounds. A large electric 6eld gradient
(EFG), having a negative main component (V„) parallel
with the crystal c axis and a substantial asymmetry pa-
rameter, has been found to prevail at the Eu ion, which
has the 3+ oxidation state. The asymmetry parameter
of the EFG (ri) is defined asis

V„„l—I
V..

V"
where the potential derivatives are expressed in the prin-
cipal axis coordinate system and ~v„[ ) ~V„„() (V ~(.
The sign of V„can be obtained since the quadrupole in-
teractions make the resonance line slightly asymmetric.
If, however, g is exactly 1, the resonance is completely
symmetric and only ~V„I may be obtained.

Samples of (Fe Cui )Srq(Eui~2Cei~2)2Cu20s and
(Fe Cui )Sr2(Eui~sCe2ys)sCu20ii were used in the
present work. These correspond to n = 2 and 3 in the
general (Fe,Cu)Sr2(Eu, Ce)„Cu204+2„+, formula, which
includes the (Fe,Cu)Sr2(Eu, Ce)Os+, (1:2:3) structure
and n —1 Buorite blocks. The oxygen contents may vary
a little but z is usually close to 1. Our aim was to charac-
terize the hyper6ne interactions at the rare-earth sites by

Eu Mossbauer measurements. In the computer Gttings
of the spectra the complete electric quadrupole Hamilto-
nian was used. In the n = 2 series, an EFG similar to
that of the 1:2:3compounds was found, i.e., a negative-
valued V„parallel with the c axis. For the n = 3 series
two EFG's originating in the two nonequivalent lattice
sites of Eu were observed. The main components of the
gradients were of opposite signs and parallel with each
other. The negative V„value corresponds to the site
found in the perovskite block of 1:2:3compounds, while
the positive V„comes &om the Buorite block. All of the
Eu ions are in the 3+ oxidation state.

The relative intensities of the Mossbauer lines vary
when the angle between the direction of the p rays and
the quantization axis is varied. In order to utilize this
effect single crystal absorbers are needed. Another pos-
sibility is to use oriented powder crystallites. Orientation
of the high-T, phases is achieved by submitting the pow-
ders to a strong magnetic 6eld, which interacts with the
magnetic moments of the crystallites, forcing them to
align with the 6eld. The samples were oriented in two
different directions, which made possible several unique
measurements of the same sample. This enabled fitting of
the two Geld gradients, having overlapping spectral com-
ponents, since more detailed data were obtained. The
aligned specimens were found to orient with their crys-
tal c axes parallel with the external magnetic Geld. A
quantitative texture analysis of the oriented samples was
done using x-ray diffraction.

II. EXPERIMENTAL DETAILS

The preparation of the samples followed the scheme
of Ref. 4. In brief, a solid state reaction of high-purity
powders of Eu203, Ce02, Sr2CO3) Fe203, and CuO was
used. The mixed powders were pressed and annealed at

900—1070 C at an oxygen pressure of 1—3 atm. The an-
nealing was repeated after grinding the samples. The
purity of the samples thus obtained was checked using
x-ray powder diffraction (Cu Kn radiation). Contrary
to the pure 1:2:3structure iron is needed to stabilize the
formation of pure phases, the optimum concentration be-
ing close to x = 0.75. The following iron concentrations
were used: x = 0.5, 0.625, 0.75, 0.875, and 1.0 for the
n = 2 samples and x = 0.375, 0.5, 0.625, 0.875, and
1.0 for the n = 3 samples. The presence of iron also en-
ables probing of the copper (iron) lattice sites with srFe
Mossbauer spectroscopy.

Room-temperature Mossbauer spectra were recorded
in transmission geometry. The data were gathered un-
til the unfolded background level reached at least 10
counts. A standard 100-mCi Sm:Sm203 source was
used. The 21.5-keV p quanta were detected with a scin-
tillation detector equipped with a 3-mm-thick NaI crys-
tal. The linear periodic Doppler modulation used in the
measurements had a maximum velocity of 4 mm/s. A.

maximum velocity of 20 mm/s was applied to check for
Eu ions in the 2+ oxidation state. The thickness of the
absorber samples was 20 mg/cm2, corresponding to the
isiEu thicknesses of 1.8 mg/cm2 and 1.5 mg/cm for the
n = 2 and n = 3 series, respectively.

Magnetically aligned samples for Mossbauer measure-
ments were prepared by letting epoxy-soaked powders
harden in an 11.7-T magnetic 6eld. The alignment di-
rection was chosen either parallel with or perpendicular
to the face of the samples. The directions of the crys-
tal axes in oriented samples were also checked by x-ray
diffraction. A Philips MPD 1880 x-ray diffractometer
was used. With this setup only Bragg planes parallel
with the sample surface are reached, since both the sam-
ple and the detector are automatically rotated during the
28 scan (0-20 geometry). This keeps the angles between
the sample surface and the incident and re&acted rays
equal. An INEL CPS 120 facility was later used to im-
prove the texture analysis. This enabled x-ray diffrac-
tion measurements with the incident beam set at selected
angles (20' —40') with respect to the sample surface.

III. RESULTS AND DISCUSSION

The powder x-ray diffraction data con6rmed the purity
of the n = 2 and n = 3 phases. The observed diffraction
lines of both phases could be labeled with Miller indices.
In Fig. 2, x-ray data of an n = 2 sample are shown. The
first spectrum (a) was recorded &om a random crystallite
sample, while the two other spectra (b) and (c) originate
&om magnetically aligned samples. In spectrum (b) the
direction of the external magnetic field was parallel with
the face of the sample, while in (c) the field was perpen-
dicular to it. The c axis clearly tends to align parallel
with the magnetic field. The alignment, however, is not
perfect which can be seen through the existence of re-
flections with nonzero h and k indices in Fig. 2(c) and
nonzero l reflections in Fig. 2(b). The reflections in-
dicated a tetragonal unit cell. The a lattice parameter
increased &om 3.839(2) A to 3.850(5) A. as a function of
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x, while the c parameter decreased from 28.455(0) A to
28.190(2) A. , yielding an almost constant unit cell volume.

In Fig. 3, the x-ray data of the n = 3 phase are shown.
The magnetically aligned samples also oriented with their
crystal t" axes parallel with the magnetic Geld, which is
seen as an enhancement of the 00l reflections in Fig. 3(c)
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FIG. 2. X-ray difFraction pat terns of samples of
(Feo.vsCuo. zs)»z(EuqyzCeqgz)zCuzOg for powdered (a) and
oriented (b), (c) specimens. The sample was oriented with
the magnetic field parallel with (b) and perpendicular to (c)
the sample face.

and the hk0 reflections in Fig. 3(b). These samples
were also found to be tetragonal. The lattice parame-
ters showed a similar dependence on the iron contents as
the n = 2 samples. The a lattice parameter increased
from 3.835(6) A. to 3.840(1) A. while the c parameter
decreased from 16.893(6) A to 16.756(2) A.

A. Analysis of the texture effects

To check the reliability of the orientatinal effects ob-
tained in Gttings of Mossbauer spectra x-ray texture anal-
yses were performed. The aim was to use the intensities
of the various observed x-ray peaks to calculate the dis-
tribution of the angle 0 (measured between the crystal c
axis and the normal of the sample surface). Since the line
intensities of the x-ray peaks depend on several factors,
the line intensities of spectra of magnetically oriented
samples were divided by the line intensities of the cor-
responding random crystallite spectra. The relative line
intensity distribution which was thus obtained should ex-
hibit pure texture effects. The various 0 angles were cal-
culated with the aid of purely geometrical considerations,
presented in the Appendix.

The angular distributions of crystallites in two oriented
specimens of (Feo szsCuo sos)Srz(Euq~sCez~s)sCuzOqq
are shown in Fig. 4. The direction of the external mag-
netic field was perpendicular to the sample surface in
Fig. 4(a) and parallel with the surface in Fig. 4(b). The
distributions were Gtted with a function consisting of a
Gaussian curve and a constant background. The dotted
lines are error estimates. The distributions indicate that
only some of the crystallites align with the magnetic Geld
while others remain unaffected.

In Eu Mossbauer spectra the line intensities are pro-
Portional to z sin 0 or -+

4
cosz 0 (if the PrinciPal z axis

coincides with the c axis and the p rays enter the sam-
ple surface perpendicularly). ~s For absorbers with ran-
dom orientation of the crystallites the intensity factors
must be averaged over the 4x solid angle, yielding values
equivalent with those of an absorber consisting of crystal-
lites oriented in the so-called magic angle (0 54.74').
The average 0 value obtained in the Mossbauer Gts may
also be calculated by averaging the Mossbauer intensity
factors multiplied by the 0-angle distributions, obtained
from the texture analysis, over a 4' solid angle. The av-
erage angles obtained from four analyzed specimens are
presented in Table I.

B. Analysis of Mossbauer spectra

I I I ~ I ~ I ~ I ~ I ~ I ~ I ~ I

25 30 35 40 45 50 55 60 65

28 (deg)

FIG. 3. X-ray difFraction spectra of samples
of (Fe0.625Cuo. z7s)Srz(EuzyzCezgz)&CuzO&z for powdered (a)
and oriented (b), (c) specimens. The sample was oriented
with the magnetic field parallel with (b) and perpendicular
to (c) the sample face.

In all of the Eu Mossbauer spectra a broadened res-
onance line, typical of an unresolved quadrupole inter-
action, was observed. The position (center shift) of the
line indicated that Eu exists only in the 3+ oxidation
state. No traces of the 2+ oxidation state were seen in
measurements using higher Doppler velocities. The spec-
tra were fitted using the full quadrupole Hamiltonian of
the excited I' =

2 and ground I =
2 spin states. For

the n = 2 samples the following Gt parameters were used
(one-site fitting): spectral base line (YD), total absorp-
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TABLE I. The average degree of orientation obtained
from texture analysis of x-ray diffraction spectra.

tion (T), center shift (S), V„, rl, the angle between p
rays and V„(0), and one common linewidth (I') for all
spectral components. When fitting the spectra of the
n = 3 samples, an additional set of V„g, and S was
added to the fit parameters, due to the existence of two
h perfine-split components (two-site fitting). The follow-yper ne-
in values for the quadrupole moments of the excited and

—28 2 andthe ground states were used: Q, = 1.50 x 10 m an

Qs ——1.14 x 10 m, respectively.
When analyzing spectra of random-orientation crystal-

lites 8 was fixed to the magic angle (54.74'). For magnet-
ically aligned crystallites 8 was never fixed, since accord-
ing to x-ray measurements the alignment is not perfect,
yielding 8 values far from the two possible extremes of
90' and 0'.

In order to obtain reliable results, two or three spectra
corresponding to the same specimen oriented in various
directions were fitted simultaneously. Only YD, T, and
8 were specified separately for each spectrum, the rest
of the parameters being in common. The y parameter
describing the goodness of the fit always acquired values
corresponding to 1.00(4).

f. n = 2 eamplee

In Fig. 5, results from simultaneously fitted
Mossbauer spectra of three specimens of the
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FIG. 4. Distribution of orientation angle 8 (in degrees) for
two (Fes.s2sCus. 375)Sr&(Eui~sCezgs)+Cu&O&i specimens ori-
ented (a) with the magnetic field perpendicular to the sample
surface and (b) with the magnetic field parallel with the sur-
face. The distributions were obtained from x-ray difFraction
spectra.

I

2
I

4-4 -3 -2 -1 0 1 3

Velocity (mm/s)

FIG. 5. Simultaneously 6tted Mossbauer spectra of
(Fes, rsCu0. 2s)Srq(Euiy2Ceiy2)2Cu20s samples: (a) random
orientation, (b) c axis oriented perpendicular to the 7 beam,
and (c) c axis oriented parallel with the 7 beam. The obtained
values for 8, the spectral components, and the difFerence be-
tween data and fit are shown for each spectrum.
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TABLE II. The average degree of orientation (8) obtained
from multiple fittings of Mossbauer spectra of the n = 2 series.

TABLE III. The hyperfine parameters as a function of x
for the (Fe Cuq )Sr2(Euqy&Cezy2)2Cu20s samples.

0.5
0.625
0.75
0.875
1.0

8 (H~~ surface)

55(1)'
57(1)'

56.3(8)'

8 (Hj surface)

51(1)'
51(2)'
51(1)'
50(2)'
52(1)'

0.5
0.625
0.75
0.8?5
1.0

eQs V„(mm/s)
-4.31(14)
-4.48(4)
-4.66(3)
-4.19(24)
-4.33(17)

0.98(4)
0.82 (6)
0.83(4)
0.98(7)
0.92(5)

S (mm/s)
-0.056(5)
-0.050(3)
-0.050(2)
-0.052(5)
-0.064(6)

I' (mm/s)
2.07(4)
2.11(5)

2.042(4)
2.10(7)
2.05(5)

(Fe75Cup 2s) Sr2(Euy/2Cer/2) 2Cu&O& sample are given.
The 12 components of the quadrupole-split spectra are
shown on top of each spectrum. The value of 0, obtained
from the fitting, is also given for each spectrum. The 0
values obtained from Mossbauer spectra of all n = 2 sam-
ples are shown in Table II. They agree with the results
from x-ray texture analysis results.

Negative initial values were used for V„ in all the fit-
tings. Assuming V to be positive increased the value of

and made g & 1. It also yielded 8 values according to
which V„would be perpendicular to the c axis. Due to
the tetragonal crystal symmetry this is, however, highly
improbable, as is seen, e.g. , from point-charge calcula-
tions.

The EFG parameters (eQsV„and rl) did not exhibit
any clear functional dependence on x; see Table III. It
is noteworthy that the statistical errors were smallest for
the parameters obtained from the x = 0.75 sample. The
linewidth of the x = 0.75 sample was also the smallest,
2.042(4) mm/s. This indicates that the phase purity is
best when x = 0.75.

8. n = 3 scrap/es

At first glance obtaining physically correct fittings of
the Mossbauer data of n = 3 samples seems impossible
due to the broad resonance line of the Eu 21.5-kev p
transition, covering the hyperfine interactions prevailing
at the two Eu sites. When attempting fittings of single
spectra using two sets of hyperfine parameters this was
in fact the case, since y = 1.0 was obtained for a variety
of parameter values. Therefore the following scheme was
adopted. First it was noted &om one-site fittings of all
the n = 3 samples that g always tended to be ) 1.0.

Then with the aid of computer simulations it was
shown that a Mossbauer spectrum consisting of two
EFG's of approximately equal magnitude and spectral
intensity yield an g close to 1.0 in a single EFG fitting,
when the two V, parameters are of opposite signs. If the

two V„parameters are of the same sign, a single EFG
fitting results in a V„and g close to the average of the
two EFG's. The results obtained by fitting the simulated
spectra with an single EFG are shown in Table IV.

The parameters used to generate the two simulations

were Y~ = 2 x lps, I' = 2.0 mm/s, eQsV„= 5.5 mm/s,

fair) = 0.0, Tl ) = 2.5 %, eQ V„=+4.0 mm/s, rli i =
P.6, T(') = 5.P% and $'i'i = $'l'i = P.P2 mm/s.

Single EFG fitting of the measured and simulated data
thus suggests that the two EFG tensors prevailing at the
two Eu sites have V„parameters of opposite signs. Also
simple point-charge calculations indicated that the two
rare-earth sites have EFG's with V„parameters of op-
posite signs. Furthermore the calculations revealed that
the directions of the two V„parameters coincide with
the crystal c axis, which is consistent with the lattice
symmetry of the Eu sites in these compounds.

We thus decided that the spectra from the n = 3 sam-

ples should be fitted with two parallel V„parameters
of opposite signs. Simultaneous fitting of spectra, from
specimens of parallel, perpendicular, and random geome-

try, was used. The relative intensity of the lines of the two

sites depend on Eu contents of the rare-earth sites. We
assumed the Eu atoms to be randomly distributed on the
rare-earth sites and fixed the line intensities according to
the occurrence of the two sites: i.e. , 3 for the fluorite site
and 3 for the perovskite site. The negative-valued V„
was assumed to arise from the familiar perovskite site,
resembling those found in n = 1 and 2 samples. The
positive-valued V„was attributed to the fluorite site.
The center shifts of the two sites were set equal. The
hyperfine parameters obtained, are presented in Table
V. The 0-values obtained are shown in Table VI. They
agree well with the results obtained with the x-ray tex-
ture analysis; see Table I.

Assuming the fluorite site to be subjected to the
negative-valued V, increased y . Also the direction of
V with respect to the c axis changed from parallel to
perpendicular.

TABLE IV. Hyperfine parameters obtained by single EFG fittings of simulated spectra. The
parameter values used to generate the simulations are given in the text.

Initial V, signs
~(1,2)

V(1) ) 0 V(2) ( 0

eQs V„(mm/s)
4.5(3)
-3.7(4)

0.5(1)
1.1(1)

S (mm/s)
0.023(7)
0.020(7)

F (mm/s)
1.98(8)
2.07(1)
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TABLE V. The hyperfine parameters as a function of x for the
(Fe Cup )Sr2(Euqy&Ce2ys)sCu20&z samples, obtained by simultaneous Btting of multiple spec-
tra with two EFG's.

0.375
0.5

0.625
0.875
1.0

eQsV~,'l (mmjs)
-4.43(7)
-4.0(1)
-4.3(6)
-4.o(3)
-4.8(3)

(I)

0.57(2)
0.60(7)
o.9(2)
0.5(1)
1.00(8)

eQs V„(mm/s)
5.5(3)
5.5(3)
4(1)

5.3(6)
3.7(6)

q(2)

o.oo(5)
0.00(2)
0.0(7)
0.0(6)
0.2(7)

S (mmjs)
-0.077(5)
-0.064 (3)
-0.074(6)
-0.072(6)
-0.053(9)

r (mm(s)
1.896(5)
1.95(3)
1.98(5)
1.94(5)
1.90(5)

IV. CONCLUSIONS

In this work the hyperfine interactions of the rare-
earth sites in the n = 2 and 3 phases of the homolo-
gous (Fe,Cu)Sr2(Eu, Ce)„Cu204+2„+, series were mea-
sured. With the aid of magnetically aligned samples and
simultaneous Gttings of multiple spectra the precision for
determining the hyperfine parameters was substantially
enhanced. For the n = 2 and 3 phase an EFG, with
a large negative V„and a nonzero asymmetry param-
eter, similar to that of the rare-earth site in the 1:2:3
compound was found. An additional EFG with a posi-
tive V„and a zero asymmetry parameter was found in
the n = 3 samples. This EFG was shown to prevail at
the Buorite site found in phases with n greater than 2.
The analysis was entirely based on simultaneous Gtting
of three spectra recorded &om two magnetically oriented
samples and one random powder sample of the same ma-
terial. The EFG parameters obtained were not sensitive
to the iron contents, suggesting that iron mainly enters
the Cu(1) site and leaves the Cu(2) site unaltered. This
is also the case in the 1:2:3system. The center shift,
which reHects the 8-electron density at the nucleus, was
constant as well. The statistical errors and the linewidth
were smallest for the sample with x = 0.75, reQecting its
optimum stoichiometry.

The x-ray patterns revealed that the c axes of powder
crystallites in both phases align in the direction of an ex-
ternal magnetic Geld. The texture analysis also yielded
average orientation angles in agreement with the results
obtained &om the Mossbauer Gts. The degree of orien-
tation was somewhat larger for the n = 3 samples than
for the n = 2 samples.
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APPENDIX

In x-ray patterns measured with the Philips MPD 1880
facility (8-28 geometry) all the observed Bragg reflection
planes are parallel with the sample surface. Therefore
the angle 8 between the c axis and the plane normal is

simply

t 1
cos8 =—

2+ 2+ 2
(A1)

c = c cos &k + c sin 8(cos Pi + sin Pj), (A2)

where d = —" + & + —' is the spacing between

the planes. The distribution of the c axes in various
directions is thus readily obtained once the Miller indices
have been identified.

If, however, the Bragg planes are tilted at an angle
o. with respect to the sample surface, the 0 angles are
no longer single valued. This is the case when using the
INEL CPS 120 facility. The situation is illustrated in
Fig. 6. Taking the direction of the d vector as the z axis
a vector c parallel with the c axis may be expressed as

Financial support from the Academy of Finland (M.L.)
and the following foundations are gratefully acknowl-

TABLE VI. The average degree of orientation (0) ob-
tained from multiple fittings of Mossbauer spectra of the
n = 3 series. The orientational degree for random samples
was fixed at 54.74'.

0.375
0.5

0.625
0.875
1.0

8 (H~~ surface)
71(4)'
59(3)'
57(4)'
60(6)'
70(4)

8 (HJ surface)
44(5)'
28(6)'
46(5)'
41(6)
45(3) FIG. 6. Geometry of a single Ski re6ection from a Bragg

plane tilted at an angle n with respect to the sample surface.
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where 0 is obtained from Eq. (Al) and P describes ro-
tation of the c axis in plane normal to the z axis. The
vector representation of the normal to the sample surface
may be chosen as arccos d (A4)

age angle between the c axis and n (denoted as 0) is

n = cos o.k —sino.j. (A3)

If the distribution of the P angle is isotropic (in our ex-
periments achieved by rotating the sample in a plane
perpendicular to n during the measurement), the aver-

For pure 00l reBections this integral simply yields 0 = o. ,

since in this case d =
&

.
The 0 values used in the texture analysis where calcu-

lated according to the formulas (Al) and (A4).
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