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Europium-based high-temperature superconductors studied by x-ray difFraction
and ' 'Eu Mossbauer spectroscopy
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Department of Technical Physics, Helsinki University of Technology, SF 021-50 Espoo, Finland
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Laboratory of Inorganic and Analytical Chemistry, Helsinki Uniuersity of Technology, SF 0215-0 Espoo, Finland
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Laboratory ofEngineering Materials, Helsinki University of Technology, SF 02150-Espoo, Finland

(Received 20 April 1992)

Isotropic powders and magnetically aligned crystallites of EuBa2Cu307 z (1:2:3)and europium-doped

Bi&Sr2CaCu20s (2:2:1:2)were studied by means of x-ray diffraction and "'Eu Mossbauer spectroscopy.
The degree of crystallite orientation of the samples and the values of the lattice constants were deter-

mined by x-ray diffraction. The Mossbauer spectra were analyzed considering the full hyperfine Hamil-

tonian of the nuclear states of the 21.5-keV y transition. The Mossbauer hyperfine parameters obtained
from the superconducting and semiconducting phases are presented. A small change is seen in the "'Eu
isomer shift when the oxygen deficiency 5 of the I:2:3compound is varied. The shift can be explained by
a decrease in the s-electron density due to lattice expansion. The changes in the oxidation state of the

copper atoms with varying 5 were determined from the Mossbauer data: The Cu(2) atoms retain their

oxidation state, whereas the Cu(1) atoms adjust their valence according to the value of 5. In the 2:2:1:2
samples, the Eu concentration clearly affected the value of the electric-field gradient at the Eu nucleus.

Using a standard procedure, magnetically aligned 2:2:1:2samples were prepared. The preferred direc-
tion of the crystal c axis changed from parallel to perpendicular alignment with the external magnetic
field, when the Eu concentration exceeded 20% of the Ca atoms.

I. INTRODUCTION

The existence of antiferromagnetic and superconduct-
ing parent phases in the ceramica1 cuprates is important
for the mechanisms of superconductivity, due to the mu-
tually exclusive characters of these phases. In the so-
called 1:2:3compounds, superconductivity is depressed in
favor of antiferromagnetism by simply removing oxygen
atoms from the crystal lattice. In other compounds,
depression of superconductivity is achieved by cationic
substitution. The critical temperature T, depends mainly
on the hole concentration, which is usually associated
with the formal valence of copper. Therefore knowledge
of the oxidation state of copper is of crucial interest.
This motivates a thorough characterization of a wide
range of samples between the two extremes of supercon-
ductivity and semiconductivity.

Due to the anisotropic magnetic susceptibility,
powders of high-T, samples exhibit orientational effects
in strong magnetic fields. In most compounds the c axis
aligns parallel with the external magnetic field. ' If, how-
ever, the compound contains some amount of europium
the c axis will orient perpendicularly to the field. This is
probably due to the large magnetic moment of the Eu
atoms, the preferred direction of which is in a plane per-
pendicular to the c axis.

In the Bi2sr2(Ca, «Eu«}Cu20s+, system, europium or
other rare-earth elements play the role of a cationic

dopant. Europium-substituted samples are supercon-
ducting up to y =0.6. If higher concentrations are used
the samples obtained are semiconducting. Doping with
europium promotes the intercalation of excessive oxygen
(e} into the structure, probably at the BiO layer. An in-

crease of the a and b lattice parameters and a decrease of
the c lattice parameter results. The Eu doping also
reduces the formation of impurity phases, which is of im-
portance because of the diSculty to prepare single-phase
materials. Previous results indicate that highly doped
samples exhibit antiferromagnetic ordering.

The ' 'Eu resonance has successfully been used for
determination of the hyperfine parameters of the rare-
earth site in the EuaazCu307 & superconductor. " The
observed line broadening is explained by an electric quad-
rupole interaction at the europium nucleus, which splits
the resonance into 12 unresolved lines. " Four lines
correspond to usually forbidden transitions and have low
intensities even when the spin states exhibit maximum
mixing. The interaction depends solely on the principal
component V and the asymmetry parameter g of the
electric-field-gradient tensor. The set of spectral com-
ponents is therefore a rather well fixed entity, which en-
ables reliable fitting of seemingly featureless spectra.
There is a common agreement about the negative sign of
V„, contrary to the predictions of simple point-charge
calculations. ' An earlier ' 'Eu Mossbauer study on
ihe Bi2sr2E +u2+8+e sample has been reported. ' The
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Mossbauer spectra obtained are similar to those of 1:2:3
samples. This is due to the fact that the nearest neigh-
bors of the rare-earth element are almost the same in
both compounds.

In this work we study the hyperfine interactions at the
rare-earth site in samples of Bi&Sr&(Ca& «Eu«)CuzOs+,
and EuBa2(Cu, „Fe„)307+s by means of ' 'Eu
Mossbauer spectroscopy. The results indicate that a low
iron doping (x=0.01, 0.02) does not affect the data ob-
tained with the ' 'Eu resonance. The lattice parameters
were measured by x-ray diffractometry. It is shown that
the value of V„ together with point-charge calculations
can be used to determine changes in the oxidation state of
copper in 1:2:3 materials. A change in the isomer shift
related to the unit-cell volume is also observed. A trial
was made to observe antiferromagnetic ordering in the
Bi2Sr2EuCu208+, compound at 100 K.

II. EXPERIMENT

The preparation of the EuBa2(Cu, „Fe,)307 s sam-

ples was as follows. ' Stoichiometric quantities of Eu203,
BaCO3, CuO (99.99%), and Fe (95% enriched) were
carefully mixed in an agate mortar. The mixture was cal-
cined in an A1203 crucible for 15 h at 950'C in air. After
grinding, the calcination was repeated. The desired oxy-
gen deficiency was obtained by a heat treatment in an ox-
ygen atmosphere at a temperature determined by the
thermogravimetric data given in Ref. 14. The iron atoms
(x =0.00, . . . , 0.02) were added to enable measurements
with the Fe Mossbauer resonance. "' Several samples
with the oxygen deficiencies of 5=0.1, 0.5, and 0.8 were
prepared and measured with the ' 'Eu resonance. Addi-
tionally, we synthesized one batch of samples having oxy-
gen deficiencies 5=0.1, 0.2, . . . , 0.8 for x-ray and
Mossbauer measurements. However, the 5=0.8 sample
obtained consisted of several phases and could not be
used.

The Eu-doped 2:2:1:2 samples were synthesized by a
solid-state reaction of Bi203, SrCO3, CaCO&, CuO, and

Euz03 (99.99%) as starting materials. The powders were
carefully mixed and calcined in A1203 crucibles at 840'C
in air. Subsequent annealings at 850, 860, and 870'C
were followed by grinding.

The samples were encapsulated in small acrylic con-
tainers for Mossbauer measurements. The powders were
mixed with an inert plastic compound to ensure homo-
geneity and formed a thin layer with a powder surface
density of 22 mg/cm. Magnetically oriented 2:2:1:2
samples were made by subjecting the containers to a mag-
netic field of 11.7 T. The powders were soaked in epoxy
resin and left to harden in the field. The samples with Eu
contents y=0.2, 0.6, and 1.0 were oriented in two
different geometries, with the magnetic field either paral-
lel with or perpendicular to the intended direction of the
y beam. The rest of the 2:2:1:2samples were oriented
only in the parallel geometry.

Mossbauer measurements were performed in transmis-
sion geometry at room temperature and at 100 K for the
y =1.0 sample. A 100-mCi ' 'Sm:Sm203 source was
used. The maximum Doppler velocity was usually be-

III. RESULTS AND DISCUSSION

In all ' 'Eu Mossbauer measurements, one broadened
resonance line close to zero velocity was obtained. A
single-line Lorentzian could not explain the data. Thus
the spectra were analyzed using the full Hamiltonian of
the excited I'= —', and ground I=—', spin states. Fitting
parameters were V, r/, the isomer shift (S), the back-
ground counting level, and the total absorption. For the
1:2:3 compounds, each component line had the same
width, which also was a fitting parameter. For the 2:2:1:2
samples, the linewidth was fixed according to the source
linewidth and the thickness of the sample. The quadru-
pole moments of the excited and the ground state were
fixed to Q, =1.50 and Q =1.14X10 m, respective-
ly. ' In the analysis of the low-temperature measure-
ments, a possible magnetic interaction was taken into ac-
count in the Hamiltonian. The calculation of the line po-
sitions and intensities for Mossbauer spectra in different
sample geometries is presented in the Appendix. Results
from measurements made on different samples corre-
sponding to the same stoichiometry were in agreement
within the statistical uncertainties and were therefore
combined. In Fig. 1, a Mossbauer spectrum obtained
from a 2:2:1:2compound with y =1 is presented. The
crystallites were aligned with the magnetic field perpen-
dicular to the intended direction of the y rays. In this
case go=0 according to the notation in the Appendix.

100-
~eo ~

y' ~

v

~Q

0
col 99
2
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98-

-2 -1 0 1
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FIG. 1. Mossbauer spectrum of the magnetically oriented
2Sr2EuCu2Os+. sample measured at room temperature. The

12 components used in the 6t are indicated.

tween 2.5 and 10.0 mm/s. Velocities up to 20 mm/s were

used for searching traces of europium in the 2+ oxida-
tion state. The x-ray studies were performed using the
Co Ka& radiation. We used a Siemens diffractometer

equipped with an instrumentation electronique curved
position sensitive 120 detector. The 20 axis was calibrat-
ed separately for every measurement by adding silicon
powder to the sample. The x-ray patterns were fitted
with a least-squares program using Pearsonian lines. The
line intensities and the lattice parameters were free-fitting
parameters.
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A. EuBa2(Cu& „'Fe„)307 q samples

The values of the lattice parameters in 1:2:3 com-
pounds were measured by means of x-ray diffractometry.
When changing the oxygen deficiency from 0.1 to 0.7, the
unit-cell volume increased from 178.2 to 181.7 A (Fig.
2). The transition from orthorhombic to tetragonal
structure took place at 5 =0.6.

A clear correlation between the oxygen contents and
the Mossbauer isomer shift S is observed. " The mea-
sured isomer shifts, relative to the ' 'Sm:Sm203 source,
varied between 0.051(3) mm/s (5=0.1) and 0.011(3)
mm/s (5=0.8), giving a difFerence in the isomer shift of
AS=0.040(4) mm/s. The results of these measuretnents
are shown in Fig. 3. For Eu +, the following experimen-
tal dependence between changes in the s-electron density
hp and the unit-cell volume 6V has been reported

0.05-

~~ 0.04-
2
2

~~ 0.03-

2
~ 0.02-
0

0.01-

0.00-

0. 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Oxygen deficiency 6

b,S=P;Ape(R ), (2)

where b, (R ) =19.2X10 fm represents the change in
the nuclear radius during the y transition and the pro-
portionality constant is p, =17.7ac fm mm/s. By ex-
tracting b, V/V from a linear regression of the data in
Fig. 2 we may calculate b,S using Eqs. (1) and (2). The
slope of the measured data in Fig. 3 is remarkably well
reproduced by the calculated curve, obtained without
fitted parameters. The result above confirms that for any
oxygen deficiency the electron configuration of the euro-
pium atom remains unchanged, except for a small expan-
sion of the electron shells.

The parameters V„and g are presented in Figs. 4 and
5." For the quadrupole coupling constant eg V„we ob-
tained values between —5.28(13) and —5.89(11) mm/s,

bp= —5.43ao b, V/V,

where ao is the Bohr radius. The dependence between
the s-electron density and the isomer shift is given in Ref.
17 as

FIG. 3. Measured and calculated '"Eu isomer shifts
as a function of the oxygen deficiency 5 for the
EuBa2(Cu& „"Fe„)30& z samples. The dashed line is deduced
from the unit-cell-volume data of Fig. 2 using the procedure ex-

plained in the text.

V„=(1—y„)V,' +(1—tr)V," (3)

while the asymmetry parameter varied between 0.65(5)
and 0.80(5). Because of the low iron concentrations, no
differences were seen between the parameter values for
pure and iron-doped 1:2:3compounds.

We simulated the behavior of V using point-charge
calculations. The calculations of V give only the lattice
contribution (lat), while the portion caused by the valence
electrons (val) of the Eu atom remains unknown. The
valence part should, however, be almost constant for
samples differing only little in structure and
stoichiometry. The behavior of the isomer shift supports
this assumption. We use the conventional decomposition
of V„

182-

181-
og

~~180-
0

179-

g -5.0-

2

~ -5.5-

CV

-6.0-

-6.5-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Oxygen deficiency 6

FIG. 2. Unit-cell volume of the EuBa2(Cu~ „'Fe„)307—$

samples as a function of 5. The dashed line is a linear fit to the
data.

0. 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Oxygen deficiency 5

FIG. 4. Measured values of the main component of the
electric-field gradient eg~ V„. The dashed lines are calculated
results by hypotheses I and II (see text).
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FIG. 5. Measured values of the asymmetry parameter g. The
average value g =0.74 is indicated by the dashed line.

where y„and o are the lattice and valence terms of the
Sternheimer shielding factors, arising from the inner elec-
tron shells of the atom. The following values were used:
y„=—87 and o =0.73.' These values are typical of
rare-earth ions in a 3+ oxidation state, ' ' and they are
expected to apply to the present compounds.

We used measured values of the lattice parameters and
coordinates of the atoms for 0 & 5 ~ 1. ' The amount of
oxygen vacancies along the Cu(1) chains was determined
by 5, and the vacancies were supposed to be randomly
distributed. The charge neutrality was retained using
two different hypotheses: adjustment of the valence of ei-
ther (I) the Cu(1) atoms or (II) the Cu(2) atoms. Accord-
ing to hypothesis I, the Cu(1} valence varies between 1+
and 3+ as 5 changes from 1.0 to 0.0, and the Cu(2)
valence is 2+. In case II, the Cu(1) valence is fixed to
2+, while the Cu(2) valence varies between 1.5+ and
2.5+. When 5=0.5 both hypotheses give the same
values for the valence of the copper atoms. In calculating
V"' the direction of the z axis was taken parallel to the
crystal e axis, an assumption supported also by Ref. 10.
Both of our hypotheses yielded positive values of V'" in
agreement with other point-charge calculations and con-
trary to the experimental data. ' The simulated values
were, however, used only to evaluate the dependence of
V„on 5.

It turned out that hypothesis I results in a weak linear
dependence between V"' and 5: V"'=0.23X10 ' V/m
(5=0) and V,

' =0.21X10 ' V/m (5=1). Hypothesis II
gave a strong linear dependence: V'"=0.08 X 10 ' V/m
(5=0) and V'"=0.36X10 ' V/m (5=1).

For 5=0.5 we obtain an average value V,',"
=0.22 X 10 ' V/m corresponding to (1—y )egg V,

'"
=30.7 mm/s in velocity units. With the experimental
result egg V = —5.5 mm/s we get by Eq. (3),
( 1 —o )egg V,

" = —36.2 mm/s. Using this calculated
value for eg V"", which may be taken as a constant for
the whole range of 5, and the lattice contributions from
the point-charge calculations, we may evaluate egg V as
a function of 5. The results for both hypotheses are

shown in Fig. 4. In view of this picture, hypothesis II has
to be rejected, whereas hypothesis I yields quite a con-
sistent description of V . The fine structure in the V
data, if any, could not be explained within the framework
of this model.

B. Bi&Sr2(Ca& «Eu» )Cu20&+, samples

The lattice parameters a, b, c and the unit-cell volume
of the 2:2:1:2 samples are shown as a function of y in
Figs. 6 and 7. The statistical error estimates are less
than the size of the symbols used and remeasurements of
some samples reproduced the results within the statistical
error. The a and b parameters increase from 5.3987(4) to
5.4705(1) and from 5.426(1) to 5.5017(2}, respectively,
when y increases from 0.0 to 1.0, while the c parameter
decreases from 30.759(1) to 30.333(1) in the samey range.
The deviation in the c parameter at y =0.6 may be an er-
ratic result due to the chemical synthetization procedure.
The unit-cell volume is close to 902 A between y =0.0
and 0.8 and reaches its maximum value of 912.9(2} A at
y =1.0. The above behavior is in accordance with results
obtained by neutron diffraction.

Because of the large magnetic moment of the Eu atom,
the europium doping affects the direction in which the
crystallites align, when the samples are subjected to
strong magnetic fields. If the Eu percentage is low (in our
case y ~0.2) the c axes of the crystallites orient parallel
with the field but perpendicular to it when y acquires
higher values (y 0.25}. This is illustrated in Fig. 8.
The first two x-ray patterns [(a) and (b)] were measured
on the y =0.2 sample oriented with the field perpendicu-
lar to the surface of the sample (a} and the field parallel to
the sample surface (b}. The third pattern (c}was obtained
for the y =0.25 sample oriented with the field perpendic-
ular to the surface of the sample. The similarity of pat-
terns (b) and (c) supports the conclusions presented
above.

The dependence between the hyperfine parameters and

5.49-

5.46-

5.43-

5.40-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Europium concentration y

FIG. 6. Unit cell parameters a ( o ) and b (0) as a function of
the Eu contents y in the Bi2Sr2(Ca& «Eu«)Cu208+, samples.
The straight lines are linear Sts to the data.
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31.1- — 914.7

30.9-
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908.8

902.9

897.0

30.3- - 891.2

0.1 0,2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Europium concentration y

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Europium concentration y

FIG. 7. Lattice parameter c ( o ) and the unit-cell
volume (4) as a function of the Eu contents y in the
Bi2Sr2(Ca& ~Eu„)Cu208+, samples. The straight lines are linear
fits to the data.

FIG. 9. Main component of the electric-field gradient egs V
of the Bi2Sr2(Ca& „Eu~)Cu&08+, samples as a function of Eu
contents y.

the europium concentration was dificult to extract due to
the low resonance absorption, especially in the lightly
doped samples. The values of the hyperfine parameters
are shown in Figs. 9—11. The value of eg V increased
from —8.3(1.0) mm/s (y =0.2) to —5.40(12) mm/s
(y =1.0), which can be explained by intercalation of ex-
cess oxygen. The asymmetry parameter g was close to
0.4, except for the y =1.0 sample, for which rI=0.87(4).
From a linear regression of the volume data in Fig. 7 we
calculated the isomer shift using Eq. (1) and (2). The re-
sult is presented by the dashed line in Fig. 11. The iso-
mer shift was practically constant within the statistical
error limits. Such a behavior is expected since x-ray
diffractometry indicates a low expansion of the lattice.

The average value S =0.03 mm/s verifies that the europi-
um ions adopt the 3+ oxidation state, contrary to the
2+ state of calcium. No traces of Eu + were found in
measurements performed with a maximum velocity of 15
mm/s. Apart from forcing excess oxygen into the lattice,
europium lowers the formal valence of copper.

Mossbauer spectra of oriented samples exhibited an
asymmetry in the resonance line due to the changes in the
intensities of the nuclear transitions as compared to iso-
tropic samples. Computer fitting of Mossbauer spectra
using the formalism given in the Appendix supported the
assumption that when y &0.2 the crystallites orient with
the t." axis parallel with the magnetic field, while higher
Eu percentages (in our Mossbauer measurements y =0.6
and 1.0) cause the crystallites to orient perpendicular to
the field.

0.8-

r

(b)

(c) '~Q

I ~ I I . I

40 4~ 5O 55 6O

8 (deg)

FIG. 8. X-ray diffraction patterns for oriented
Bi2Srz(Ca, «Eu» )Cu20s+, samples with y =0.2 [(a) and (b)] and

y =0.25 (c). The samples were oriented with the magnetic field
perpendicular to [(a) and (c)] or parallel with (b) the surface of
the sample.

0.7-

2 06-

~ 0.5-

2
0.3-

4 02-

0.1-

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Europium concentration y

FIG. 10. Asymmetry parameter g of the
»2Sr2(Ca& yEuy)Cu208+, samples as a function of the Eu con-
tents y.
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APPENDIX

-0.04-
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FIG. 11. Isomer shift as a function of the Eu contents y for
the Bi&Sr2(Ca~ ~Eu~)Cu208+, samples. The dashed line is de-
duced from the unit-cell-volume data of Fig. 7 using the pro-
cedure explained in the text.

In the measurement of the Bi2Sr2EuCu208+, sample at
100 K, no conclusive answer was found to the question
whether there is a magnetic field at the Cu nucleus. Since
the magnetic moment of the Eu atom seems to be perpen-
dicular to the c axis, a magnetic field (B,s) was included
into the Hamiltonian as a term perpendicular to the
quantization axis defined by V„. The magnetic-field
strength at the nucleus was found to be less than 0.4 T.
When attempting to fit the spectrum with B,z parallel to
V, the value obtained was 0 T within the error estimate.

IV. CONCLUSIONS

In this work the hyperfine parameters at the rare-earth
site in EuBa2Cu307 ~ and Eu-doped Bi2Sr2CaCu208 su-
perconductors were studied. The full quadrupole Hamil-
tonian was successfully applied in analyzing the measured
Mossbauer spectra. The isomer shift obtained for the
1:2:3 samples correlates with changes in the unit-cell
volume, induced by the oxygen deficiency. The value of
the electric-field gradient at the rare-earth site in these
compounds reflects the stability of the oxidation state of
the Cu(2) atoms. We may therefore conclude that the
changes in the oxidation state of copper take place at the
Cu(1) site. A 2% replacement of the copper atoms with
iron does not affect the parameters obtained with the
' 'Eu resonance.

The previously reported increases in the a and b lattice
parameters and decreases in the c lattice parameter as a
function of the Cu concentration in 2:2:1:2samples were
confirmed. The Eu concentration clearly affected the
value of V„, probably due to the excessive oxygen enter-
ing the lattice. The orientation of the crystal c axis in a
11.7-T magnetic field was found to be dependent on the
Eu contents, with a critical value between y =0.2 and
y =0.25. In the 100-K spectra of nonsuperconducting
2:2:1:2samples, a possible magnetic field at the europium
site was found to be less than 0.4 T.

In this appendix the line intensities and positions of the
21.5-keV M1 transition of ' 'Eu are analyzed. The Ham-
iltonian describing the hyperfine interactions at the euro-
pium nucleus is'

ff= 3I I ++—(I +I ) — B
4I( I—1) 2 +

and (A2)

m = —5/2

The amplitudes of y transitions between the states la-
beled by n and n' are proportional to the matrix element
of the Hamiltonian &' describing the interaction between
the nucleus and the y quanta:

(A3)

where y(0) and y(kp) are the photon vacuum state and a
photon state with a momentum k and left-handed
(p =+1), or right-handed (p = —1) polarization. Fol-
lowing the formalism of Blume and Kistner, the matrix
element (A3) is simplified to enable numerical calcula-
tions. Omitting the normalization factors we obtain

(A 1)

where I,I„I+ are spin operators (I+ =I„kiI~), Q and p
are the quadrupole moment and the magnetic dipole mo-
ment of the nucleus, respectively. A magnetic interaction
p B,z is added to the Hamiltonian. If B,N is not parallel
with the quantization axis determined by V, the proper
rotation matrix is applied to the magnetic part of the
Hamiltonian. The excited-state spin is I'= —', and the
ground-state spin is I= ', . Therefore in—the ~I', m') and
~I, m) bases Eq. (Al) corresponds to 8X8 and 6X6 ma-
trices, respectively. For an M1 transition this gives in
principle (2I'+1)X(2I+1) lines. If, however, the mag-
netic interaction is zero all the spin states exhibit at least
a twofold degeneration, producing the 12 lines used in
our room-temperature fittings. The line positions are
found by diagonalizing the matrices and calculating the
differences between the energy eigenvalues. The line in-
tensities are obtained from the proper Clebsch-Gordan
coefBcients, rotation-matrix elements, and the expansion
coeScients a'". ' and b'"' of the diagonalized excited
(~4„)) and ground ( ~4„)) eigenvectors

7/2

m'= —7/2
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u„„(p,e,p)= g a'" '*b'"'D"' ($80)
m'm

X C( —,', 1, —,', m ', m ' —m, m ) . (A4)

Upon integrating (A5), the rotation-matrix factors yield
simply a Kronecker-5 term. Hence, for an isotropic ab-
sorber we obtain

The angle between the photon direction and the quantiza-
tion axis is denoted by polar angle 8, while the corre-
sponding azimuthal angle is given by P. The Clebsch-
Gordan coeScients between the pure —', and —', spin states
and the spin-1 rotation matrix of the M1 transition are
denoted by C( —'„1,—', ;m', m' —m, m) and D'" z($80),
respectively. The normalized transition probability,

P„.„= Iu„,„( +1, 8, $) I +Iu„„(—1,8,$)I (A5)

directly gives the line intensities when using a single-line
source.

When using an isotropic powder absorber, the transi-
tion probability should be averaged over a 4~ solid angle.

I

P = ~ a'" 'a'" '*bI"'*b'"'C( '1——' m' m' —m m)
m ', ml', I

X C( —'„1,—,', l', 1' —l, 1)5 (A6)

When the absorber consists of oriented crystalhtes two
different cases arise. If the c axis aligns with the magnet-
ic field, 8 remains well defined. If however, the c axis
orients perpendicularly to the magnetic field, it is the nor-
mal to the plane in which the c axes lie, which constitutes
a well-defined direction. The angle between the normal
and the direction of the photon is denoted by 90' —80. In
either case P remains arbitrary and averaging of P over
2m. is therefore required, a process yielding a Kronecker-5
factor and a 8-dependent term, denoted by dt &

+&(8):

P„„= g a'" 'ai" "b'"'*b&"'C( ,', 1,—'„m—', m' —m, m)C( —,', 1,—', , l', l' —l, l)
m', m, 1', I

X[d~ ~,(8)dt' t i(8)+d~ ~ i(8)dt' I i(8)]5~ (A7)

The 8-dependent part of Eq. (A7) is

Id/i +i(e)I +Id+i i(e)I =—'+ —'cos 8

perpendicular to the magnetic field, the 8-dependent part
must be averaged over a suitable geometry, defined by eo.
We may therefore express 8 as

and (AS) cose=coseocos(b (A9)

Ido+ i(e) I'+ Ido i(8) I'=-,'»n'8

In the so-called magic angle (8=54.74') the intensities
coincide with those obtained for isotropic absorbers,
which is seen when the polar angles in Eq. (A8) are aver-
aged over ~. In the case when the c axes lie in the plane

where Pz gives the direction of an arbitrary c axis in a
plane perpendicular to the external magnetic field. The
transition probabilities are obtained by inserting Eq. (A9)
in (A8) and averaging P from 0 to n/2, keeping 8 be-
tween 0 and m /2. Note that the intensities of an isotropic
absorber are in this case obtained for 80=35.26'.
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