IOP SClence jopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Final-state effects in divalent Eu pnictides

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1994 J. Phys.: Condens. Matter 6 1769
(http://iopscience.iop.org/0953-8984/6/9/018)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.147
The article was downloaded on 12/05/2010 at 17:47

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/6/9
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

I. Phys.: Condens. Matter 6 (1994) 1769-1778. Printed in the UK

Final-state effects in divalent Eu pnictides

G Michelsf, .S Junkj, W Schlabitzt, E Holland-Moritz{, M M Abd-
Elmeguid}, T Diinner} and A Mewist

t IL Physikalisches Institut, Universitit zu Kéin, Zilpicher Strasse 77, 50937 Kiln, Germany-
1 Institut fiir Anorganische Chemie, Universitit zu Koin, Gremstrasse 4, 5093% Kéln,
Germany

Received 26 November 1993

Abstract. From Mdssbauer effect, Iattice constant and susceptibility measurements we show
that Eu is nearly divalent in Eu(Cu, Ag, Au)NP, As, Sb). However, the Lyg x-ray absorption
spectra consist of a pronounced double structure, suggesting a non-integral mean Eu valence.
The high-energy strocture in the Lyr-edge specira is interpreted as a final-state {shake-up) effect.
This finding strongly supports the existence of final-state effects in the Ly x-ray absorption
_spectm of divalent Eu compounds as previously reported by Sampathkumaran and cc-worlcers
in EuszPz

1. Introduction

Lm x-ray absorption spectroscopy (XAS) on rare earth (RE) atoms has often been used to

* . determine the RE valence [1]. At the absorption edge a strong ‘white line’ (WL) is found

due to the transition of the 2p3s2 electron into the relatively narrow 5d band with its high
density of states. Due to the different screening, the position of the absorption edge for
different valences of an RE ion is shifted by 7-10eV depending on the RE. If a double-
peaked structure at the absorption edge is observed, as in (statically or dynamicaily) mixed
valent systems, the (mean) vaience is obtained from the ratio of the intensities of the two
- white lines, corresponding to the 4f* and 4F**! states. .

The above-sketched scenario is called the single-particle picture [2]. Here, it is assumed
that the 4f occupation number does not change during the absorption process (no final-state
effect). However, it is well known that ‘shake-down’ effects play an important role in the
compounds of light REs [3]. Due to the aitractive Coulomb potential of the core hole the 4f
level is lowered. Therefore the 4f state can be occupied by a conduction electron, thereby
increasing the 4f number. From photoelectron spectroscopy (XPS) it is well known that the
reverse (‘shake-up”) effect also occurs [4]: a 4f electron is qccted into the conduction band,
thereby decreasing the pumber of 4f electrons. :

The question of whether such shake-up effects also occur in nearly divalent Eu -
compounds remains a matter of controversy. A typical case is that of EuPdyP,. The Ly
specttum shows a double-peaked structure; the intensity of the structure, which is 7.7eV
higher in energy, amounts to 15% [5], at first sight indicating intermediate valency of the
Eu ions. However, susceptibility, Massbauer effect [6] and valence-band photoemission {7]
show the divalent character of Eu in this compound. Therefore, Sampathkumaran and co-
workers [5] conclude that the high-energy peak in the Ly absorption spectrum (and in the
3d core-level XPs [71) is due to a shake-up effect.. This conclusion is rejected by Rahler {81,
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In his interpretation, susceptibility and M&ssbaver effect measurements are still compatible
with intermediate-valence Eu in EuPd,Ps.

In this paper we report on Ly XAS, Massbaver effect and lattice constant measurements
of the nine compounds Bu(Cu, Ag, Au)(P, As, Sb) (1-1-1 compounds). In our discussion
we also refer to the susceptibility data of Tomuschat and Schuster [9, 10]. All compounds
crystallize in the hexagonal NizIn structure [9]. Previous studies of the isostructural
compounds EuPtP [1],12], BuPdP, EuNiP [13,14] and EuPdAs [15] have shown that in
these compounds Eu is mixed valence and shows one or two phase transitions with a
valence jump of about % Here, we are interested in the Eu valence of the isostructural
compounds with the noble metals Cu, Ag, Au instead of Ni, Pd, Pt. Our results lead us to
the conclusion that final-state effects are important in the interpretation of the XAS spectra
of these compounds.

2. Results

2.1, Sample preparation and lattice constants

The samples were prepared as described previously [9]. They were checked for impurity
phases by x-ray powder diffraction. In all samples the content of impurity phases was
smaller than ~ 7%. Particularly in the samples used for Ly XAS and Mossbaner effect, we
could not detect any impurity phase within an accuracy of about 3% (except EuAgAs with
about 5% impurity phase).

Table 1. Magnetic data (after {9, 10]), cell volumes and Ly valences of the 1-1-1 ¢ompounds.

peie fup]  ©[K] T (KT Type VIR u@m)

EuCup 7.64 4 37 Ferro 1207 213
EuAgP 752 20 18 Fero 1344 216
EvAuP 7.68 o) 17 Ferro 1330  2.18
EuCuAs  7.67 28 18 Meta 1207 215
Buhghs 745 - 19 11 Meta 1432 2220
EuAuAs 7.57 11 8 Ferrc 1426 —
|
EuCuSb  7.72 7 12 AF 1506  —
EuAgSb  7.62 2 8 AF 1622 —
EuAuSb  7.60 6 10 AF 1603 215°

% About 5% impurity phase.
b From laboratory spectrometer.

The lattice constants of our samples were determined by x-ray powder diffraction
and the resulting volumes are listed in table 1. They agree well with those reported
previously [9). In figure 1 they are shown together with those of the isostructural alkaline
earth compounds [16-18] against their respective ionic radii. For the Eu compounds we
took the divalent radius r2*+ = 1.12 A [19]. As far as the alkaline earth compounds exist,
there is a striking linear relationship between the unit cell volumes and the divalent ionic
radii in each series, ;in which Eu fits very well. It is worth mentioning that in several series
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CA(Cu, Ag, Au)(P, As, Sb) the compounds with the relatively large A = Sr, Ba and Eu ions
exist, but those with the .smallc_ar Ca ion do not exist (at least.not in the NizIn structure).
The reverse case does not occur (see figure 1),
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Figure 1. Unit cell volumes of the alkaline earth and Eu 1-1-1 compounds in NipIn structure
against divalent ionic radu

We have é.lso 'invcsti"gated the temperature dependence of the lattice constants of EuAuAs
between 4.2 and 300K. The thermal expansion is of the order of 5 x 10~°K~! at 300K
and there are no anomalies down to 4.2K.

2.2. Mé's.s‘bazier spectroscopy

For Mdssbauer measurements a' 100 mCi !SmF; source at room temperature was used.
Two samples, EuCuP and EuAuP, were investigated at 300 K. The spectra are shown in
figure 2. Both spectra consist of a single line at —10.83(3) mms™! and —11.56(3) mms™!
for the Cu and Au compound, respectively. These values are clearly in the energy range
for divalent Eu (= —8 to —12mms™!) in metailic compounds. Within the resolution of
our experiment (~ 3%), we could not detect any second line in the region of Omms™T,
typical for Eu**. . The line widths of 2.86 mms™' and 2.61 mms™! for the Cu and Au
compound respectively are in the usual range for stable-valence Eu compounds. We also
recorded Mdssbauer spectra at 77 K. The spectra still consist of a single line at the same
position (0.08 mms") as at 300K. Due to thermal expansion we expect a difference of
the isomer shifts at 77 K and 300K of less than 0.1 mms~! (35/9In V &~ —9 mm s~ [20]).
The occurrence of only one Mossbauer line here is quite different from that reported for

. EuPdAs [15], EIINIP EuPdP [13, 14] and EuPtP [1 11. There we found two Mossbauer lines
at ~ —IOmms and ~ Omms™!
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Figure 2. 'SIEu Mossbauer absorption spectra of EuCuP and EvAuP at 300 K.

2.3. Susceptibility

The susceptibilities of the compounds were measured by Tomuschat and Schuster [9, 10]
with a Faraday balance. Above the magnetic ordering temperatore the susceptibilities of
all samples follow a Curie-Weiss law. The parameters are given in table 1. The effective
moments (pes) of all samples are in the region 7.4-7. 7. These values are very close to
the value of the effectwe moment of the free Euz“’ ion (7.94ug). In the Wohlleben—Sales
model they would correspond to an Eu valency of 2.07 [21]. However, effective moments
derived from the Curie-Weiss behaviour are not a very exact measure for the valence (see
below).

All samples order magnetically above 4,2 K. The compounds with a cell volume less than
~ 14043, ie. all phosphides and also EuAuAs, order ferromagneticaily, while the larger
antimonides order antiferromagnetically. EuCuAs and BEuAgAs show metamagnetism, The
ordering temperatures scale more or less with the cell volumes. It is remarkable that for all
systems the Curie~Weiss temperature is posttive, even for compounds with antiferromagnetic
ordering.

2.4. X-ray absorption

L XAS measurements were performed at the French synchrotron facility LURE, experimental
station XAS2, with an Si 113 double monochromator and mirrors to suppress the harmonics
below 1075, The beam energy was 1.85GeV, the maximum current 325 mA. For EuCuP
and EuAuP we used the same absorbers as in the Mossbaner measurements, which were
performed after the XAS measurements.

The room temperature spectra of the phosphides Eu(Cu, Ag, Au)P and of the arsenides
Eu(Cu, Ag)As are shown in figure 3. They clearly exhibit a double-peaked structure. The
normalization to an absorption step of one was a bit ambiguous, because of the strong



Final-state effects in divalent Eu pnicrides 1773

Absorption [a.u.]

-20 -10 0 10 20 30 40
Energy [ev]-
Figure 3. Ly x-ray absorpuon spectra of some of the 1-1-1 compounds at 3ODK and 10 K.

XANES structures also visible in figure 3. In‘a first step we identified the high-energy peak
as a WL of Eu®*. To obtain the Ly valence’, we fitted the normalized spectra with an
arctan function and a Voigt profile (a Lorentzian convoluted with a Ganssian function) for-
each structure. The obtained valences at room temperature are given in table 1. They are of
the order 2.12. . .2.22. The uncertaiaty in the valences is about 0.02...0.03, mainly due to
uncertainties in the normalization procedure. For the phosphides the Ly valence increases:
with the atomic nember of the transition element. In all cases the energy separation of the
two lines is between 8.1 and 8.4 eV.

For the phosphides we have also measured Lyy spectra at 10K (broken curves in
figure 3). They agree perfectly with the spectra at room temperature. The differences
of the valence values are smaller than 0.004 for all compounds.

With our laboratery spectrometer [22] (W tube, St 113 monochromator), we have also
performed temperature-dependent measurements on BuAgP, EuAgAs and EuAuSb between
300 and 10K [14,23]. Again, in all cases we find a double-peaked structure at the absorption
edge that is independent of temperature. ' '



1774 G Michels et al
3. Discussion

The above-described measurements show a clear discrepancy between the Eu valences
obtained from different methods. From the lattice constants, susceptibility and Mossbaner
effect we have to conclude that Eu is nearly divalent in these compounds. On the other
hand, the Ly spectra show a double structure indicating a mixed-valence case. Therefore
we first discuss the reliability of the different methods indicating the divalency of Eu in the
investigated compounds. Then, based on this discussion, we will reinterpret the Ly spectra.

3.1. Valence determination from lattice constant, Mdsshauer effect and susceptibility
measurements

Due to the sizable difference of the ionic radii of Eu?* and Eu**, the magnitude. of the
cell volume of an Eu compound compared with those of suitable reference compounds can
provide some information on the Eu valence in the compound. Usually, the isostructural
trivalent RE compounds are taken as reference systems (see, for example, [24]). In this case
a volume anomaly of the Eu compound indicates that Eu is either mixed valence or divalent.
A comparison with a series of isostructural divalent alkaline earth compounds is seldom
possible. In our study we have this rare case: the trivalent RE(Cu, Ag, Au)(P, As, Sb)
compounds do not exist, while there are many of the (divalent) alkaline earth compounds.
Therefore we are not concerned with an anomaly with respect to trivalent ions, but with
the absence of an anomaly with respect to divalent ions. So we can conclude, almost
unambigucusly, the divaiency of Eu in these compounds.

From Mdossbauer isomer shift measurements it is possible to distinguish between
inhomogeneously (static) mixed-valence (two separated lines at ~ Omms™ and ~
—10mms™!) and intermediate-(fluctuating) valence {one line at an intermediate position).
The absence of a trivalent Mossbauer line around Omms™' clearly excludes an
inhomogeneously mixed valent state. It further excludes the existence of larger amounts
(> 3%) of Eu*t impurities, e.g. Euz0;. In general, however, it is difficult to distinguish
between slightly intermediate valence and divalence from Mossbauer spectroscopy, because
the isomer shift of the divalent state is not accurately known. In our case it is a little
easier: the isomer shifts of less than —10.7mms™! are clearly in the divalent region for
metallic compounds that extends between ~8 mms~' and —12mms~! in metallic systems.
Furthermore, the divalence of Eu in our compounds is strongly sepported by the fact that the
isomer shifts are more negative than the isomer shifts of the divalent lines of the isostructural
inhomogeneously mixed valence compounds EuPdAs [15], EuNiP, EuPdP [13,14] and
EuPtP [11] (> —10.7mms™"), :

The temperature dependence of the isomer shift can give information about the thermal
admixture of the trivalent 4£° state to the divalent 4f” ground state. If there is an admixture,
the isomer shift will tend to more positive values with increasing temperature due to the
increasing thermal population of the 4f° state. Indeed, this has been observed in EuO under
high pressures above 19 GPa, where the 4f7 state becomes unstable [25]. However, in our
compounds we find no temperature dependence of the isomer shift between 77 and 300 K.
Therefore a significant admixture of the 4% state to the 4f7 ground state can be excluded.
Thus, from the Mdssbauer point of view we have clear indications of a stable divalent
ground state in EuCuP and EuAuP.

In the following we want to discuss the susceptibility data with respect to possible
valence instabilities in our Eu compounds. It is well known that, very often, for an
integral-valence RE ion the experimental values of the effective moment as deduced
from paramagnetic susceptibility deviate from those calculated from Hund’s rules. Such
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a difference may be due to either experimental -uncertainties, temperature-dependent
interactions of the magnetic moments or a slight deviation from LS coupling, varying
from system to system. Therefore, the effective moments derived from susceptibility data
are not 2 good measure for the valence. Nevertheless, if one takes the values of p.g (table 1)
seriously, they give an estimation of about 2.07 for the Eu valence. This is still much less
than those obtained from Ly XAS (see below). _

Magnetic ordering . alone does not exclude valence fluctvations. A coexistence of”
magnetic order and valence fluctvation may be possible, if the fluctuation energy at low
temperamires becomes smaller than the magnetic ordering temperature (e.g. in the Eu(Pd,
An);Siy series [26]). Nevertheless, the paramagnetic susceptibility data in connection with
the magnetic order give an argument for integral valence. The deviations of the susceptibility
from an ideal Curie law x = C/7 are described by the Curie-Weiss law

o T — @CW T — (®mag — Tﬂuct).

X

Here, the Curie—Weiss temperature Q¢ is the difference between the valence fluctuation
temperature Tauee > 0 [21], and Opy,g, representing magnetic correlations; Oy, is usually
negative for antiferromagnetic and positive for ferromagnetic order. Therefore, without
valence fluctuation (Tqyue; = 0) the susceptibility is enhanced for ferromagnetism and reduced
for antiferromagnetism. The valence fluctuation results in a reduction of the susceptbility.
However, the measurements on all our systems show an enhanced susceptibility compared to
the Curie susceptibility of the free Eu’* ion at low temperatures, up to at least three times the
ordering temperature. This clearly excludes any valence fluctuation in the antiferromagnetic
(and metamagnetic)} compounds. For an ideal ferromagnetic system, @, is expected to
be equal to the Curie temperature T¢, i.e. ®cw = T¢. In our ferromagnetic systems Gcw
is ‘even Jarger than T, resulting in a further enhancement of the susceptibility and again
excluding valence fluctuations. In fact, this observed enhancement of the susceptibility is a
strong argument against valence fluctuation in all Eu compounds discussed here.

3.2. Valence determination from L;; XAS measurements

The above discussion shows that it is highly unlikely that Eu in these 1-1-1 compounds
“is not divalent. In spite of the observed double-peak structure even the XAS measurements
give some indirect indication of a stable divalent Eu ground state. First, the double-peak
structure is temperature independent while, in the model of interconfigurational fluctuations,
a temperature dependence is usually expected [21,27]. Second, the energy separation AE
between the two absorption maxima is relatively large (more than 8eV). In the mixed-
valence compounds EuPdAs and -Eu(Ni, Pd, PP this energy separation is smaller than
8 eV, If we compare these values for AE with those of the alloy series EuPdy_, Au,Sip [1],-
the 1-1-1 compounds correspond to those on the gold-rich side (x > 0.5) that are shown
to be divalent from Mussbauer effect, lattice constants and susceptibility [28].

. Because of this evidence for divalent Eu we have to look for another interpretation of the
double structure in the XAS spectra. The simplest explanation is impurities. Here, it should
. be mentioned that the Mssbauer measurements were performed on the same absorbers after
the XAS measurements. From the absence of an Eu** line in Méssbauer spectroscopy a
significant oxidation of the samples can be excluded. Even if one takes into account the
higher sensitivity of the XAS measurements compared to the Mossbauer spectroscopy on
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ionic compounds like Euy O3 [29], the intensity of the ‘trivalent” peak should not exceed
~ 6%;. ‘

Excitonic effects can be excluded, in metallic samples (p < 1 m cm}, as the origin
of the ‘trivalent’ peak that is often seen in insulators. A further explanation could be
a multiple-scattering XANES structure. Therefore we performed XANES measurements on
isostructural NdPdAs and SmPdAs compounds, too. There was no such structure around
8V, not even after scaling the spectra with the Er? = constant law [30].

Since there is no satisfying interpretation of the XAS spectra in the ‘single-particle’
picture, we have to conclude that this picture fails in the case of the divalent 1-1-1 Eu
compounds. Accordingly, the high-energy peak must be a ‘shake-up’ peak: after the creation
of the 2p core hole in the fully relaxed final state the number of 4f electrons is lowered with
respect to that of the undisturbed ground state due to the partial promotion of a 4f electron
into the conduction band. The same conclusion was drawn by Wortmann [1] in the case of
EuPd; ,Au.Si; and other Eu compounds and by Sampathkumaran and co-workers [5] in
the case of EuPd,F;.

3.3. Comparison with related systems: EHsz P

We now want to compare the validity of our conclusion about the Eu valence in Eu(Cu,
Ag, Au)(P, As, Sh) with that of the typical case of EuPd;P; [5]. In all of these substances
the ‘L valence’ amounts to about 2.15. However, the ‘trivalent’ line in EuPd,P; is only
shifted by 7.7 ¢V, while those in the 1-1-1 compounds are shifted by more than §eV. Since
a larger energy separation corresponds to a stronger divalence [1], the 1-1-]1 compounds
are ‘more divalent’ than EuPd;P,. The same conclusion can be drawn from the Mossbauer
isomer shift, which was only —9.73 mms™! in EuPd,P, compared to about —11mms™! in
the 1-1-1 compounds.

The lattice constants are a clear indication of divalent Eu in the 1-1-1 compounds,
while the only reliable conclusion from the volume anomaly of EuPdsP; in the REPd,P;
series is that Bu is not trivalent. The volume anomaly of EuPd;P» is even smaller than
the volume anomalies of other divalent Eu compounds in ThCrsSiz structure [24]. This
observation first led Jeitschko and Hofmann to the suggestion that Eu is intermediate valent
in EuPdy B, [24]!

Only the larger magnetic moment of EuPd;P; (8.0uy, [€]} compared to those of the
1-1-1 compounds indicates a stronger divalence of EuPd;P,. However, as discussed above,
the values of magnetic moments are slightly ambiguous. In general, an exact agreement
of the measured magnetic moment with the theoretical value is more the exception than
the rule. If we compare the absolute values of the susceptibility instead of its temperature
dependence (i.e. the effective moments), we find a reduced susceptibility for BuPd,P»
(Bew = —30K [6]), but enhanced values for the 1-1-1 compounds {(®cw > 0), again
indicating less instability of the 4f moment in the latter compounds. Finally, all compounds
order magnetically; the ordering temperatures are of the same order of magnitude. The
exact value for each compound is mainly determined by volume effects and not by valence
fluctuations. From these facts it is clear that the 1-1-1 compounds are ‘at least as divalent
as’ BuPd,P;, i.e. the 4f electron in the former cornpounds is as localized as that in the
latter.

Finally, we want to discuss the conditions of occurrence of the ‘shake-up’ peak in Ly
X4AS measurements on Eu compounds. There are no, or at least much smaller, ‘shake-
up’ peaks in the clearly divalent non-metallic compounds, e.g. EuQ [31] and EuF; [I].

T The higher Ly valence of EuAuP compared to BuCuP in spite of the more negative isomer shift may be caused
by 2-3% of Euz03, undetectable in x-ray diffraction and Missbauer effect measurements,
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On the other hand, the metallic divalent Eu compounds in ThCr;Sis structure that show
final-state effects are on the verge of valence instabilities [1]. This is also true for the

1-1-1 compounds: in the phosphides the substitotion of the noble metals Cu, Ag, Au by

their neighbouring elements Ni, Pd, Pt leads to unstable-valence compounds as reported
elsewhere [11,13, 14]. The systematic variation of the occurrence of valence instabilities is

a clear hint of the importance of the d band of the transition metal. This last point has been
recently discussed in connection with valence-unstable EuPdAs [15].

4, Conclusion

We have shown that Ba in the nine compounds Eu(Cu, Ag, Au)P, As, Sb) is'nea_rly
divalent. This conclusion was drawn from Mdssbauer effect, lattice constant and magnetic
susceptibility measurements. The double structure of the Lz absorption edge, which is
_ usually taken as indication of a mixed-valence Eu, is caused by a final-state {‘shake-up’)
effect. The occurrence of ‘shake-up® effects seems to be a precursor of valence instabilities.

Acknowledgments

We thank S Benazeth for technical assistance at LURE. The work was supported by the
Deutsche Forschungsgemeinschaft, the Fonds der Chemischen Industrie and the European
Community by the Large Installation Plan.

References

[1] Wortmann G 1988 Hyperfine Interact. 47 179
[2] Materlik G, Miiller ] E and Wilkins J W 1983 Phys. Rev, Lett. 50 267
[3] Bianconi A, Marcelli A, Davoli I, Stizza $ and Campagna M 1984 Solid State Commun. 49 409
{4] Lacbschat C, Perscheid B and Schneider W-D 1983 Phys. Rev. B 28 4342 -
[51 Sampathiwmaran E V, Kaindl G, Krone W, Perscheid B and Vijayaraghavan R 1985 Phys. Rev. Ler. 54
1067
(6] Sampathkumaran E V, Perscheid B and Kaindl G 1984 Solid State Commun. 51 701
[7) Wertheim G K, Sampathkumaran E V, Laubschat C and Kaindl G 1985 Phys. Rev. B 31 6836
[8] Rohler J 1987 Handbook on the Physics and Chemistry of Rare Earths ed K A Gschneidner Jr, L Eyring
and S Hiifner (Amsterdam: Elsevier) ch 71 p 453
[9] Tomuschat C and Schuster H-U 1981 Z Naturf b 36 1193
[10] Tomuschat C and Schuster H-U 1984 Z. Anorg. Aflg. Chem. 518 161
[11} Lossau N, Kierspel H, Langen I, Schlabitz W, Wohlleben D, Mewis A and Sauver Ch 1989 Z Phys. B 74
227
[12] Lossau N, Kierspel H, Michels G, Oster F, Schlabitz W, Wohlleben D, Saver Ch and Mewis A 1939 Z
Phys. B 77 393
[13] Michels G, Huhnt C, Holland-Moritz E, Schlabitz W and Mewis A 1994 Physica B at press
[14] Michels G 1993 Dissertation Universitit zu K&ln
[15} Michels G, Junk S, Lossau N, Schlabitz W, Wohlleben D, Johrendt D, Mewis A, Saver Ch and Woike Th
1992 Z. Phys. B 86 53 o
[16] Mewis A 1978 Z. Narurf, b 33 983
[17] Mewis A 1979 Z Naturf b 34 1373
(18] Merla F, Pani M and Fornasini M L 1990 J. Less Common Met. 166 319



1778

£19]

[20]
(21]
(22]
(23]
[24]
£25]
[26]
[27]
{28]
{291
{30]
£

G Michels et al

landelli A and Palenzona A 1979 Handbook on the Physics and Chemistry of Rare Earths
ed K A Gschreidner Jr, L Eyring and S Hifner (Amsterdam: Elsevier) ch 13,p 1

Abd-Elmeguid M M, Micklitz H and Buschow K H J 1980 Solid State Commun. 36 63

Wohlleben I» 1984 Moment Formation ini Solids ed W J L Buyers (New York: Plenam) p 171

Lossau N, Neumann G, Schlabitz W and Wohlleben D 1988 Phys. Scr. 37 809

Lossau N 1989 Dissertation Universitit zo Koln

Jeitschko W and Hofmann W X 1983 J. Less Common Met. 95 317

Abd-Elmeguid M M and Tayler R D 1990 Phys. Rev. B 42 1048

Segre C U, Croft M, Hodges J A, Murgai V, Gupta L C and Parks R D 1982 Phys. Rey. Lerr. 49 1947

Abd-Etmeguid M M, Sauer Ch and Zinn W 1985 Phys. Rev. Lest. 55 2467

Abd-Elmeguid M M, Sauer Ch, Kiibler U and Zinn W 1985 Z, Phys. B 60 239

Wortmann G, Krone W, Sampathkumaran E V and Kaindl G 1986 Hyperfine Interact, 28 581

Beaurepaire E, Kappler J P, Malterre D and Krill G 1989 Europhys. Lett. 5 369

Ravot D, Godart €, Achard J C and Lagarde P 1981 Virlence Fluctuations in Solids ed L M Falicov, W Hanke
and M B Maple (Amsterdam: North-Hoiland) p 423



