
HAL Id: jpa-00210104
https://hal.science/jpa-00210104

Submitted on 1 Jan 1985

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Mössbauer study of the 57Fe hyperfine interactions in
Nd(CO 0.95Fe0.05)5

J.M. Alameda, D. Givord, C. Jeandey, H.S. Li, Q. Lu, J.L. Oddou

To cite this version:
J.M. Alameda, D. Givord, C. Jeandey, H.S. Li, Q. Lu, et al.. Mössbauer study of the 57Fe
hyperfine interactions in Nd(CO 0.95Fe0.05)5. Journal de Physique, 1985, 46 (9), pp.1581-1586.
�10.1051/jphys:019850046090158100�. �jpa-00210104�

https://hal.science/jpa-00210104
https://hal.archives-ouvertes.fr


1581

Mössbauer study of the 57Fe hyperfine interactions in Nd(CO0.95Fe0.05)5

J. M. Alameda (1,2), D. Givord (1), C. Jeandey (3), H. S. Li (1), Q. Lu (4) and J. L. Oddou (3)

(1) Laboratoire Louis Néel, C.N.R.S., 166X, 38042 Grenoble Cedex, France
(2) Department of Physics, University of Oviedo, Oviedo, Spain
(3) L.I.H.-D.R.F., C.E.N.G., 85X, 38041 Grenoble Cedex, France
(4) Department of Physics, University of Nanjing, China

(Reçu le 16 novembre 1984, rivise le 26 avril 1985, accepti le 10 mai 1985)

Résumé. 2014 Les interactions hyperfines agissant sur le 57Fe dans le composé Nd(Co0,95Fe0,05)5 ont été mesurées
entre 4,2 K et 340 K par spectroscopie Mössbauer. Bien qu’une importante modification des spectres soit associée
à la réorientation de l’aimantation, les spectres à toutes températures s’interprètent de façon cohérente. L’analyse
des résultats montre que les atomes de fer occupent de façon préférentielle le site 3 g de la structure de type CaCu5.
Cette propriété, déjà observée dans des composés similaires, s’interprète par des considérations stériques. Les
variations thermiques des champs hyperfins présentent des discontinuités associées à la réorientation de l’aiman-
tation. Comme dans d’autres systèmes, ces discontinuités sont attribuées à une discontinuité de la contribution 
orbitale au moment des atomes de fer. On en déduit que la direction de facile aimantation des moments de fer
sur les différents sites cristallographiques est perpendiculaire à l’axe c de la structure hexagonale.

Abstract. 2014 The 57Fe hyperfine interactions in Nd(Co0.95Fe0.05)5 have been measured at different temperatures
between 4.2 K and 340 K by Mössbauer spectroscopy. Although an important modification of the spectra is
associated with the magnetization reorientation, these are consistently interpreted at all temperatures. An analysis
of the results shows that Fe atoms preferentially occupy the 3 g site of the CaCu5-type structure. This property,
already observed in similar compounds, is interpreted in terms of steric considerations. The thermal variations of the
hyperfine fields exhibit discontinuities associated with the magnetization reorientation. As in other systems, these
are attributed to a discontinuity of the orbital contribution to the Fe moment It is deduced that the easy direction
of magnetization for Fe moments on the different crystallographic sites is perpendicular to the c-axis of the hexa-
gonal structure.
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1. Introduction.

In 3d metals, it may generally be considered that the
magnetic moment is only spin in origin, the orbital
moment being quenched by crystal-field effects. On the
contrary, a large magnetocrystalline anisotropy is
revealed by magnetization measurements on single-
crystals in rare-earth-transition metal compounds
[1, 2]. A polarized neutron study on YCo 5 [3] permitted
one to relate this property to a large orbital contribu-
tion to the Co magnetic moment In addition, high
field measurements allowing to saturate the magnetiza-
tion along a difficult direction, showed that a large
magnetization anisotropy is associated with the

anisotropy energy in these compounds [4].
When both R and M atoms are magnetic, their

moments are coupled by exchange interactions which
determine antiparallel coupling of the spins. The
direction of the easy magnetization at low tempera-
tures is imposed by the rare-earth anisotropy. However,

as a result of the large 3d-3d interactions, the 3d
anisotropy decreases more slowly than the 4f one, as
the temperature is raised. At high temperature, the
3d anisotropy is dominant A magnetization reorien-
tation occurs therefore at finite temperature if the 4f
and 3d anisotropies are competing.
A microscopic analysis of the magnetic properties

may be obtained from measurements of the hyperfine
interactions. In R-Fe compounds, the hyperfine field
reaches about - 145 kG/gB [5-9]. It is opposed to the
electronic moment, the negative core polarization
proportional to the spin Fe moment being dominant.
In compounds which exhibit magnetization reorien-
tation, a discontinuity of the hyperfine field on the
Fe nuclei has been observed by M6ssbauer spec-
troscopy [5, 6, 8]. It was proposed [10] that this

discontinuity is related to the reduction of the orbital
contribution to the 3d magnetization along a difficult
direction, which was shown to be very large in the
series of RC02 compounds [11].
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This last property suggests that the hyperfine field
discontinuities at magnetization reorientation can be
used for an indirect determination of the respective
contributions to the anisotropy of atoms on different
crystallographic sites. We decided to undertake these
measurements on the Fe nuclei in pseudo-binary
compounds Nd(Co1-xFex)s. Indeed, the CaCu.-type
structure in which these compounds crystallize is the
fundamental basis for the crystallographic structures
of many R-M intermetallics. In addition the RFe5
compounds do not exist, and the kind of measurements
described above appears to be the only one permitting
a determination of Fe anisotropy in this structure.

2. ExperimentaL

Nd(Co1-xFex)s alloys were elaborated for x = 0.05,
0.10 and 0.15. The alloys were prepared by induction
melting of the constituents in a cold crucible and then
annealed at 950 OC for 3 days. X-ray analysis was used
to characterize the samples. The temperature of the
magnetization reorientation in the different samples
was established from the associated anomaly of the
susceptibility measured in a field of 1 kG. The M6ss-
bauer study was performed on a compound
Nd(Coo.9sFeo.os)s. A very fine powder of iron enriched
in s’Fe was used for sample elaboration and it appear-
ed that the oxide at the surface of the grains was react-
ing with the neodymium then preventing iron to alloy.
Consequently, it was necessary to melt together the Fe
powder with Co ingot prior introducing Nd into the
melt

s’Fe Mossbauer measurements were performed at
4.2 K, 85 K, 240 K, 300 K and 340 K with a Nd(Coo.95
s7Feo.os)s powder absorber of 15 mg/cm2, which
corresponds to 25 mg/cm2 of natural iron. The absorber
temperature was changed by electrical heating of the
sample mounted in a conventional liquid helium,
horizontal transmission cryostat, equipped with beryl-
lium windows; temperatures were measured with a
thin foil Ni-Manganin probe (Cryogenic Linear

Temperature Sensor) and regulated to within 0.5 K
by a conventional PID system. The source was

S7Co(Rh) and was always maintained at room

temperature; it was moved by a constant acceleration
electron-mechanical drive system under feedback

control; the velocity scale was calibrated with a
metallic iron foil absorber. The 14.4 keV y-rays were
detected by means of a proportional counter and
Mossbauer spectra recorded on a 512 multichannel
analyser working in the multiscaling mode. The spectra
were folded and analysed, in a least-square procedure,
by full diagonalization of the Hamiltonian describing
quadrupolar and magnetic interactions (program
MOSFIT [12]).

3. Crystallographic structure and magnetic properties
of Nd(Co1-xFex)s.
A schematic representation of the CaCU5-type struc-
ture is shown in figure 1. The transition metal atoms are

Fig. 1. - Schematic representation of the CaCu5 structure
of RC05 compounds.

distributed on 2 different crystallographic sites. The
local symmetry on the site 2c (6m2) is essentially
uniaxial, the principal axis of the Electric Field

Gradient (EFG) tensor being along the 6-fold axis
of the hexagonal structure. The local symmetry on the
site 3g (mmm) does not exhibit such a well-defined
uniaxial character. Point charge calculations suggest
that for this site the principal axis of the EFG tensor
is perpendicular to the 6-fold axis. As revealed in

particular in RC05 compounds, this description of
the CaCus-type structure is not exactly observed
In the actual compounds, some R atoms are randomly
replaced by Co « dumb-bells » which occupy a site 2e
in (0 0 ± z). In NdCos, the amount of such Co dumb-
bells is about 1 %, according to refinement of the
crystallographic structure [ 13].

In view of the planned M6ssbauer study of

Nd(Co1-xFex)s compounds, structural and magnetic
properties were determined as a function of x, in order
to determine the maximum solubility of Fe atoms.
The Debye-Scherrer patterns for the alloy with

x = 0.05 are characteristic of the only phase CaCU5,
whereas very weak traces of the hexagonal Th 2Zn 17
phase appear in the patterns of the alloy with x = 0. 10. 
The alloy with x = 0.15 appears as a mixture of three
phases : a phase exhibiting the CaCU5-type structure
and impurity phases crystallizing in the Th2Znl7-type
structure and the Ce2Ni7-type structure respectively.
The dependence of the lattice parameters of the RM5
phase with the Fe content are shown in figure 2. The
linear increase of both a and c up to x = 0.10 can be

related to the larger volume of Fe atoms as compared
to Co atoms. At larger Fe concentrations the lattice
parameters appear to be constant These results show
that the maximum solubility of Fe atoms in NdC05
corresponds to x ~ 0.10. In addition, the increase
of both a and c parameters in these alloys as compared
with NdCos shows that the amount of dumb-bells
is nearly constant It is well known [ 14] that an increase
of the number of dumb-bells would induce a large
increase of c and a decrease of a.

Magnetization measurements have established that
in NdCos, the 4f anisotropy favours a direction of the
Nd moments perpendicular to the c-axis whereas
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Fig. 2. - Dependence of the a and c parameters on the Fe
concentration in Nd(Co1-xFex)s compounds.

the 3d anisotropy favours the alignment of Co
moments along the c-axis [13]. A magnetization
reorientation occurs between 250 K and 290 K [15],
thus suggesting, according to the arguments developed
in the introduction, a possible determination of local
anisotropies from measurements of hyperhne field
discontinuities. The M6ssbauer study was undertaken
on a sample of Nd(Coo,9sFeo.os)s for which the

crystallographic characterization has shown that the
CaCus-type is still well established. The magnetization
reorientation in this sample occurs between 255 K
and 295 K. Consequently the measurements were
performed above 300 K when the magnetization is
along the c-axis, and below 240 K when it lies in the
basal plane.

4. Measurements by M6ssbauer spectroscopy.

4.1 GENERAL. - The interactions between a nucleus
and its environment involve two different interactions.
The electrostatic interaction is at the origin of the
isomer shift I.S., and of the quadrupolar interaction.
The electric quadrupole hyperfine term consists of an
interaction between the nuclear quadrupole moment
eQ and the second derivative of the electric potential
Vij evaluated at the nucleus. In the principal axis
system of the electric field gradient tensor, the Hamil-
tonian describing this interaction is written :

where I is the nuclear spin, eQ is the nuclear quadrupole
moment, eq = Vzz the principal component of the
electric field gradient and q = (Vxx - Vyy)/Vzz the
asymmetry parameter.
The second interaction involved is the magnetic

interaction between the nuclear magnetic moment
and the magnetic field H at the nucleus. If the direction
of the magnetic field is the quantization axis, this

interaction may be written as

In the general case, where both quadrupolar and
magnetic interactions occur, the principal axis of the
electric field gradient is taken as the quantization axis :
0 and y define the direction of the magnetic field H
at the nucleus relative to this axis.
M6ssbauer spectroscopy allows a measurement

of the above mentioned interactions through tran-
sitions between the nucleus energy levels.

4.2 RESULTS. - The observed spectra can be classi-
fied into two types, thoses obtained below T = 240 K
(i.e. at 240 K, 85 K and 4.2 K) and those obtained
above T = 300 K (i.e. at 300 K and 340 K). This
property must be related to bulk magnetic measure-
ments, described in the previous section, which show
that a magnetization reorientation process occurs in
the same temperature range. The high temperature
spectra, where the magnetic moments are parallel
to the c-axis, are better resolved than the low tem-
perature spectra, where the moments are perpendicular
to this axis. In consequence, the high temperature
spectra were analysed first
The M6ssbauer spectra consist of the superposition

of several sets of Lorentzians characterizing Fe atoms
on different crystallographic sites. Two sets of Lorent-
zians are not sufficient to interpret the experimental
data above 300 K due to the large number of different
lines which appear (Fig. 3 at 340 K). Three sets must

Fig. 3. - s7Fe M6ssbauer spectrum of Nd(Co0.95Fe0.05)5
at 340 K.
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Table I. - Parameters describing the hyperfine interactions at the Fe nuclei in Nd(Coo.9sFeo.os)s and occupation
of the different sites by Fe atoms. Errors are given in parentheses, and correspond to the last digit of the parameter
value quothed

be taken into account. Although it is well known that
intrinsic ambiguities in the analysis of Mossbauer
spectra occur when quadrupolar and magnetic inter-
actions are both involved, a unique fit to the experi-
mental data is obtained when realistic values of isomer
shift and quadrupolar splitting are considered (cf.
Table I). In addition to these three sets of Lorentzians,
a better fit is obtained when taking into account 3 %
impurity attributed to Fe atoms in the paramagnetic
state. Among the three sets of Lorentzians, the simplest
is characterized by q = 0 and 0=0. The associated
crystallographic site is denoted Fe, in the following
and is occupied by 26 % of iron atoms. The value of
the hyperfine field for this site is largely reduced
compared to Hhyp in Fe metal (212 kG vs. 330 kG).
The second main set of Lorentzians is associated with
a site denoted Feu, the intensity corresponding to an
occupancy of 64 % of Fe atoms. The principal axis
of the EFG tensor defined by Vzz is within experimental
accuracy perpendicular to the c-axis (0 = 900). The
value of Hhyp (242 kG) is higher than for site Fq.
Finally, 10 % of Fe atoms are on a third site denoted
FeIII. The value of Hhyp for this site is higher than on
the two other sites.
As mentioned above, spectra obtained below the

temperature of magnetization reorientation,
(T  240 K) are more complex (Fig. 4 at 85 K).
Such a behaviour could be anticipated from the
results obtained in the high temperature range :
for the site Ft1I’ the principal axis of the EFG tensor
being perpendicular to the c-axis, two sets of Lorent-
zians (IIa and lib) must be considered In effect,
the symmetry of the ferromagnetic structure is then
lower than that of the crystallographic structure.

Fig. 4. - 17 Fe M6ssbauer spectrum of Nd(Coo 9sFeo 05)5
at 85 K.

Assuming that the easy direction of the magnetization
in the basal plane is 100 as in NdCos, two situations
may occur. Either Vzz for the site FeII is along 100 1
or it is along 110 1. In the former case, 1 /3 of Fe
moments will be along Vzz and 2/3 will be at an angle
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of 60°, in the later case, 1/3 of Fe moments will be
at 900 and 2/3 at 300 with respect to Vzz. In the fitting
procedure of the data, starting values of the physical
parameters which determine quadrupolar and ma-
gnetic interactions, were taken equal to those obtained
in the high temperature region. The 2 possible direc-
tions of Yzz in the basal plane, for the site FeII, were
tested by constrain.
The results of analysis of the spectrum at 85 K thus

obtained are presented in table I. The values of the
isomer shift, quadrupolar splitting and of the site

occupancies are remarkably consistent with those
obtained at high temperature when the magnetization
is along c. For the site Feu, Vzz is found to be along
100 1. The values of the hyperfine field present
discontinuities between high temperature and low
temperature data (Table I, Fig. 5) : a reduction of the
hyperfine field at low temperatures is systematically
observed, whereas if the hyperfine field was simply
proportional to the Fe magnetization it should
increase as temperature decreases. It is worth noting
that the conclusions drawn from these data are

unambiguous. The solution obtained in the low

temperature region is unique as long as the para-
meters describing the interactions are constrained
to exhibit values not too different from those obtained
in the high temperature region.
The spectra calculated at 340 K and at 85 K from

the parameters presented in table I are shown in

figures 3 and 4 as full lines. Both spectra being inter-
preted with essentially the same set of parameters,
the large differences between spectra result from the
change of the quadrupolar interaction between low
and high temperatures due to the magnetization
reorientation, as emphasized by the bar diagrammes
in figures 3 and 4.

5. Discussion.

Analysis of the M6ssbauer spectra has revealed that
three different Fe sites must be considered. These can
be related to the crystallographic sites in the structure
of RCo. compounds. The principal axis of the EFG
tensor for Fe atoms contributing to the site Fe, is

along the c-direction. This leads to associate these Fe
atoms with the uniaxial site in the structure, 2c.
In addition, for this site of high symmetry the cal-
culated value of the asymmetry parameter q is zero,
in agreement with experimental result. Fe atoms are
associated with the site FeII on the site 3g. The angle
0 = 90° with respect to the c-axis corresponds to that
obtained from point-charge calculation and the large
asymmetry revealed by analysis of the data (n = 0.7)
is in agreement with the low local symmetry at the 3g
position. Finally, the third site FeIII revealed by
analysis of the spectra corresponds to Fe atoms on
the dumb-bell site of the RCo. structure.
The intensities deduced from analysis of the M6ss-

bauer data can be compared to those expected for a
statistical distribution of the Fe atoms on the dif-

Fig. 5. - Temperature dependence of the s7Fe hyper-
fine field on the different crystallographic sites in

Nd(Coo9sFeo.o5)5-

ferent crystallographic sites. Among Fe atoms dis-
tributed on 2c and 3g sites, 70 % occupy the site 3g
while statistical distribution would lead to a value of

60 %. A same trend is systematically observed in

R(MM’)5 compounds [16, 17] : the largest of the 3d
atoms (Fe in Nd(Co-Fe)5) occupy preferentially the
site 3g. This property is related to the existence of very
short interatomic distances in RM s compounds. As
emphasized by Laforest and Shah [16], larger space is
available in z = 1/2 where only 3d atoms of the site 3g
are present, while both R atoms and 2c transition
metal atoms are in z = 0. Finally, the intensity asso-
ciated with the dumb-bell site reaches 10 % of the total
Mossbauer spectrum. According to structural analysis
of the compounds described in section 3 about 1 %
of dumb-bells are present in Nd(Co0.95Fe0.05)5. This
shows that there is a strong tendency for Fe atoms to
occupy the dumb-bell site. This observation is in

agreement with results obtained in Ho(Co1-xFex)5 [8].
It can be understood by considering that the ideal
RM s phase is not stable when M = Fe, due to very
short M-M interatomic distances between planes.
Introduction of Fe atoms at the dumb-bell site by
increasing the c parameter allows the other Fe atoms
to enter the structure.
Within experimental accuracy, the hyperfine,fields

on the different Fe sites are essentially temperature
independent as temperature is increased from 4.2 K
to 240 K, and from 300 K to 340 K. The hyperfine
fields are expected to be proportional to the Fe
moment on the different sites. Due to the very large
3d-3d interactions in these compounds, the decrease
of the Fe magnetization is negligible up to room
temperature thus accounting for the constant values
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of the hyperfine fields measured. Between 240 K and
300 K, discontinuities in the hyperfine fields occur
which can be related to the magnetization reorien-
tation occurring in this temperature range. As des-
cribed in section 1, it may be assumed as a first approxi-
mation that these discontinuities are related to changes
in the values of the orbital moments. The increase in
absolute value of the hyperfine fields at high tem-
perature when the magnetization is along the c-axis
corresponds to a decrease of the orbital moments,
e.g. for the three Fe sites there is basal plane anisotropy.
This result is consistent with the observation of easy
magnetization directions which are perpendicular
to the c-axis in ThFe5 [18] and other related binary
R-Fe compounds [19]. The largest hyperfine field

discontinuity at the magnetization reorientation con-
cerns dumb-bell Fe atoms, in agreement with obser-
vation in Ho(Co-Fe)5 [8]. A similar discontinuity was
observed in Tm2Fe,7 [5] for dumb-bell Fe atoms
which in this structure occupy a site 4f. The hyperfine
field discontinuity for 2c Fe atoms in Nd(Co-Fe)5
is at the limit of significance. Such a result was unex-
pected since a large anisotropy was assumed to be
associated with the uniaxial symmetry on this site.
A detailed investigation of the hyperfine interactions

at the Fe nuclei has recently been reported on the
pseudobinary compounds La(Ni-Fe)5 [20] which crys-

tallize in the CaCu5-type structure. Fe atoms are
distributed almost only on the 3g site. The values of
the quadrupolar splitting and asymmetry parameter
are in close agreement with those obtained at the same
atomic position in Nd(Coo.9sFeo.os)s. Indeed, both
compounds are isomorphous and the band structures
which determine the magnitude of the crystal field
potential are similar in these R-3d intermetallic
compounds. In La(Ni-Fe)s, the easy magnetization
direction is along the c-axis of the hexagonal structure.
Since Fe moments exhibit planar anisotropy, it is

likely that the easy magnetization direction for the Ni
magnetic moment is the c-axis in this structure.

6. Conclusion

A quantitative determination of hyperfine interactions
has been obtained in Nd(Coo.95Feo.05)5, allowing a
consistent interpretation of Mossbauer spectra both
above and below the temperature of magnetization
reorientation. The Fe anisotropy on the different
sites favours the basal plane of the hexagonal struc-
ture. This is in contrast with RCo5 compounds where
the Co anisotropy on the 2c and 3g sites favours the
c-axis of the structure, and dumb-bell Co atoms
exhibit planar anisotropy [10].
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