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Magnetic anisotropy and hyperfine interactions in CeFe„GdFe„and LnFe,
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Mossbauer-effect measurements on "Fe have been carried out on the cubic Laves compounds CeFe„
GdFe„and LuFe, between 80 and 300 K. The analysis of the Mossbauer spectra allowed the

determination of the easy axes of magnetization n in these compounds. In CeFe„n is parallel to the

[100] direction up to 150 K; it then becomes of type [uuw] with an angle of inclination with respect
to the t100)axis of 20'. Just below the Curie temperature at 230 K, this angle increases to 30. In

GdFe„n is parallel to the [100] direction at 80 and 300 K. In LuFe„n is of [uuw] type at 80 and

300 K. In terms of the phenomenological treatment of the magnetic anisotropy, the presence of an

[uuw] type of easy axis of magnetization indicates that the bulk magnetic-anisotropy constant K, is of
the same order of magnitude as K 1 and K,. The hyperfine parameters of the three compounds are

reported and discussed.

INTRODUCTION

Mossbauer-effect measurements on the 14.4-
keV transition of ' Fe have been successfully used
in order to determine magnetic-anisotropy proper-
ties of binary (RFe2)' and ternary (RQ| „Fe2) '

cubic rare-earth (R)-iron Laves compounds. In
these compounds the number and type of inequiva-
lent iron sites depends on the direction of the easy
axis of magnetization with respect to the cubic-
cell axes. The easy axis of magnetization, its tem-
perature and composition dependence (in ternary
compounds) was deduced from the analysis of the
Mossbauer spectra. The observed magnetic-anisot-
ropy properties of the heavy rare-earth (R = Tb,
Dy, Ho, Er, and Tm) Laves compounds were in

good agreement with the predictions of the single-
ion model. For this group of compounds, the
major part of the magnetic anisotropy is due to
the interaction of the rare-earth ion with the crys-
talline field. Other minor sources of magnetic
anisotropy are those arising from the magnetic
anisotropy of the iron sublattice and from the pos-
sible anisotropy of the exchange interactions. Be-
sides the above-mentioned Laves phases, several
other isostructural RFe~ compounds, i.q. , SmFe~,
CeFe~, LuFe„and also YFe2 exist. The single-
ion model either cannot be applied to these com-
pounds or, if applied, breaks down. In SmFe2
Mossbauer-effect studies revealed a peculiar be-
havior with a spin reorientation taking place over
a wide temperature interval. ' The presence of
the spin reorientation and several other features
present in SmFe~, cannot be accounted for by a
simple single-ion model and are inconsistent with
the results deduced from the study of the heavy
rare-earth-iron Laves compounds.

CeFez has been subject to several magnetic and
Mossbauer-effect studies. %'ertheim and Vfer-

nick's sample probably contained foreign phases.
Their reported Curie temperature, 878 K, has
not been corroborated by later studies. Mag-
netometric measurements by Farrel. and Wallace~
and by Buschow and van%'ieringen showed that
the Curie temperature of CeFe2 was 235 and 230 K,
respectively. Buschow and van Wieringen also
carried out some Mossbauer-effect studies on
CeFe~ but did not draw any conclusions concerning
its magnetic anisotropy. Bowden et a/. ' reported
a complex Mbssbauer spectrum, while according to
Guimaraes, CeFez has an [100] easy axis of mag-
netization.

The rare-earth ion in GdFe2 is in an S state:
magnetic anisotropy will therefore not be due to its
interaction with the crystal field but to the second-
ary sources of magnetic anisotropy, that have
been previously mentioned. Bowden et al. ' re-
ported a complex M5ssbauer spectrum which could
not be interpreted in terms of a well-defined axis
of magnetization parallel to one of the cubic axes
of symmetry.

Only the iron ions carry magnetic moments in

YFe~ and LuFe~. Mbssbauer spectra of YFe~ in-
dicate that [ill) is the easy axis of magnetization.
This conclusion was verified by hyperfine-field
studies of R„Y, „Fez compounds. In LuFe2
Guimaraes reported an [110]easy axis of mag-
netization; the experimental spectra upon which
this conclusion is based are however not unam-
biguous.

It thus appears that the magnetic anisotropy of
the RFez compounds, which have their easy axis
of magnetization determined by factors, other
than those due to interactions of the rare-earth
ion with the crystal field, cannot be given a con-
sistent explanation. The purpose of the present
work was to carry out a detailed Mossbauer-effect
study of this class of compounds in order to gain
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TABLE I. Lattice parameters and hyperfine constants of CeFe2, CdFe2, and LuFe2.

Lattice parameters (A)

Isomer shift m/sec)

Quadrupole constant
41 eg @ m/sec)

Magnetic hyperfine
field (kG)

300

CeFe2

7.3010' 5

—0.19y 0.02
—0.27 y 0.02

—0.32' 0. 02
—0.31' 0.02

156+ 1
~ ~ ~

GdFe2

7.3875' 5

—0.16~ 0.02
—0.31' 0.02

—0.27' 0.02
—0.26' 0.02

225. 6 y 1
216.8g 1

LuFe2

7.2330@ 5

—0.14' 0.02
—0.30' 0.02

—0.31' 0.02
—0.27' 0.02

214.6 y 1
184.7y 1

more insight into their magnetic-anisotropy behav-
ior. Special attention was given to phase identifi-
cation in the samples, since it seemed that some
of the previously obtained spurious results could
be attributed to faulty sample preparation.

EXPERIMENTAL DETAILS

The Laves compounds were prepared by arc
melting 99.+g-pure rare-earth metals with 99.99%
iron under a purified-argon atmosphere. In all
instances the relative amount of the rare-earth
metals was in excess of the stoichiometric com-
position by (5-15)%%u&. This was found necessary in
order to (i) compensate for the loss of the rare-
earth metals daring melting as a result of their
relatively high vapor pressure and (ii) ensure that
the final rare-earth content wa.s higher than that
corresponding to the RFe~ composition. In all
rare-earth-iron binary systems, the Laves phases
are the intermetallie compounds with the highest
rare-earth content. Since the solubility of iron in
the rare-earth metals is negligible, RFe2 was the
only iron-containing phase present in the samples.
The are-melted buttons were wrapped in tantalum
foils and vacuum annealed in sealed quartz cap-
sules. The CeFe~ sample was annealed at 500 'C
for three weeks: the GdFea and LuFez samples
were annealed at 900 'C for 1 week.

Debye-Scherrer diffraction photographs were
taken from powder samples obtainedby crushing
the annealed buttons under alcohol. The lattice
parameters were determined using the Nelson-
Riley extrapolation method. The results (Table
I) for CeFez and GdFe, are in good agreement with
the previously published lattice parameters of these
compounds. In the ca,se of LuFe2 there is a slight
discrepancy between the measured lattice parame-
ter and the oaly previously reported value of
Kripyakevich et al. " (V. 217 ]I.). All samples were
examined metallographically, phases other than
RFe2, whjeh amounted to less than 5%, were iden-
tified by electron microprobe analysis, as being
primary rare-earth metals.

The possiMli. ty of the presence of a range of
composition over which the RFea compounds exist,

was looked for in the Gd-Fe system. Lattice pa-
rameter and electron microprobe analysis of two-
phased samples of compositions bracketing that
corresponding to GdFe~, showed it to be a line
compound. Similar conclusions concerning CeFe2
were reached by Buschow and van %ieringen.

A constant-acceleration Mossbauer spectrometer
was used with a nitrogen-flow cryostat. The tem-
perature was stabilized within 0. 2 K, but the esti-
mated accuracy in its determination is 1 K. A 15-
mC: Pd: "Co source was employed. The spec-
trometer was periodically calibrated with an en-
riched Pe&03 absorber.

FITTING PROCEDURE OF THE MOSSBAUER SPECTRA

The interpretation of the M5ssbauer spectra de-
pends to a large extent of the fitting procedure em-
ployed. This fitting method will therefore be dis-
cussed in some details.

The number of magnetically inequivalent iron
sites in the rare-earth-iron RFe2 Laves compounds
depends on the direction of the magnetization n,
with respect to the cubic-cell axes. The axes of
local symmetry at the iron sites are parallel to the
4 ( ill ) directions. These sites are magnetically
equivalent or inequivalent, depending on whether
the angles between n and the axes of local symme-
try are equal or not. Thus when n is parallel to
the [100]direction, all sites are equivalent; when

n is parallel to the [110]or [111]direction, there
are two inequivalent iron sites with population ra-
tios 2: 2 and 3: 1, respectively. In the more gen-
eral case, with n contained within the (110) plane
but not para, llel to a major axis of symmetry that
is of direction type [uuw], there are three inequiva-
lent iron sites with population ratio 2: 1:1. Fi-
nally with n pointing in an arbitrary direction, the
four iron sites may all become inequivalent.

The hyperfine interactions differ at the inequiva-
lent iron sites for two reasons: (i) The total hyper-
fine splitting at the nuclei depends on the angle be-
tween the effective hyperfine magnetic field and the
axis of the quadrupole interaction, which is paral-
lel to the axis of local symmetry, i.e. , the ( 111)
directions. (ii) The contribution of the magnetic
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mentioned points, was used. Thus the spectra
were assumed to be a superposition of one, two,
or three six-line Mossbauer patterns depending on
the direction assumed for n. All inequivalent iron
sites were assumed to possess the same isomer
shift and quadrupole interaction constant &eqQ,
and to differ in the value of the magnetic hyperfine-
field constant g~p. „FI;. When three inequivalent
sites were assumed to be present (n of type [uuur]),
the relative values of H, (i =1, 2, 3) were con-
strained to follow the dependence of the dipolar
fields on B as calculated theoretically (Fig. 1).

Thus if the magnetic dipolar contribution at
site i is given by f, (B) (Fig. 1), the magnetic hy-
perfine interaction at this site can be expressed by

FIG. 1. Calculated magnetic dipolar contributions to
inequivalent iron sites in CeFe2 as function of cos B. B is
the angle between n the direction of magnetization and the

)100) axis. The direction of magnetization n is assumed
to be of type I,ugso], i.e. , contained in the (110) plane.
The three curves a, b, and c correspond to dipolar con-
tributions at sites with relative population 2:1:1.

dipolar fields also depends on the same angle. This
dipolar contribution 5, can be expressed in the
form

where ao is the lattice parameter, p,
' and p,

" are
the magnitudes of the magnetic moments, and 8 '
and S" are lattice summations over the iron and

rare-earth sublattice, respectively. The lattice
summations depend on the crystal structure, the
lattice site r;, and the directions of the individual
moments. A detailed study of the dipolar contribu-
tions to the hyperfine field has been carried out in

B„Yt „Fea (B = Tb, Er)~ and SmFea' compounds.
The results showed that the experimentally observed
differences between the hyperfine fields at the in-
equivalent iron sites were proportional, rather than

equal, to the calculated differences, assuming di-
polar contributions. In the heavy rare-earth-iron
Laves compounds the proportionality factor n was
found to be 1 & a & 2. This proportionality factor is
assumed to be due to polarization effects induced

by the dipolar field. The values of the calculated
dipolar fields, in CeFe~, at the three inequivalent
iron sites, when n is contained within the (110)
plane, as function of the angle 9 between n and the

[100]direction, are shown in Fig. 1. In the course
of the calculation Ce was assumed to be diamag-
netic, the value of p. 'was 1.19',~, and ao
=V. 301 A.

In order to fit the various experimental Moss-
bauer spectra obtained, a least-squares-fit com-

gOWN&g =g'oP~&av+ &fi(B) ~ ~=» 21 3

where H„, the average magnetic hyperfine field
at the inequivalent iron sites, and n, the propor-
tionality factor, constitute the two free parame-
ters connected with the magnetic hyperfine inter-
action. As p,

' was assumed constant in all calcu-
lations in Fig. 1, n contains its temperature de-
pendence.

The Hamiltonian for each site was calculated
taking into account the angle between the axis of
local symmetry and n the direction of magnetiza-
tion, assuming implicitly that the effective mag-
netic hyperfine field was parallel to n. The pro-
gram diagonalized the Hamiltonian in order to cal-
culate the absorption-line positions and intensities,
given by proper sums of products of the eigenvec-
tors of the excited and ground states with the ap-
propriate Clebsch-Gordan coefficients. All ab-
sorption lines were assumed to possess a Lorentz-
ian shape and as an additional free parameter, the
same width at half-maximum.

Usual statistical criteria and in particular the
weighted sum of the squares of the residuals'2
were employed in order to evaluate and compare
the goodness of fit resulting from the use of differ-
ent initial assumptions.

RESULTS AN D DISCUSSION

CeFe&

A cursory, preliminary study of the tempera-
ture dependence of the Mossbauer spectra of CeFe2
revealed the presence of features which could not
be given a simple explanation. Up to about 150 K,
the Mossbauer spectra were easily interpretable;
the simple six-line pattern with the 3:2: 1 inten-
sity ratio, indicated the presence of one single iron
site which corresponds to an [100]easy axis of
magnetization [Fig. 2(a)]. Above 230 K, the Curie
temperature, the observed absorption doublet is
characteristic of an iron ion in an electric field
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FIG. 5. Isomer shift of ~~Fe in CeFe2 with respect to
a Pd: Co source as function of temperature.

a tendency for 8 to increase just below the Curie
temperature to about 30'. Noteworthy is the dis-
continuous jump of 8 at about 150 K from 0' to
20'.

The temperature dependence of the isomer shift
of ' Fe in CeFe2, with respect to a Pd: Co source
is shown in Fig. 5. Previous studies of other
RFe2 compounds have indicated a similar increas-
ingly negative isomer shift with increasing tem-
perature. The quadrupole constant ~eqQ = —0. 32
+0.02 mm/sec at 80 K. This value is similar to
that observed in the other heavy rare-earth RFe~
compounds and shows no significant change with
temperature.

The magnetic hyperfine fields at the iron nucleus
at 80 K was H =156 +2 kG. This value is much
lower than the values observed in the other RFe2
compounds which extend from 209 kG for YFe2 to
225 kG for GdFe~. The lower value of the magnetic
hyperfine field in CeFe2 is associated with the re-
duced magnetic moment of the iron ions (l. 2ps as

02 OA 0.6
T/Tc

0.8

FIG. 6. Reduced magnetic hyperfine field H/H~, (0) in
CeFe2 as function of the reduced temperature T/2'c, Tc
=230K. In the 150-230-K termpeture range, H~ was
calculated by taking weighted average of H, on the three
inequivalent sites.

compared to 1.7p, j, in other RFea compounds) and
with the lower magnetic-ordering temperature
(230 K as compared to 500-700 K in other RFez
compounds). These decreased values have been
interpreted as being due to the transfer of the
single 4f electron of Ce to the conduction band, in-
creasing the occupancy of the Fe Sd band. The
validity of this interpretation is corroborated by
the reduced lattice parameter of CeFea, charac-
teristic of tetravalent Ce compounds. Thus CeFe2
is a simple ferromagnet, its magnetization be-
havior ' as well as its reduced magnetic hyperfine
field follow approximately the molecular-field the-
ory with a 8= ~ Brillouin function (Fig. 6).

The transfer of the 4f electron of Ce into the
conduction band reduces the number of vacant 3d
states of the iron ions. A similar situation arises
in the isostructural CeCol and CeNi~ compounds,
which are strong Pauli paramagnets, whereas the
the other RCo~ and RNi~ compounds with trivalent
rare-earth atoms are magnetically ordered at low

temperatures. The filling of the vacant 3d states
of the iron ions in CeFe~ affects also its magnetic-
anisotropy behavior, which, in this case, is due
to Fe-Fe interactions only. The isostructural
compound YFe~ is also a ferromagnet with only a
slightly larger lattice parameter than thai of CeFe~.
The easy axis of magnetization of YFez is in the
[111]direction whereas that of CeFez is in the [100]
direction up to 150 K. The departure of the axis of
magnetization above 150 K from the [100]axis of
symmetry is a puzzling feature, which has already
been observed in connection with the spin reorien-
tation in SmFea. 5 In that case it was suggested that
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FIG. 7. Limits of regions with defferent easy axes of
magnetization in the K~/K3 plane, where X&, K2, and K3
are the bulk anisotropy constants. For values of K~/K3
and K2/K3 lying within the ABC triangular region, the
easy axis of magnetization is of type fguso] with 0'& 8& 90'.
The heavy arrow represents the possible projection of the
motion of E, E'anisotropy energy) of CeFe2 in the K&, K2,
K3 space on the plane of the diagram, as function of
temperature.

the deviation of n from a direction parallel to a
major axis of symmetry, might be due to the loss
of cubic symmetry This p. ossibility appeared
plausible in the ca,se of SmFe~. The magnetostric-
tive effects in this compound are among the high-
est ever measured 3 and might lead to a non-negli-
gible departure from the cubic symmetry. Strong
magnetostrictive effects are connected to the high
magnetic anisotropy, which in SmFea results from
the large crystaI. -field interaction with the Sm'
ion. This would certainly not be the case for dia-
magnetic Ce' . The magnetic anisotropy in CeFea
is exclusively due to that of the iron sublattice and,
contrary to the magnetic anisotropy induced by
crystal-field interactions with rare-earth ions,
cannot be given, at the present stage of knowledge,
a treatment based on first principles. It can be
given however, a phenomenological treatment to
show that the presence of an axis of magnetization
nonparallel to major axes of cubic symmetry need
not be excluded in the case of cubic materials.

In the phenomenological treatment, the magnetic
anisotropy energy E, is expressed in terms of a
series expansion of the direction cosines a, of the
direction of the axis of magnetization n relative to
the cubic crystal axes.

Eg:Kp + Kg (aging + Qmng + asst) + Kg(ag Q2ng)2 2 2 2 2 2

In general only the K~ and K~ terms (up to the sixth
power of the direction cosines) are retained in the
series expansion. In that case it can be easily
shown that the only extrema for E, are those cor-
responding to values of o.', associated. with one of

the major axes of symmetry in the cubic system,
namely, the [100], [110], or [111]directions. In-
clusion in the series expansion of the eighth-power
term, K~(o~n~+ u2o~+ a~o'~) changes this situation.
Differentiation of E, with respect to the angles
(cos n, ) reveals the existence of E, minima for
directions of magnetization of a general type [uuw]
for certain values of the bulk magnetic-anisotropy
constants K„K~, and K3. The results are sum-
marized in the diagram plotted in the K,/K„Kz/K,
plane shown in Fig. V. All. points situated in the
region ABC correspond to minima of E, for axes
of magnetization of type [uunr], with values of 9
lying between the 0' ([110]direction) and 54. 4'
([111]direction). Some lines of constant 8, within
the ABC region have also been plotted.

The values of the bulk magnetic-anisotropy con-
stants K„K» and K, are usually strongly temper-
ture dependent. The value of E, represented by the
position of a point in the diagram of Fig. 7, exe-
cutes as function of temperature a complicated mo-
tion. In the course of this motion, E, of CeFe~
crosses at about 150 K the boundary between the
[100]and the ABC regions. The experimentally
observed discontinuous jump of 9 from 0' to 20',
suggests that the projection of the motion of F., in
the K„K3, K, space on the K,/K„K, /K, plane can
be described by the heavy arrow (Fig. 7). A
more extended discussion of the details of Fig. 7
and of its implications will be presented elsewhere.

GdFe,

The Mossbauer spectra of the 14.4-keV transi-
tion of "Fe, taken at 80 and 300 K showed the
presence of a single iron site, corresponding to
an [100] easy axis of magnetization (see Fig. 8).
These results differ from those obtained by Bowden
et a/. who reported a complex Mossbauer spec-
trum. The careful check of the single-phase na-
ture of the sample used in this study strengthens
the validity of the present conclusions.

The isomer shift and the quadrupole constant of
'7Fe, obtained by the best-fit program, are simi-
lar to those in the other heavy rare-earth-iron
Laves compounds. The magnetic hyperfine field
at 80 K, H = 225. 6 kG is the largest measured in
any RFez compound at this temperature. Accord-
ing to Guimaraes and Bunbury' and Dariel et al. '
the hyperfine field at the iron nucleus in the RFea
compounds can be expressed in the form

a=0, +a(g —1y,
where Ho is a constant through the whole RFe2
series (with the exception of CeFe~), reflects the
Fe-Fe interaction and arises through the core po-
larization of the iron electrons. The second term
reflects the influence of the moment of the rare-
earth neighbors on the iron nucleus and arises
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150 K. In Fig. 9 the solid line represents the re-
sults of the analysis assuming n to be of type [uuw].
In this case the computer fit yielded a value of e,
used as a free parameter, of 20'. This method
of analysis did not increase the number of free
parameters above the number used in an [110]or
[111]type of analysis. Thus the appreciable re-
duction by a factor of 2, of the value of the weighted
squared residuals, represents a real improvement
of the fitting procedure and not merely a statistical
artifact.

The magnetic hyperfine field at the iron nucleus
in LuFe~ at 80 K is 214. 6 kG. This value is higher
than the expected one on the basis of the H=HO

+a(g —1)J expression. Both Y and Lu have J=O,
and therefore one expects in both cases H=HO.
The difference in the value for YFe2 (H= 209 kG)
and the value found in LuFe2 may perhaps be at-
tributed to interatomic distance effects. The lat-
tice parameter of LuFe2 is, as a result of the
lanthanide contraction, the smallest of all RFe~
compounds.

CONCLUSIONS

This Mossbauer-effect study was successful in-
sofar as it allowed the determination of the magnet-
ic anisotropy behavior of CeFez, GdFez, and to a
lesser extent of LuFe~. Unlike the case of the heavy

rare-earth-iron Laves compounds, no systematic
explanation can be given to the anisotropy behavior
of the presently studied compounds. The micro-
scopic sources of magnetic anisotropy are asso-
ciated with crystal-field effects of the iron sub-
lattice and, possibly, with the anisotropic ex-
change interactions in the case of GdFe2. The
appearance of an [uuw] type axis of easy magnetiza-
tion indicates that K3 in the phenomenological
power expansion of the magnetocrystalline anisot-
ropy energy, is of the same order of magnitude as
the K, and Kz terms. The rare-earth 4f single-ion
interaction with the crystal field accounts only for
the presence of K, and K2 (fourth- and sixth-power
cosine terms). K, is therefore due to the anisot-
ropy induced by the transition-metal sublattice.
A similar behavior (appreciable Ks term), has been
observed in the course of a careful analysis of the
magnetic anisotropy of nickel metal. '~
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