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Magnetic Anisotropy and Spin Rotations in Ho„Tb, „Fe2 Cubic Laves Compounds
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The directions of the easy magnetization in the Ho„Tb& «Fe2 system have been deter-
mined by means of the Mossbauer effect in Fe. If the direction of magnetization of the
system is described by an {x,T) spin-orientation diagram, it is found that the (x, T) plane
is divided into three regions, in each of which the direction of magnetization is along a
different major crystal axis. The diagram is interpreted by simple cubic-crystalline-
field theory.

The magnetic properties of the cubic iron-rare-
earth I.aves-phase compounds (type MgCu, ) have
been extensively investigated in recent years by
various methods including the Mbssbauer effect
on "Fe.' ' In these compounds the rare-earth
ions are situated on a diamond sublattice and the
iron ions on a corner-sharing network of regular
tetrahedra. The site symmetry of the iron ions is
3m. All iron ions are crystallographically equiv-
alent, and the threefold axes lie in the [111]di-
rections. Even though all the RFe, compounds
are structurally identical, various types of Moss-
bauer spectra were observed. The different
spectra were interpreted in terms of the direc-
tion of the easy magnetization axis in the respec-
tive compounds. With the direction of easy mag-
netization (n) along the [100]axis, all iron atoms
are equivalent and a simple six-line spectrum is
expected, as was observed for HoFe, and DyFe, .
If n is along the [111]direction, two magnetically
inquivalent iron sites with relative population 3:1
exist, 4 giving rise to a spectrum which is a super-
position of two six-line patterns, as observed for
YFe„ErFe„TbFe„and TmFe, .' With n paral-
el to the third major cubic axis, namely [110],
two magnetically inequivalent iron sites with a
population ratio 2:2 are present. This situation
is believed to prevail in SmFe, at low tempera-
tures. '

According to Bowden et gE.,
' the occurrence of

different easy directions of magnetization in the
various RFe, compounds is due to the rare-earth' s
single-ion anisotropy. Calculations based on
Bleaney's simple point-charge model could ex-
plain the direction of easy magnetization in most
of the binary iron Laves compounds.

We have carried out a series of Mossbauer-ef-
fect measurements on "Fe in ternary (R„'R, „'Fe,)
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FIG, 1~ Spin-orientation diagram in the Hog Tb) gFe2
system. Filled circles, filled triangles, and filled
squares correspond to experimentally determined spec-
tra characteristic of the [111], [110], and [100] axes of
magnetization, respectively. Open triangles corre-
spond to intermediate types of spectra, The broken
lines are the experimentally, and the solid lines the
theoretically, determined boundaries of regions with
different directions of magnetization.
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compounds, as function of concentration x and
temperature T. This Letter reports the results
for the Ho„Tb, „Fe, system.

Whereas the magnetization of TbFe, between
4.2 and 300 K is in the [111]direction and that of
HoFe, is in the [100]direction, the compounds
Ho„Tb, „Fe, behave in a more complicated way.
For certain values of x and T the easy magnetiza-
tion is in the [110]direction. If one describes the
direction of magnetization of the system in terms
of an (x, T) spin-orientation diagram (Fig. 1), one
finds that the (x, T) plane is divided into three re-
gions. In each of these regions the dlrectlon of
magnetization is along one of the major crystal
axes ([111], [100], or [110]). The transitions
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between the three regions aie not sharp. In the
transition regions, the direction of magnetization
does not coincide with one of the three major
crystal axes.

We have calculated theoretical (x, T) spin-ori-
entation diagrams by taking into account the cubic
crystalline field and exchange field acting on the
rare-earth ions. A proper choice of the field pa-
rameters gave good agreement between the ex-
perimental and theoretical spin-orientation dia-
grams.

The two cubic Laves compounds HoFe, and

TbFe, form a continuous solid solution. The ter-
nary Laves compounds were prepared by arc-
melting 99.9%-pure rare earths and 99.99%-pure
iron under an argon atmosphere. Metallographic
and x- ray powder diffraction measurements
showed that the samples contained less than 5%
of foreign phases. In some of the samples the
composition was verified by electron-microprobe
analysis. This showed that the samples were
homogeneous, with x constant to better than 2%.

The measurements were performed with "Co-
in-Pd sources at room temperatures, and with
absorbers of Ho„Tb, „Fe,withx=0, 0.1, 0.15,
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.85, 0.9, 0.95,
and 1.0. Measurements were carried out for ab-
sorber temperatures of 4.2, 80, and 300 K. For
some of the samples measurements were per-
formed at various intermediate temperatures be-
tween 80 and 300 K. For this purpose the sam-
ples were held in a variable-temperature cryo-
stat. The temperature stability in each measure-
ment was better than 1 K, and the absolute tem-
perature was measured to an accuracy of 1 K.

Some of the spectra obtained at 4.2 and 300 K

FIG. 2, Mossbauer spectra at 4.2 K. Spectrum g
is a simple six-line spectrum corresponding to the
presence of only one site of iron atoms. It is charac-
teristic of the [100] direction of easy magnetization.
Spectra d and e are characteristic of a [110]direction
of magnetization, which gives rise to two inequivalent
iron sites with a population ratio of 2:2, and thence to
a superposition of two six-line spectra of equal inten-
sity. Actually this appears in the form of the splitting
of some peaks {i.e., the second and the sixth of spec-
trum g) into two peaks of equal intensity. In spectra a
and b the same peaks are split into two peaks with an
intensity ratio of 8:1, indicating the existence of two
inequivalent iron sites with that population ratio. This
is characteristic of the [111]direction of magnetiza
tion. Spectra c and f are of intermediate types. The
splitting of the peaks results from the slightly differ-
ent hyperfine interactions magnetically inequivalent
iron sites.
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are shown in Figs. 2 and 3. Three main types of
spectra, characteristic of samples with the easy
direction of magnetization along one of the major
cubic axes ([111], [110], or [100]), are observed.
Visual inspection allows one to determine in a
straightforward manner the direction of the axis
of magnetization of the absorber.

The significant results are those related to the
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The single- rare-earth-ion Hamiltonian can
therefore be expressed as

K = V~+ V6+ 2(g - 1)P gH, J.n,
~ ~ l« y ~98"
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FIG. S. Mossbauer spectra at 300 K. Spectrum a

is characteristic of the [100], and spectrum c of the
[111],axis of magnetization. Spectrum b is of an in-
termediate type.

rotation of the spin direction from one major cu-
bic axis to another. The transition from one kind
of spectrum to another seems to be a continuous
process, taking place within ~-0.1 and ~T-30
K. Inside these intervals, however, the Moss-
bauer spectra possess an intermediate charac-
ter, the nature of which will be discussed later.
All the experimental results are summarized
in the (x, T) spin-orientation diagram shown in
Fig. 1.

For the theoretical analysis it was assumed
that the major contribution to the magnetic aniso-
tropy is due to the crystalline electric field act-
ing on the rare-earth ions. It was further as-
sumed that the R-R exchange interactions are
small compared to R-Fe interactions. The last
assumption is supported by Mossbauer-effect
measurements on '"Tm in TmFe»' and on '"Dy
in DyFe, ': The temperature dependences of the
hyperfine fieMs acting on the rare-earth nuclei
in these compounds can be fitted by Brillouin
functions with J appropriate to the respective
rare-earth ion, and exchange fields proportional
to the hyperfine fields acting on the iron nuclei
at the various temperatures. The fact that the
magnetic ordering temperatures of all RFe, com-
pounds are much higher than the respective tem-
peratuxes for isostructural RCo, and RNi, com-
pounds also proves that the R-Fe exchange inter-
actions are much stronger than the R-R interac-
tions.

where 8, is the exchange fieM acting on the rare-
earth ion, O„are the operator equivalents, and

P and y the reduced matrix elements tabulated by
Hutchings. ' The values of (I'"& used were those
calculated by Freeman and Watson. ' A, and A,
are constants independent of the rare-earth ions
involved (except for the small shielding correc-
tion calculated by Freeman and Watson' ).

Using various values of the parameters A„A„
and H„we calculated the eigenvalues of the
Hamiltonian for the three possible directions of
magnetization. This then enables us to calculate
the free energy E of the binary I.aves compounds
as a function of x, T, and n. The easy direction
of magnetization of a given compound Ho„Tb, „Fe2
at a certain temperature was taken as the direc-
tion for which the expression xE„,(n) +(1 -x)F rb(n)
had the lowest value. This procedure was car-
x'ied out for a series of temperatures between 4.2
and 300 K for various values of x. The x'esults
were used to determine theoretical spin-orienta-
tion diagrams as shown in Fig. 1. Comparison
with the experimental results indicates that A,
caI1Ilot be neglected slid tllat tile 1'atlo A6/A4
= —0.04a, ' best fits the experimental data. The
calculated results axe quite sensitive to the val-
ues of the ratio A, /A„but not to the values of A,
and EI,. The experimental results can be fitted
with values of A, between (1 K)/a, ' and (30 K)/a, '
and values of p &H, between 110 and 150 K. These
values of P BH, are in good agreement with those
derived from the previously mentioned M5ssbau-
er-effect measurements. "

From the knowledge of the free energy in the
three directions of magnetization, one can calcu-
late the bulk anisotropy constants. Using the val-
ues of the free energy determined with the set of
parameters A„A,/A„and H, that gave good
agx cement between the experimental and theoreti-
cal spin-orientation diagrams, one gets, for in-
stance, at 4.2 K for HoFe„K, = 2.5x10' erg/cm'
and K, =111.4x10' erg/cm', and for TbFe„K,
= —15.V x10' erg/cm' and K, =13.9 x10' erg/cm'.
The bulk anisotropy constants are strongly depen-
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dent on the exact values of the parameters A, and

A, /A, . Since in the present system A, could not
be given a definite value, the calculated values of
A, and K, are only approximate.

The theoretical model predicts a fi.rst-order
phase transition between the regions of different
spin orientation. This prediction is in apparent
contradiction with the presence of the transition
regions in the spin-orientation diagram. The ap-
pearance of the transition regions may be due to
the following factors:

(1) The inhomogeneity of the samples. This
however cannot be the main factor, as some of
the experimental spectra (e.g. , spectrum f in
Fig. 2) cannot be interpreted as a superposition
of two spectra corresponding to magnetizations
along two different major crystalline directions.

(2) The existence of additional, noncubic aniso-
tropic terms due to distortions, dipolar fields,
and anisotropic exchange that have been neglect-
ed in Eq. (1). As a result of these terms, the
magnetization may not coincide with the direction
of one of the major crystalline axes, and in the
transition region n may deviate significantly from
these axes. Thus, for example, spectrum f in
Fig. 2 corresponds to a direction of magnetiza-
tion lying in the (100) plane, but not parallel to
one of the major ([100]or [110])crystalline axes.

In Fig. 1 a slight shift between the experimen-
tal and the theoretical boundaries of the three re-
gions is observed. This shift may be due to sev-
eral factors, the main one being the neglect of an
anisotropy term contributed by the Fe-Fe interac-
tion, which favors the [111]direction. Smaller
shifts may be caused by the uncertainty in the
values of some of the parameters ((r"), antishield-

ing factors) used in the calculations. Further-
more, the possibility of mixing higher ionic 4
states into the ground state was neglected. As
the exchange fields acting on the rare-earth ions
in RFe, compounds are quite large, the contribu-
tion of this mixing to the anisotropy may be non-
negligible. Finally, the previously mentioned
noncubic anisotropic terms, that were not taken
into account in Rq. (1), could also contribute
somewhat to the shift of the boundaries.

We are carrying out similar measurements and
calculations for the systems R„'R, „'.Fe, with R'
=By, Ho and R'=Er, Tb, and Tm. The experi-
mental results and a detailed comparison with
theoretical predictions will be published elsewhere.
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The nuclei ~~N, ~~O, and ~~N6 are examined in terms of the appearance of n-particle.
core-excited threshold states. It is shown that this simple model can account for most
of the &-part1cle states seen above the thre8hold for &-particle emission, W6 discuss
the most striking features of these states.

Recent work of Gillet' and Middleton, Garrett,
and Fortune has stressed the importance of
quartet structures in the interpretation of nuclear
excited states. One expects resonances in the n
channel at compound-system energies correspond-

ing to these states. It is the intent of this Letter
to summarize and correlate a series of studies
which have revealed the existence of e-particle
states at high energies in light nuclei. These
states have spins, parities, and energies which


