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The directions of the easy magnetization in the Ho,Tb,_,Fe, Ho,Er,_,Fe, Dy,Tb,_ . Fe,

Dy, Er;_,Fe, and Ho,Tm,_,Fe, systems have been determined, as a function of x and temperature by
means of the Mossbauer effect in *’Fe. If the direction of magnetization of each system is described by
a (x,T) spin-orientation diagram, it is found that the (x,T) plane is divided into two or three regions,
in each of which the direction of magnetization is along a different major crystal axis. Theoretical
calculations based on the assumption that the magnetic crystalline anisotropy is due to the anisotropy
of the interaction between the 4f electrons of the rare-earth ions with the crystal fields reproduced the
general features of the experimental results though small discrepancies remained. Taking into account an
additional contribution to the anisotropy attributed to the Fe-Fe interaction improved the agreement
between the theoretical and experimental spin-orientation diagrams. From the theoretical fits to the |
experimental results a value of (—0.0384-0.003)a % is derived for the ratio of the crystal field
parameters A ¢/A,. The transitions between the regions of the spin-orientation diagrams are not sharp.
Possible reasons for the existence of the transition regions are discussed.

types of spectra.' The appearance of the different
spectra was accounted for in terms of the direction
of the easy magnetization axis relative to the
crystallographic axes of the unit cell in the re-
spective compounds. With the direction of easy
magnetization 1 along the [100] axis, all iron atoms
are equivalent and a simple six-line spectrum is
obtained, as was observed for HoFe, and DyFe,.

I. INTRODUCTION

Cubic Laves phases (type MgCu,) are found in
most rare-earth—iron binary systems. The mag-
netic properties of these compounds have been ex-
tensively investigated in recent years by neutron-
diffraction, magnetic-susceptibility, and MGss-
bauer-effect measurements, All RFe, (R is a

rare earth) compounds order magnetically and
their magnetic ordering temperatures are around
600 K. Mdssbauer studies on *’Fe have shown that
even though these compounds have an identical
crystallographic structure, they present several

If 0 is along the [111] direction, two magnetically
inequivalent iron sites with relative population 3 : 1
exist, giving rise to a spectrum which is a super-
position of two six-line patterns, as observed for
YFe,, TbFe,, ErFe,, and TmFe,, With n parallel
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to the third major cubic axis, two magnetically in-
equivalent iron sites with a population ratio 2 : 2
are present, as observed in SmFe, at low tempera-
tures.

Magnetic-anisotropy studies, usually carried
out by torque measurements, require the use of
carefully machined single-crystal specimens.
Apart from the difficulties involved in growing
single crystals of the reactive rare-earth inter-
metallic compounds, the extreme brittleness of
these compounds renders any machining operation
almost impossible. The Mdssbauer effect offers,
however, a simple experimental tool which allows
a determination of the direction of the axes of easy
magnetization in various compounds in polycrystal-
line form and the deduction of the magnetic-anisot-
ropy parameters.

The magnetic anisotropy of rare-earth-containing
alloys and compounds is ascribed mainly to the in-
teraction of the crystal field with the 4 f electrons
of the rare-earth ions. In order to account for the
occurrence of different preferred axes of magne-
tization in the various RFe, compounds, Bowden
et al.' assumed that the magnetic anisotropy was
due only to the rare-earth-ion anisotropy. Employ-
ing Bleaney’s simple point-charge model and re-
taining only the fourth-order terms of the crystal
field, Bowden et al. explained the observed direc-
tions of easy magnetization in almost all the binary
RFe, compounds,

The initial objective of the present work was to
gain further insight into the magnetic-anisotropy
behavior of the rare-earth—iron compounds, This
was done by the study of ternary systems of the
type RiR?_xFez using the MUssbauer technique. The
two binary Laves compounds R'Fe, and RZFe, form
a continuous pseudobinary solution. The measure-
ments were carried out for systems in which R'Fe,
is magnetized in the [100] direction and R%Fe, in
the [111] direction. For each RLR%_ Fe, system
the direction of easy magnetization as a function of
x and temperature T has been determined. The
results obtained for the direction of magnetization
for each system have been described in terms of
an (x, T) spin-orientation diagram.? The (v, T)
plane is divided into two or three regions. In each
of these regions the direction of magnetization is
along one of the major crystal axes, [111], [110],
or [100]. In the present work spin-orientation
diagrams are presented for the Ho,Th,. Fe,,

Ho Er,.Fe,, Dy,Th,..Fe,, Dy,.Er,  Fe;, and
Ho,Tm,.,Fe, systems. Comparison of the experi-
mentally determined spin-orientation diagrams
with the theoreticaly calculated ones permitted the
determination of the ratio of the sixth- to fourth-
order parameters of the crystal field at the rare-
earth ions in the binary RFe, compounds., Some
conclusions concerning the contribution of the
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anisotropy of the iron-iron interaction to the mag-
netic anisotropy of the RFe; compounds were also
derived in the present work.

The results obtained for the Ho,Tb,., Fe, system
and their theoretical analysis have already been
published in letter form.?2

II. EXPERIMENTAL PROCEDURES

The rare-earth metals used were supplied by
Rare- Earth Products Ltd., England, and were
stated to be 99.9% pure. The iron was of 99.99%
nominal purity., The ternary compounds were pre-
pared by arc melting in two stages under an argon
atmosphere., First a homogeneous solid solution
of the two rare-earth metals, with the desired
composition ratio, was prepared. The alloy buttons
were turned over and melted several times. In the
second stage iron was added and the buttons were
remelted twice. Weight losses were small and
compensated for, assuming that they were due to
the evaporation of the rare earths. Actually, the
amounts of the rare earths were slightly larger
than those required by the stoichiometric composi-
tion of the RFe, compounds, since this slight sur-
plus prevented the formation of iron-containing in-
termetallic compounds other than the RFe, Laves
phases. In most instances, the arc-melted but-
tons, wrapped in thin tantalum foils, were heat
treated at 1100 °C for several days in evacuated
quartz capsules. Powder diffraction patterns of
each sample were obtained in a 114-mm Debye—
Scherrer camera using iron filtered Co Ka radia-
tion. The determination of the lattice parameters
enabled a rough check on the composition of the
two rare-earth components to be made. A linear
relationship (Vegard’s law) was assumed to be
valid in the pseudobinary solid solutions. Good
agreement between nominal compositions and those
deduced from lattice-parameter measurements
was observed. About one-half of the samples (al-
together 60 samples of different composition were
prepared in the five ternary systems) were exam-
ined by metallographic and electron-microprobe
analysis. The metallographic examination showed
that all the samples contained less than 5% of
foreign phases. The L, lines of the rare-earth
components were used in microprobe analysis to
check the composition and the homogeneity of the
samples. True compositions were determined by
applying standard correction procedures to the
electron-microprobe data.® The homogeneity with
respect tothe distribution of the rare-earth compo-
nents was found to be better than 2% inall samples.

The spectra were obtained using a constant-ac-
celeration-type spectrometer. The temperature
of the absorber was stabilized within 1 K. The
source used was °'Co in palladium at room tem-
perature,
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III. RESULTS

MOssbauer-effect measurements of the 14, 4-keV
vy-ray transition of %"Fe were carried out in a series
of absorbers belonging to the ternary systems
RLR?_Fe, (R'=Dy, R®*=Tb, Er, and Tm) at various
temperatures between 4.2 and 300 K. Some exam-
ples of the experimental spectra are shown in Figs,
1-3. Spectra of the Ho,Tb;_.Fe, system were
shown in Figs. 2 and 3 of Ref, 2. In Fig. 1 the
three main types of spectra obtained are shown.
Spectra of type a are characterized by a simple
six-line pattern while those of types b and ¢ are a
superposition of two six-line patterns with relative
intensities 1: 3 and 2 : 2, respectively. Spectra of
the same type correspond to compounds in which n
has the same direction with respect to the crystal-
lographic axes. Most of the experimental spectra
are of one of the three types described above.
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The rare-earth ions in the RFe, compounds are
situated on a diamond sublattice and have a cubic
site symmetry. The iron ions, lying on a corner
sharing network of regular tetrahedra, have a 3m
site symmetry, with the threefold axes parallel to
the (111) directions. The ligand-electric-field-
gradient (EFG) tensor at the iron nuclei is axially
symmetric, The axes of the gradients are parallel
to the local threefold axes of symmetry.

Spectra of type a are obtained when ﬁ, the direc-
tion of magnetization, is parallel to the [100] direc-
tion and thus forms an angle of 54°44" with all four
(111) directions. All iron ions are equivalent and
yield the simple six-line pattern.

When 1 is parallel to a [111] direction, it forms
an angle 6=0° with the axis of the EFG acting on
one iron nucleus of each tetrahedron and an angle
of 6="70°32" with the axes of the EFG’s of the three
other iron nuclei of this tetrahedron., There are

FIG. 1. Three typical Mdssbauer
spectra. Spectrum a is a simple
six-line spectrum characteristic
of the [100] direction of magnetiza-
tion (spectrum of Hoy sExg,sFe,).
Spectrum b is a superposition of
two six-line spectra with inten-
sity ratio 3: 1, characteristic
of the [111] direction of magne-
tization (spectrum of Hoy,3Ery, ;Fe,y
at 4.2 K). Spectrum c is a
superposition of two six-line spec~
tra of equal intensity character-
istic of the [110] direction of mag-
netization (spectrum of Hoy, ysErg,s5Fe;
at 4.2 K).

100
99
~
\
100
2
«©
e 99
-
£ 100
=)
o
O
[ ]
2
E 99
()
[+
08
I T I R R B
-4 -3 -2 -1 0 1 2
Velocity (mmy/sec)



|=3

SPIN-ORIENTATION DIAGRAMS AND MAGNETIC... 4223

100
99
98

97|

100

100

Relative Counting Rate

99

98t | | 1 1 1 1 1

FIG. 2. Mossbauer spec-
tra of Dy,EryFe, at 300 K.
(a) corresponds to x=0.2, (b)
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thus two inequivalent iron sites with population
ratio of 1: 3 giving rise to spectra of type b.

When 1 is in the [110] direction, it forms an
angle 6=35°15" with the axes of the EFG acting on
two iron nuclei of each tetrahedron and an angle
6=90° with the axes of the EFG at the other two
iron nuclei. There are again two inequivalent iron
sites with population ratio 2: 2 giving spectra of
type c¢. If the magnetization is in an arbitrary di-
rection, the four iron sites will usually be inequiv-
alent and spectra different from the abovemen-
tioned three types will be obtained. The following
two factors are the reason for the dependence of
the hyperfine interaction of a Fe nucleus on the
angle 6 between 11 and the axis of local symmetry
at its site: (i) The contribution of the quadrupole
interaction to the hyperfine splittings depends on 6;
(ii) the contribution of the dipolar magnetic fields
to the magnetic hyperfine field at the Fe nucleus
also depends on 6.

As can be observed in Fig, 1, the difference be-
tween the three types of M8ssbauer spectra (due to
sufficiently different hyperfine splittings at inequiv-
alent iron sites) allows the determination of the
direction of easy magnetization of the great major-
ity of the samples by simple visual inspection.
Nevertheless, computer least-squares-fit analysis
was applied to most experimental M&ssbauer spec-
tra. Good agreement was achieved between the ex-
perimental spectra and theoretical ones based on
a Hamiltonian of the complete hyperfine interac-
tion, proving the validity of the model employed.

In this analysis linewidths, isomer shifts, and
quadrupole interactions were assumed to have the
same value at inequivalent iron sites. The least-
squares-fit analysis yielded nearly constant values
for these quantities in all the examined spectra.

The experimental results for the various pseudo-
binary systems investigated in the present study
are summarized in (x, T) spin-orientation dia-
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grams, Inthese diagrams, the (¥, T) plane is
divided into two or three regions. In each of these

regions, the direction of magnetization is along one

of the major crystal axes, [111], [100], or [110].
The transitions between the regions are not sharp,
Spectra belonging to these transition regions can-
not be ascribed to one of the three types shown in
Fig. 1. In Fig. 2, a series of M&ssbauer spectra
of the Dy Er,_ Fe, system at room temperature is
shown. The change of the direction of magnetiza-
tion from the [100] to the [111] direction can be

seen to take place for 0.1<x<0.2, Figure 2(b) is
an example of an intermediate type of spectra
characteristic of the transition region. In Fig. 3
a series of spectra of Hoy,¢Tm,,,Fe, at different
temperatures is shown, The change of direction
of magnetization can clearly be seen to take place
at T=56+5 K,

The spin-orientation diagrams of the Ho,Tb,.,Fe,,
Ho,Er,..Fe,, and Ho,Tm,_.,Fe, systems are shown
in Figs. 4-6. In these three pseudobinary systems
there exists, at low temperature and intermediate
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FIG. 4. Spin-orientation diagram of the Ho,Th;., Fe, system. Filled circles, filled triangles, and filled squares
correspond to experimentally determined spectra characteristic of the [111], [110], and [100] axes of magnetization,
respectively. Open triangles correspond to intermediate types of spectra. The solid lines are experimentally deter-
mined boundaries of regions with different directions of magnetization. The dashed lines are the boundaries determined
theoretically using the one-ion model (copied from Ref. 2).
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FIG. 5. Spin-orientation diagram of the Ho,Er,. Fe, system. Filled circles, filled triangles, and filled squares
correspond to experimentally determined spectra characteristic of the [111], [110], and [100] axes of magnetization,
respectively. Open triangles correspond to intermediate types of spectra. The solid lines are experimentally deter-
mined boundaries of regions with different directions of magnetization. The dashed lines are the boundaries determined
theoretically using the one-ion model. The dot-dashed curves are the theoretical boundaries, corrected for a rare-
earth independent (Fe-Fe) anisotropic interaction deduced from the Ho,Th;.,Fe, diagram.
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anisotropies. These are attributed mainly to the
anisotropy of the interaction between the well-
shielded 4f electrons of the rare-earth ions with
the crystal field.

The Hamiltonian of a single rare-earth ion in a
crystal can be written as

H=3Co+3Cexen+ Horys » (1)

where JC, includes the electrostatic and the spin-
orbit interaction, 3C.., is the Hamiltonian of the
exchange interaction, and ¥, represents the in-
teraction of the crystalline electric field produced
by the surrounding ions with the 4f electrons in
the partially filled shell. 3C, is isotropic, whereas
the anisotropic part of the Hamiltonian is 3C .,
+3C.ys. Neglecting the R-R interaction, the total
anisotropic part of the Hamiltonian per unit volume
is

manis=§ (Jcexch+:}€crys)=N(gcexch+Gccrys)’ (2)

where N is the number of rare-earth ions per unit
volume,

For most rare-earth ions 3.5 >3 orysy 3Ceogen
and J is a good quantum number, (This assumption
is not valid for Sm* and Eu® ions, whose first ex-
cited state lies relatively close above the ground
state;. Within a single J manifold 3C,,,, can be ex-
pressed as

scexch=2(g.r" l)p‘BHexch(T)-j'K’ @)

where H,,,(T) is the exchange field acting on the

Q.8
DyFe,

rare~earth ion. In expressing 3C,., in the above
form it is assumed that the exchange interaction
itself is isotropic. (In the general case H.y
=k X -ﬁ, where ) is the anisotropy exchange __t.en-
sor. For an isotropic exchange interaction A is a
unit tensor. )

The Hamiltonian of the cubic crystal field inter-
action can be written as

K orys=Va+ Vs, (4)
where

Vy=As0 - o) (VN | | 8l |1)(05+50%)
and

Ve=As*)J ||| ) (0§~ 2105),

where O] are the operator equivalents, and g and
v the reduced matrix elements tabulated by Hutch-
ings.* The values of (»") used were those calcu-
lated for the different rare-earth ions by Freeman
and Watson,® A, and A, the crystal field param-
eters, are assumed to be independent of the rare-
earth ions involved, which are all trivalent. The
value of the shielding parameters o, used were
those calculated for the various rare-earth ions by
Freeman and Watson, 8

In calculating the theoretical spin-orientation
diagrams using Eqs. (2)-(4), it was assumed that
the R-R interactions are small compared to the
R-Fe interactions and can be neglected. This as-
sumption is supported by results of Mdssbauer-ef-
fect measurements on **Tm in TmFe,” and **'Dy in
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DyFe,.® The temperature dependences of the hy-
perfine fields acting on the rare-earth nuclei in
these compounds can be fitted by Brillouin func-
tions with J of the respective rare-earth ion and
exchange fields proportional to the hyperfine fields
acting on the iron nuclei at the various tempera-
tures. Furthermore, the ordering temperatures
of all RFe, compounds are much higher than the
respective ordering temperatures of the isostruc-
tural RCo, and RNi, compounds, indicating that the
R-R interactions are much smaller than the Fe-Fe
and R-Fe interactions. This leads to the conclu~-
sion that in first approximation H,,,, at the rare-
earth ion is independent of the rare-earth ion in-
volved and has the same temperature dependence
as H,, acting on the iron nuclei. This tempera-
ture dependence can be approximated by the expres-
sion

Hon(T) = H oy (0)(1=0.17/300) (5)

for temperatures between 0 and 300 K,

This expression is derived from the temperature
dependence of the hyperfine field acting on 5"Fe
nuclei in DyFe, as determined by MOssbauer-effect
measurements, ® and of the iron sublattice magne-
tization in ErFe, as determined by neutron diffrac-
tion.® The eigenvalues €, of the Hamiltonian [Eqgs.
(2)-(4)] of the binary compounds RFe, were calcu-
lated for the three possible directions (ﬁ,) of the
easy magnetization ([111], [110], and [100]) and for
various values of the parameters A4,, Ag, and
H,,.,(0). As mentioned above, these parameters
are assumed to have the same values for all the
binary Laves compounds of the rare earths investi-
gated., The magnetocrystalline free energy per
unit volume Fr(,, T) of the binary compound RFe,
is given by

Fr@®,;, T)=-kTNInZ, (6)

where Z(T, 1,) is the partition function

2T, 5)= 35 e T, (7)
i=1

For the ternary R,l,Rf_xFez compounds, the magneto- .

crystalline free energy can be expressed by
F(x, 1, T)=xF 1@, T)+ (1= x)F ,@,, T). (8)

The easy direction of magnetization of a given com-
pound at a given temperature is the direction (ﬁ,)
for which the expression (8) has the lowest value,
This proceduz_'e was repeated for various values of
x and T and used to construct spin-orientation
diagrams. These diagrams depend on the values
chosen for the three parameters A,, Ag, and
‘J'B Hexch(o )

Comparison with the experimental spin-orienta-
tion diagrams (Figs. 4-8) indicates that A4 cannot
be neglected and that the ratio As/A,=~ (0.038

U. ATZMONY et al. ki

+0,003)ag® fits the experimental data best (if Ag=0,
the theoretical spin-orientation diagrams do not
include a region with 1 in the [100] direction). The
theoretical spin-orientation diagrams of the Ho
compounds are sensitive to the ratio of 45/4, (as
shown, for instance, in Fig. 9), but not to the exact
values of A, and pgH.,. The experimental re-
sults could be fitted with values of A, between 10
and 50 K/aj. The value of p,He,.,(0) was chosen
as — 150 K. This value is derived from previous
Md3ssbauer-effect measurements carried out on
RFe, compounds. ®® The theoretical spin-orienta~
tion diagrams were not sensitive to the exact value
Of U g Heepn(0) in the range between — 100 and — 160
K. (The spin orientation diagrams of the Dy-con-
taining compounds are much less sensitive to the
value of Ag/A, than those of the Ho-containing com-
pounds.) The theoretical spin-orientation diagrams
with 4,=10 K/a;, Ag/A,=-0.04as?, and p pHe,e,(0)
=—150 K are shown in Figs. 4-8 (dashed lines).

Bulk Magnetic Anisotropy Constants

The magnetic anisotropy properties of crystals
are often expressed in terms of the bulk magnetic
anisotropy constants., The bulk magnetocrystalline
free energy in cubic structures can be expanded
in a polynomial series in «;, the direction cosines
of the direction of magnetization with respect to
the cube edges:

Fp=Ky+ K (d%ak+a2o?+ aldl) + Ky(alaial) s«
9)

where K, K;, and K, are the bulk anisotropy con-
stants. The easy direction of magnetization is the
one that minimizes Fp. Fj has extremum values
for the directions parallel to the major axes of
symmetry of the cubic system, namely, the [100],
[110], and [111] directions. Whether these ex-
trema are minima or maxima, depends on the
values of K; and K,. The values of K; and K, can
be deduced from the values of the magnetocrystal-
line free energy of the binary Laves compounds
RFe, for the three possible directions of the easy
magnetization, using the following relationships:

KI(T): [4 FR(H?" T)— 4 FR(KI’ T)] ’ (10)
K, (T)=[27FRr(My, T)-36Fg(M,, T)+9Fz@,;, T)],
(11)

where 1i;, D, and 0, are unit vectors parallel to the
[100], [110], and [111] directions, respectively.
The values of FR(ﬁ,, T) strongly depend on the
exact values of the parameters A,, A5/4,, and
KgHeyen(0). As previously mentioned, only Ag/A,
could be accurately determined from our measure-
ments, whereas the parameters A, and U g H,,.,(0)
could not be determined accurately, Values of K,
and K, for the various binary RFe, compounds,
calculated on the basis of the one-ion model, using
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FIG. 9. Difference (Ax) between
maximum and minimum values of
x for which the Ho, Tb,.,Fe; com-
‘pounds are magnetized at 4. 2 K, inthe
X=0.7 [110] direction, as a function of

"Ag¢/A,. Solid lines represent the
theoretical values of Ax (one-ion
model) for various of 4, (in K/a} units).
The dashed line represents the
experimental value of Ax.
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the value — 0. 04ag® for Ag/A,, the value 150 K for
Iy Hexen, and the value of 10 K/ag for A,, are given
in Table I for 4,2, 80, and 300 K, Values of the
bulk anisotropy constants of similar orders of
magnitude have been found in rare-earth garnets11
and other rare-earth compounds exhibiting high
magnetocrystalline anisotropy.

Additional Contributions to the Magnetic Anisotropy

Though the theory, just outlined, reproduces the
main feature of the experimental spin-orientation
diagrams, several systematic deviations are still
observed. The experimental extension of the [111]
regions seems in all instances to be larger than
that predicted by the one-ion model. This feature
is particularly salient in the Ho,Tb, . Fe, system,
in which the theoretical boundaries of the various
regions are laterally shifted with respect to the
experimentally determined boundaries, supposed
to lie in the middle of the transition regions.

The shift between the experimental and theoret-
ical boundaries in the spin-orientation diagrams
may be due to several factors, The main factor

TABLE I. Values of the bulk anisotropy constants
K; and K, for the various binary RFe, compounds at 4. 2,
80, and 300 K, calculated on the basis of the one-ion
model using the values — 0. 04a3% for A¢/4,, —150 K for
#pHexen(0), and 10:K/af for A,.

K (10° erg/cm?) K, (10% erg/cm?)
Compound 4.2 K 80 K 300 K 4.2 K 80 K 300 K

HoFe, 20 33 2 1173 201 0.78
DyFe; 251 133 7.2 — 606 - 187 ~1.5
ErFe, -39 -29 -0.77 —896 ~86 -0.16
TbFe, ~170 -118 -11 157 K 1.1
TmFe, —~193 -22 -0.25 454 12 0.01

-0.06 A JA4 (ao-’)

is probably the neglect in the theoretical calcula-
tions of an anisotropy term, contributed by the
Fe-Fe interaction, which favors the [111] direction
(as demonstrated by the fact that in YFe,! and
ZrFe, ' the easy magnetization is in the [111] di-
rection). Disagreements between the theoretical
and experimental spin-orientation diagrams may
also be caused by the uncertainty in the values of
some of the parameters ((»"), antishielding fac-
tors) used in the calculations, and by the anisotropy
of the exchange interactions. Finally, the disagree-
ment may be due to the neglect of other noncubic
anisotropy terms, such as dipolar fields or distor-
tions, that were not taken into account in Eq. (1).
The effect of distortions in particular may be non-
negligible, as shown recently by the giant magneto-
strictive effects observed in binary RFe, com-
pounds. ¥ Efforts have been made to check whether
mixing of the higher ionic J levels into the ground
level has any effect on the shape of the theoretical
spin-orientation diagrams. Calculations taking
into account such mixing were carried out and have
shown that this mixing has an absolutely negligible
effect on the theoretical diagrams.

In order to improve the fit between the theoretical
and experimental spin-orientation diagrams, it was
assumed that the disagreement between them is
produced only by the anisotropy of the Fe-Fe inter-
action, which would be the same for all RFe, com-
pounds. The additional free energies in the [100],
[110], and [111] directions at various temperatures
which are needed in order to get a perfect overlap
between the theoretical and experimental spin-
orientation diagrams in the Ho,Tb,_,Fe, system
have been calculated. The values of these addition-
al free energies Fmd(ﬁ,, T) obtained for this system
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were then used to obtain corrected spin-orientation
diagrams in all other systems. [Actually, only the
differences, F,u(ly, T)— Fogq(M;, T) and Foyu(fy, T)
- F,,(0;, T) can be determined by the fitting of the
theoretical to the experimental spin-orientation
diagrams of the Ho,Tb,.,Fe, system and only these
differences are relevant in calculating theoretical
spin-orientation diagrams, ]

The following relation between the free energies
at a point (x,, 7)lying on the boundary between the
[111] and the [100] regions in the spin-orientation
diagram of the Ho,Th,_Fe, system must hold to
give a perfect fit between the experimental and
theoretical spin-orientation diagrams:

*1 FHO(KS’ T)+ (l_xl)FTb(HS, T)+ Faaq (53, T)

=x1FHo(HZ’ T)+(1"x1)F'rb(ﬁz, T)+ Fmd(ﬁz, T).
(12)

Similarly for a transition point (v,, T') between
the [110] and the [100] regions, the relation

X Fyo(y, T)+ (1= %) Fry(y, T)+ Faga(Mz, T)

=szno(ﬁ1, T)"'(l"xz)FTb(ﬁl’ T)+ Foaaty, T)
(13)
must hold, and finally for a transition point (x;, T)
between the [111] and [100] region, the relation

%5 Fyo(y, T)+ (1= x3) Fp(Dg, T)+ Fayg(ny, T)

=X3 Fno(ﬁn T)+(1~ xB)FTb(le T)+ Fadd(ﬁly T)
(14)
must hold.

By solving Eqs. (12) and (13) the values of
F;dd(l.;z’ T): Fadd(-ﬁb T)- Fa.dd(ﬁly T) and F;dd(ﬁgy T)
= Foga(Dy, T) = Fue(1;, T) were determined as a func-
tion of T for temperatures between 4 K and the
temperature corresponding to the triple point in the
spin-orientation diagram. Using Eq. (14) the
values of Fl,@;, T) were determined for tempera-
tures between the temperature corresponding to
the triple point and 300 K. The values used for
Fy,(,, T) and Fp,@,, T) were those determined
previously, on basis of the one-ion model, assum-
ing A, =10 K/a§, Ag/A,=~0.040a?, and p4zH,,,(0)
=-150 K.

From the values derived for F/,(0,, T) and
Fl. (,, T), values of the additional bulk anisotropy
constants K 9(7) and K 3%(T') can be calculated
using Eqs. (10) and (11). The values of K 3*(T) and
K3(T) as calculated from the Ho,Tb,.,Fe, system
for 4.2, 80, and 220 K are given in Table II.

Assuming the additional anisotropy energy to be
independent of the rare-earth ions involved, the
values of Fl,, (M, T) and F.,(f;, T) found for the
Ho,.,Tb,Fe, system were used in all other ternary
systems to obtain corrected spin-orientation dia-
grams. The agreement between the experimental
spin-orientation diagrams and the theoretical dia-

grams is improved in all cases, showing that the
anisotropy of the Fe-Fe exchange interaction (in-
dependent of R) should indeed not be neglected,
Very good agreement is obtained in the Ho,Er,_[Fe,
system (Fig. 5). In the Ho,Tm,_Fe, (Fig. 6) and
the Dy,Tb,_ Fe, (Fig. 7) systems, the agreement
between theory and experimental data is improved
though it is not perfect, In the Dy Er,_,Fe, (Fig.
8) system the corrected theoretical boundary line
is to the right of the experimental boundary line,
whereas the noncorrected theoretical curve lies to
the left of the experimental line.

Attempts were made to improve the fit between
the experimental and theoretical spin-orientation
diagrams by following the above procedure for de-
termining F;4(7,, T)and using values of A,, As/A4,,
and pg H,,.,(0) different from those mentioned
above, Theoretical spin-orientation diagrams were
calculated for values of 102 A,<50 K/aj and - 160
S pHyn(0)2—~110 K and various values of A4/A4,.
The theoretical diagrams [including Fl4(%;, T)
corrections] were found to be insensitive to the
values of A, and [y H,.,(0). Thebestagreement was
again obtained for Ag/A,=—0.038+0. 003ag?.

On the basis of susceptibility studies on single
crystals of cubic Laves ErAl, samples, Purwins'*
deduced a value of Ag/A,=~0.008a;%. Values of
Ag/A, and of A, deduced from a point-charge cal-
culation similar to that of Bleaney!® are shown in
Table III for various possible charge states of the
iron ions. It appears that the point-charge model
is in reasonable agreement with the experimentally
determined values of Ag/A, for a charge state of
the iron ion between +1 and +2. The value of A,
for this charge state is within the range taken in
this study for the theoretical spin-orientation de-
termination. No results concerning the crystal
field parameters of rare-earth iron Laves com-
pounds are available,

The persisting disagreement between the theo-
retical and experimental spin-orientation diagrams
for some of the systems indicate that F;dd(ﬁ,, T)
is not entirely due to the Fe-Fe interaction, but
depends also on the rare-earth ion involved., The
anisotropy of the exchange interaction acting on the
rare-earth ion (represented by the tensor %), which

TABLE II. Values of the additional bulk anisotropy
constants at 4.2, 80, and 220 K calculated from the
Ho, Thy..Fe, spin—orieni:ation diagram using the values
~ 0. 04a3! for Ag/Ay, —150 K for ppHey,(0), and 10 K/a}
for A4.

T (K) 4.2 80 220
K34 (108 erg/cm?) -9.7 =10.6 -0.92
K33 (108 erg/cm?) —160 —4.8 -2.7
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TABLE III. Values of Ag/A, and A, based on point-
charge model.

Z~charge state of the iron ion

0 +1 +2 +3
Ay K/a) 27 16 5 —-5.4
Ag/AL @) —0.008 -0.02 —0.05  0.06

has been neglected, is probably the main source of
the remaining disagreements.

Transition Region

The theoretical model used in the present work
predicts a first-order phase transition between the
regions of different spin orientations. This pre-
diction is in apparent contradiction with the pres-
ence of the transition regions in the spin-orienta-
tion diagrams. In the spectra corresponding to the
transition of the direction of magnetization from
the [110] to the [100] direction (Fig. 3 of the present
work and Fig. 3 of Ref, 2) the two peaks at the ex-
treme right have equal heights and the distance be-
tween them changes continuously: It is largest
close to the [110] region and approaches zero close
to the [100] region, Each spectrum in this transi-
tion region is a superposition of two six-line pat-
terns of equal intensity. The difference between
the fields, corresponding to the two patterns,
changes continuously. It is largest close to the
[110] direction and approaches zero close to the
[100] region. These spectra cannot be interpreted
as a superposition of two spectra, one correspond-
ing to 1 being parallel to the [110] axis and the
other to n being parallel to the [100] axis. They
are consistent with the assumption that in this tran-
sition region n is in the (100) plane, but not parallel
to any major crystal axis. Theoretically, such a
behavior may be expected, since whenever the
free energies calculated by the one-ion model are
the same in the [110] and in the [100] directions,
they will have the same value for 0 pointing in any
direction in the (100) plane. In the region close to
the theoretical boundary line in the spin-orientation
diagram the free energies will depend only slightly
on the direction of n in the (100) plane. The easy
direction of magnetization in this region will there-
fore be determined by the additional, relatively
weak, noncubic anisotropic interactions, and will
change from the [110] to the [100] direction.

Each of the spectra corresponding to the transi-
tion regions between [111]and [110] or [111] and
[100] directions of magnetization (Fig. 2 of Ref. 2
and Fig. 2) may be fitted in two ways: (i) as a
superposition of two spectra, each of which cor-
responds to a different direction of magnetization
parallel to one of the major axes; (ii) as corre-
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sponding to one direction of magnetization which
is not parallel to any of the three major crystal
axes.

The first fitting method assumes implicitly that
the existence of the transition regions is a result
of the inhomogeneity of the samples: Even though
the samples were homogeneous with respect to
the composition of the rare-earth ions, there may
exist a statistical distribution of compositions of
the two rare-earth species in the various elemen-
tary magnetic domains. Since this distribution has
a certain width around the mean nominal composi-
tion, the spin reorientation may be smeared out
over a range of compositions (and, therefore, of
temperatures) corresponding to the width of the
distribution of compositions.

It does not seem plausible that the inhomogeneity
is the sole or main factor for the appearance of
any of the transition regions, as a relatively large
spread in the microscopic composition would also
affect the spectra corresponding to the transition
region between the [110] and [100] directions, As
mentioned above, these spectra cannot be inter-
preted as a superposition of two spectra, one cor-
responding to n1[110] and the other to n11[100].

We tend to believe, therefore, that the appear-
ance of the transition regions is due mainly to the
existence of additional noncubic anisotropic terms,
that have been neglected in Eq. (1) and have been
discussed above. As a result of these terms, the
magnetization may not coincide with the direction
of one of the major crystalline axes and in the transi-
tion region may deviate significantly from these
axes. Each of the different spectra obtained in the
transition region corresponds to a different direc-
tion of n relative to the crystalline axes.

V. CONCLUSIONS

The present experimental data concerning the
direction of magnetization of the R,l, R} Fe, com-
pounds were described in terms of (x, T) spin-
orientation diagrams. Theoretical spin-orienta-
tion diagrams were calculated assuming that the
magnetocrystalline anisotropy is due to the anisot-
ropy of the interaction between the 4f electrons of
the rare-earth ions with the crystalline fields.
These theoretical calculations reproduced the gen-
eral features of the experimental results though
small discrepancies remained. Adding to the cal-
culated free energy of the crystals a contribution
which originates mainly in the Fe-Fe interaction
and is independent of the rare-earth ions involved
improved the agreement between the theoretical
and experimental spin-orientation diagrams. It
seems that the remaining discrepancies between
theory and experiment are a result of the neglect
of noncubic anisotropic terms due to crystalline



4232 U. ATZMONY et al. 7

distortion, dipolar fields, and especially the
anisotropy of the Fe-R exchange interactions.
These last terms are probably also responsible
for the existence of the transition regions.
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Magnetic hyperfine fields acting on the nuclei of diamagnetic atoms in rare-earth intermetallic
compounds are generally assumed to follow a form H .= H,(g, —1)J,). However, such an expression
is inadequate to describe the detailed dependence of the transferred hyperfine fields as the rare-earth
ion is changed. It is shown that an expression based on a Hamiltonian which includes orbital
contributions to the hyperfine field can describe the available data on several series of rare-earth
compounds. This dependence has the form H,=[(g; —1)H,+Q2—g,)H c+c,H,] (J, ), where the ¢,
are appropriate rare-earth reduced matrix elements. By fitting the extant data to this expression, we
find that the orbital contributions H and H,, are appreciable. The general form of this expression is
found to be valid for a variety of mechanisms which produce transferred and supertransferred hyperfine

fields.

I. INTRODUCTION

The magnetic hyperfine field acting on the nuclei
of diamagnetic atoms in rare-earth intermetallic
compounds is generally considered to be a result
of the s-f exchange interaction between conduc-
tion electrons and the rare-earth atoms. This
produces a conduction-electron polarization which
causes a hyperfine field on neighboring atoms di-
rectly through the contact interaction and indirect-
ly through core polarization. Since both of these
contributions are proportional to the conduction-
electron polarization, measurements of the hyper-
fine fields have frequently been used in attempts to

obtain information concerning the s-f interaction.
In the most common approach, this interaction is
written?

C‘Csf=—21-'sf(g',—1)'.j- gcond’ (1)

where T'; is an exchange coupling parameter, g,
is the Landé g factor for a rare-earth ion with
total angular momentum J, and 8, is the conduc-
tion-electron spin. In a series of isostructural
compounds in which the rare-earth atom is
changed, the resulting conduction-electron polar-
ization produces a hyperfine field H,, at the nuclei
of neighboring atoms which should vary with the
rare-earth component according to



