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Applicability of linear theory to magnetic anisotropy of 3d-4f intermetallics is investigated with par-
ticular reference to Sm,Fe,;N;. A general quantitative criterion for the breakdown of the linear theory
is established, according to which the theory falls beyond a 20% accuracy limit for most permanent
magnet materials. By rigorous numerical treatment of published experimental data on high-field
magnetization of Sm,Fe;N;, the crystal-field parameters are determined to be A9
=—333Ka;?, A2=0.84Kay*. The linear theory fails for Sm,Fe;;N; due to its disregard for both J-
mixing, predominant at all temperatures, and the intramultiplet nonlinear effects, important at low tem-
peratures. Nevertheless these effects can be largely compensated for by rescaling the crystal-field param-
eters within the framework of the linear theory, which then provides an accurate analytical description
of anisotropic magnetic properties of Sm,Fe ;N; in the practically important range of temperatures,

Tz 300K.

I. INTRODUCTION

Magnetic anisotropy of 3d-4f intermetallics is known
to originate mainly from the crystal field (CF) acting on
the unfilled 4f shell of the rare earths. Broadly speaking,
there are two approaches to calculating the magnetic an-
isotropy; linear theory and numerical calculations based
on the complete Hamiltonian. Series expansion methods
may be useful at high temperatures.! The justification for
continuing to make approximations rather than looking
for exact numerical solutions is the convenience of
analytical expressions for calculations and the physical
insight into the parameters that they provide. The tem-
perature dependence of the rare-earth contribution to the
anisotropy energy can be described analytically on the
basis of a linear approximation which takes account of
corrections to first order in the crystal field, thus regard-
ed as a weak perturbation with respect to the stronger
3d-4f exchange interaction. Within this framework,
some particular cases that have been investigated include
the low-temperature limit, for which Zener’s n(n +1)/2
power law was established? where n =2,4,6 is the order
of the CF interaction. Expressions relating the anisotro-
py constants K; to the CF parameters 4, have been ob-
tained for T =0.% These low-temperature expressions find
application in the theory of spin waves* and hyperfine in-
teractions.” Another important particular case within
the same linear approximation is the J = « classical limit
where expressions for the temperature dependence of the
anisotropy constants at arbitrary T were obtained by
Keffer® and further discussed by Callen and Callen.” A
recent review of the application of linear theory of mag-
netocrystalline anisotropy to the well-known R ,Fe 4B in-
termetallic compounds has been given by Herbst.?

Recently a general analytical solution for arbitrary J
has been described’ in terms of the CF parameters and
generalized Brillouin functions, Bj(x). For a uniaxial
crystal the corresponding expressions are (note the
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difference in notation between Ref. 9 which uses the Wy-
bourne normalization for the CF parameters and the
present work which uses the Stevens normalization®'°)
(in K/rare earth):

E,=K,sin’0+K,sin*0+ K ;sin®9 , (1)
where

K, =—3a,;J*49(r*)B}(x)—40B,J* 43(r*)B}(x)

—168y,J°42(r®)Bf(x) , (2a)
K,=358,J*4%(r*)B}(x)
+378y,7542(r®)Bf(x) , (2b)
K,=-231y,J°4%(r®)Bf(x) , (2c)
and the magnetothermal ratio
x =2J|g;—1|lpgB /kT . 3)

Here B., is the exchange field acting on the rare-earth
sublattice.

Expressions (2) describe the temperature dependence of
the anisotropy constants by means of the generalized
Brillouin functions B}(x), which are tabulated in Ref. 9.
The constants in the expressions are the uniaxial CF pa-
rameters A, and the Stevens coefficients a;, B;, 7,."!
The expressions take no account of J-mixing effects.

The main concern about applicability of Egs. (1)-(3) to
real intermetallic compounds arises because these equa-
tions are still based on a linear approximation where
AX(r") /ugB,, are regarded as small parameters. A typ-
ical value of B, in rare-earth-iron or rare-earth-cobalt
compounds is ~400 T, whereas the leading CF parame-
ter AJ in the best permanent magnet materials can
amount to ~300Kag?2, which yields A49(r?)/
ppB~1. This casts doubt on the applicability of the
linear theory to the systems concerned and calls for a
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more accurate quantitative criterion.

We first establish such a criterion and show that most
of the 3d-4f intermetallics used for permanent magnet
applications fall beyond the limits of the linear theory
(deviations of more than 20%). We then investigate the
consequences of the breakdown of the linear theory of
magnetic anisotropy with particular reference to the nov-
el permanent magnet material Sm,Fe ;N;, considering
both intramultiplet nonlinear effects and J mixing.

II. CRITERION FOR THE BREAKDOWN
OF THE LINEAR THEORY

In this section we examine effects quadratic in the CF,
which chiefly contribute to the breakdown of the linear
theory, and establish the quantitative criterion for break-
down. We postpone consideration of J-mixing effects and
restrict ourselves to the leading term in the CF interac-
tion. Thus, we proceed from the following rare-earth
Hamiltonian:

Hy=2g,— DpgB J+a,43(r)0%3 "), @)

where the first term describes the 3d-4f exchange interac-
tion as the effect of an exchange field B,,= —n M, orig-
inating from the ferromagnetically ordered 3d subsystem.
This field acts only on the rare-earth spin S [cf. Eq. (17)
J
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below], the factor g;—1 appears after projecting this
operator onto the ground J manifold of the rare earth.
The second term in Eq. (4) is the leading CF term, re-
garded as a perturbation with respect to the exchange.
We shall also restrict ourselves to the case of zero tem-
perature, when according to Sec. IV C the intramultiplet
nonlinear effects are most pronounced. This necessitates
taking into account anisotropic corrections only to the
ground-state energy of the rare earth. The unperturbed
ground state is |J,M;), M,=J, with the quantization
axis z being defined by B,,, or the 3d magnetization M.

Since the perturbation a; 43(r?)09(3’) is referred to
the crystallographic (primed) coordmate system, it has
to be transformed into the exchange-field-related
(nonprimed) coordinates, where the z axis is parallel to
B,, and the y axis lies in the basal plane. This transfor-
mation is'?

09(3")=1(3cos*6—1)03(¥)
—35in2001(3)+ 2sin?003(3) . (5)

Here O°( 1)=312—
OZ(J )-J 2 —J; J? are the conventional Stevens operators.

To second order in perturbation theory, the ground-state
energy is

J(J+1), 0} (J)—i(JJ +7,J,), and
11

Eq=—JA,+1(3cos’0—1)a; A9(r?)(J,J|031J,J ) —365sin’0 cos?O(a; A3(r?) AL (I, J |0} J,J —1)?

—3sin*0(a; 43 (r?) AL II03]0,J —2) |2,

where A,,=2|g;—1|lupB,, is the exchange splitting.
Calculating the matrix elements in Eq. (6) and omitting
terms independent of 8, we write the anisotropic part of
E, in form (1) where

K =—2a,45(r*)J(2J —1)

— 285 a; AP (20 —1)? (7
K2=%A;‘(aJAg(r2))2J(2J—1)(8J—5), (8)
K;=0. 9)

The first term of Eq. (7) appeared in the first approxi-
mation; cf. (7) and (2a) when 49=A4%=0and T=0, i.e.,
x = c0; note that J(2J —1)=2J?B}(»).° The second-
order corrections, as one can see from Egs. (7)-(9), not
only rescale K| but also result in a nonzero K,, although
no allowance has been made for fourth-order CF terms.
This quadratic in the 49 contribution to K, may well
outweigh the linear one, « Ag, A9 see 2b). This is the
case for Sm,Fe ;N;, where the linear theory (Sec. IV B)
predicts K, =% 43(r*)=1.25 K, whereas according to
(8) it should be 222 K.

The quantity of primary interest is the anisotropy field,
which in the easy-axis case is given by

B,=M'(2K,+4K,), (10)

a

(6)

f

where M, is the spontaneous magnetization. [The anisot-
ropy field defined by Eq. (10) has the meaning of the satu-
ration field of the transverse magnetization (see Sec. IVB
below) and can be deduced from high-field magnetization
data on well-oriented samples. It should be distinguished
from the quantity B, =2K, /Mg which is also commonly
called the anisotropy field but has a distinct meaning—
nucleation field for coercivity in isolated single-domain
particles and can be deduced from magnetization data in
low fields.] Before substitution into Eq. (10), Egs. (7)-(9)
should be multiplied by Nz k, where Ny is the number of
rare earth atoms per cubic meter, for conversion from
K/rare earth to J /m3. Thus we get

B, =Bl"a(14¢) (11)
where
Blinear— 3N kM. \a; A9(r2)J(27 —1) (12)
and
8:_(;1(2)_& (13)
ppBex

where G=(3/4)a;(4J —3)/|g;—1|. According to Eq.
(11), in order for the linear approximation to be valid, €
must be small compared with unity. Therefore, this
quantity can be chosen as a quantitative measure of the
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TABLE 1. Combination of ionic constants G of Eq. (13) for
tripositive rare earths, given as both vulgar and decimal frac-
tions.

Ce -4 —2.100
Pr —1¢ —1.024
Nd -& —0.265
Sm ;0‘0 0.303
Tb - —0.318
Dy -z —0.386
Ho — & —0.193
Er % 0.257
Tm 4 0.955
Yb v 1.833

accuracy of the linear theory. In the case of easy-axis
magnets it provides a direct estimate for the fractional er-
ror in the rare earth contribution to the anisotropy field
at zero temperature. Apart from the familiar ratio
A%(r*) /ugB,,, € contains a combination of ionic con-
stants G tabulated in Table I. According to these data,
the linear approximation holds better for the middle of
the rare-earth series than at either end. Numerical values
of € for some uniaxial intermetallics are given in Table II.

It can be seen from Table II that, whereas some in-
termetallics may be reasonably well described by the
linear theory, the important permanent magnet materials
fall beyond the 20% limit and thus require further atten-
tion. No general analytical investigation can then be car-
ried out, so numerical methods will be used.

III. RIGOROUS DESCRIPTION
OF ANISOTROPIC MAGNETIC PROPERTIES
OF szFel7N3

A. The model

We now formulate the model,'? hereafter referred to as
model 1, used for numerical investigation of both J mix-
ing and nonlinear CF effects. The total free energy,

F=Fg,—NgkT In{tr[exp(— Ay /kT)]} , (14)

consists of two parts, the first of which,

TABLE II. The leading CF parameters, 49, 3d-4f exchange
fields, B.,, and the second-order corrections for the anisotropy
fields at T =0, ¢, for some permanent magnet materials.

Compound A9 (Kag?) B, (T) € (%) Reference
SmCo;, —200 260 34 28
Sm,Fe,, > —36 450 <4 29
Sm,Fe,;N; —333 320 46 This work
Sm,Fe,,C, —180 320 25 29
NdFe,, TiN ~400 ~350 50  Estimated
SmFe,Ti —132 353 16 30
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Fg.=Kg.(T)sin?0—Mg,(T)B , (15)

describing the Fe subsystem’s behavior, is assumed to be
known from study of an isostructural compound with a
nonmagnetic rare earth, B is an external magnetic field.
In this work we use the following empirical formulas, ob-
tained by fitting experimental data for Y,Fe,;:!41

Mg (T)=Mg,(0)(1.9V'7—0.97) ,
Kg(T)=Kg,(0)(0.817+1.3872—1.197°) , (16)
T7=1— T/TC >

with the values poMg,(0)=1.6 T, Kg(0)=—1.9 MJ/m?
obtained for Y,Fe,;N; (Ref. 16) and T.=749 K for
Sm,Fe;N;.!7 The second term of Eq. (14) originates
from the single-ion rare-earth Hamiltonian.

Ay =ALS+2u;B, S+u;B2S+L)+A8 . (7

The rare-earth term is under investigation in this work.
A r includes terms describing the spin-orbit, R-Fe ex-
change, Zeeman, and CF interactions. The spin-orbit
coupling constant A is taken equal to 411 K, so as to ac-
count for the observed splitting, 2A=1440 K,'® between
the ground and the first excited multiplets of Sm**. No
account is taken of the R-R exchange interaction. The
R-Fe exchange is treated in the mean-field approxima-
tion, B,,= —ngp.Mg.. B., has been measured directly by
inelastic neutron scattering in Gd,Fe ;N,, where a value
of 19948 T is found.! The value in Sm,Fe ;N; will cer-
tainly be greater since it has been established that ngg,
drops by about 30% from the light to the heavy rare
earths.”’ We therefore take ngzg, =200y, for Sm,Fe;,N,,
which is less than the value obtained from the Curie tem-
perature.?!

The local symmetry of the rare-earth site, 3m, dictates
the following form for the CF Hamiltonian:

A=433 (322—r2)+ A9 2 (3522 —30z2r2+3r})
e

+ 43 3 z,(x}—3x,p2)+sixth-order terms , (18)
e

but we shall retain only two leading terms (the sums are
taken over all 4f electrons). The CF parameters 49 and
A2 4] are regarded as adjustable parameters. In the case of
Sm3*, unless otherwise stated, we shall project A g Onto a
set of states comprising the three lowest J manifolds
(J= 2, 2, 3 2), which proves to be sufficient to take full ac-
count for the J-mixing effects.?! The trace in Eq. (14) is
taken after numerical diagonalization of the correspond-
ing Hamiltonian matrix. Terms of the sixth order have
no matrix elements within the ground multiplet J =3 and
therefore have minor effect on magnetic anisotropy, due
only to J mixing; the term containing A} is also unimpor-
tant (taking A3 =+100Ka§ yields at the most a 3%
reduction in anisotropy field at low temperatures; similar
results were quoted by Kato et al.?’) since its major,
linear contribution to the magnetic anisotropy vanishes
for the Th,Zn,,-type structure.” Thus, in this work A g
has a uniaxial symmetry.
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Because spin and orbital contributions to the magnetic
moments of Sm>™ largely counterbalance each other, the
net Sm magnetic moment is small;*? in this work it is sim-
ply neglected, M; =Mkg..

B. Results

We carried out calculations of the reduced magnetiza-
tion m=M;/M;=Mg. /Mg, as a function of applied
magnetic field at various fixed temperatures. Because
Sm,Fe;;N; is an easy-axis magnet at all temperatures
below T, it was of interest to follow the behavior of the
reduced transverse magnetization m, =sinf versus the
field applied at right angle to the ¢ axis (Fig. 1). The
problem thus reduced to finding the equilibrium angle 8
by minimizing the total free energy (14).

The values of the CF parameters 4= —333Ka,? and
A9=0.84Kay * were found to fit the experimental data
on aligned powder of szFe17N3,0.23 In Fig. 2, the exper-
imental data and results calculated using model 1 are
shown by thick and thin solid lines, respectively.

One can notice that in small magnetic fields the experi-
mental value of m exceeds the calculated one, whereas
in strong fields the calculated m, becomes larger. This is
probably due to imperfect alignment of the powder. The
misalignment can be simulated by assuming that the field
is applied at an angle slightly less than 90° with respect to
the ¢ axis.?

The calculated anisotropy field B,, where m, reaches
saturation, is plotted against temperature in Fig. 3(a)
(solid curve). The anisotropy field B,, which is the field
at which the initial slope of m, extrapolates to satura-
tion, is much less temperature dependent [Fig. 3(b), solid
curve]. It is more accessible to experimental measure-
ment than B,, especially at low temperatures where B,
exceeds the currently accessible experimental range.

Li and Coey?! using the same model as described in the
previous subsection, with A=411 K and ngzg.=300u,,
found a smaller value for 49, —242Kaj3. The difference
is mainly due to their choice of a larger value for ngg,.

It should be also noted that the fit by Kato et al.?* of
their own data yielded unreasonably large values for the
CF parameters, A9=—600Kay? AJ=—20Kag*
which led to reconsideration of their results in the
present work. The choice of ngg,=250u, in Ref. 23
should have resulted in 49~ —300Ka, 2, 43~0 (Fig. 1
of Ref. 21 provides an illustration of this effect). Howev-

|
|

J‘ B
ml

FIG. 1. Mutual orientation of the crystallographic c axis, ap-
plied magnetic field B, and reduced magnetization vector m.
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FIG. 2. Transverse reduced magnetization of Sm,Fe ;N3 vs
magnetic field applied at the right angle to the c axis, as shown
in Fig. 1: (a) T=4.2K, (b) T=296 K, (c) T=673 K. , €X-
perimental data (Ref. 23); , model 1; — — —, model 2;

. ., model 3; —-—-—, model 4.

er, the J-mixing effect was exaggerated in Ref. 23 as well
as in preceeding work?* by taking a smaller spin-orbit
coupling constant, A=350 K, possibly obtained through
the relation A=¢/5 from the one-electron spin-orbit pa-
rameter £=1730 K;?° however, that relation, based on
the Russel-Saunders approximation, is inexact for heavy
atoms such as rare earths.

0 100 200 300 400 500
T (K)

0 100 200 300 400 500 600 700
T (K)

FIG. 3. Anisotropy field vs temperature for Sm,Fe;N;: (a)
saturation field B,, (b) nucleation field B,. , model 1;
— — —, model 2;. - .- ., model 3: —-—-—, model 4.
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IV. SIMPLIFIED DESCRIPTION OF Sm,Fe;N;

In this section we abandon the above rigorous ap-
proach, as we gradually simplify the model, so the role of
individual effects neglected at each step will become ap-
parent. The models considered are as follows; model 1,
rigorous with J mixing, numerical (Sec. III); model 2,
rigorous but no J mixing, numerical (Sec. IV A); model 3,
linear approximation, analytical (Sec. IV B); model 4,
linear approximation with effective CF parameters,
analytical (Sec. IV C).

A. No J mixing

We restrict ourselves to the ground multiplet J =3 of
Sm3*. The Hamiltonian (17) reduces to

Ag=2(g;~ pB.J +g,1;BI
+ A%a,{r*)0%+ 428,(r*)09 . (19)

We have omitted the spin-orbit term, which within the
multiplet had reduced to a constant, —15A. The Landé
factor for the ground multiplet of Sm®* is less than unity,
g;=1%, meaning that the spin is antiparallel to the total
moment.

No sixth-order CF terms enter the Hamiltonian (19)
since the corresponding Stevens coefficient ¥ is zero for

=3. Although the crystal symmetry allows a nonzero
CF term A3B,(r*)03, it was left out in (19), because its
influence on the magnetic anisotropy is small (and van-
ishes in the linear appproximation, see next subsection).

The calculation of m; =sin@ consists once again in
minimizing with respect to 6 the total free energy (14),
where the trace is taken upon diagonalization of the 6 X6
matrix of the Hamiltonian (19). This model is hereafter
referred to as model 2. Having assumed the same values
for the CF parameters, A3=-—333Ka;? and
A3=0.84Ka;*, we arrived at the m,(B) dependences
shown in Fig. 2 with dashed lines. One can see that
neglecting J mixing leads to considerable distortion of the
m,(B) curves—at all temperatures m in model 2 grows
faster with magnetic field and reaches saturation at a
smaller field value than in model 1. The corresponding
anisotropy fields are plotted against temperature in Fig.
3. The gaps between the solid and the dashed curves in
Fig. 3 (models 1 and 2, respectively) persist over the
whole range of temperatures.

B. Linear approximation

A further step in simplification of the model is to treat
the last two terms in (19), i.e., the CF, as perturbation
with respect to the first term, representing the Sm-Fe ex-
change interaction. The second, Zeeman term of (19) is
neglected and consideration is limited to the first-order
energy corrections, linear in the CF parameters. This
step appears crucial for Sm,Fe;N;, because it makes
analytical calculation of m (B), B,(T), and B,(T) possi-
ble. The total free energy (14) now takes the following
very simple form:

F =K sin’0+K,sin*6—MgB , (20)
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where the anisotropy constants are
K =Kp(T)—Ngk[$ 45(r?)B3 )5 (x)
+§ﬁA2(r4)B‘§/2(x)] ’

2079

K2=miNRkA2(r4>B§/2(X) ’

2376

(21

the generalized Brillouin functions are

2 _ 1 3 2l x 18 X 6
=142 S 1 X >
B5,5(x) Y coth 5 25 coth 5 coth 5% |
(22)
4 _ 189 306 2| x 21 4| x
B3 ,5(x) ———125+———125coth 5 +——12500th 5
126 x 6
| === = h —_ s
125 coth 5 + |cot 5%
and the magnetothermal ratio is given by
n (T)
x= 25 HpnrreMFe . 23)

7 kT

The above result follows directly from Egs. (2).
When Blc, K;>0, and K,>0, which is the case,
minimization of (20) with respect to m | =sin@ yields®®

|2k, ”2,h 1. o [ 3MeB (3K, 172
m,= 3K, sin 3sm 2K, 2K, .
(24)
Equation (24) is valid when B < B,,,
_ 2K, +4K,
a Ms
2
=Ms Kg(T)—Ngk (£ 49(r*)B%,,(x)
— 3125 43(r*)B%,,(x) }
(25)

At higher fields m, =1.

Equations (21)-(25) in combination with empirical for-
mulas for Mg (T) and Kg (T) (16) provide a direct
analytical algorithm for computing m,(B), B,(T) and
B,(T)=2K,/M; proceeding from the CF parameters 49
and AJ. Although a nonzero 4} is allowed by the sym-
metry, in the linear approximation it does not affect the
anisotropy energy.’

Thus the dotted curves in Figs. 2 and 3 represent the
m(B), B,(T), and B,(T) dependences calculated using
the above algorithm with A49=—333Kae;? and
A3=0.84Kay* (model 3). It is evident from Fig. 3 that
in Sm,Fe ;N; J mixing is the main contributor to the
breakdown of the linear theory, especially at high tem-
peratures, where the gap between the dashed and the dot-
ted curves of Fig. 3 practically disappears. Therefore, for
those materials where J-mixing is inessential, one can ex-
pect a much better performance of the linear theory, par-
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ticularly at high temperatures, which are important for
applications.

C. Linear model with effective CF parameters

It has been demonstrated that J mixing plays an impor-
tant role in governing the magnetic properties of
Sm,Fe ;N; at all temperatures; at low temperatures this
is also true of the intramultiplet nonlinear effects. There-
fore direct use of model 3 for practical purposes is out of
the question. In this subsection we aim at demonstrating
that the above analytical algorithm can indeed be uti-
lized, however, if the CF parameters are suitably res-
caled.

We chose 49=-—453Ka;? and A43=128Ka,* as
effective CF parameters and used the same linear algo-
rithm (21)-(25). We call this calculation procedure mod-
el 4. The results are presented by dash-dotted lines in
Figs. 2 and 3. They agree with both model 1 and the ex-
perimental data better than either models 2 or 3. The
agreement is good at all temperatures and magnetic fields
save the region of low temperatures, where both B, and
B, are underestimated (Fig. 3).

Thus, for most applications model 4 appears to be
nearly as accurate as model 1, but simpler and much less
demanding for computing capacity. The price however is
that the effective CF parameters cannot be expected to
reproduce correctly the scheme of samarium energy lev-
els which might be deduced independently from an ab-
sorption or inelastic-scattering experiment.

It also has to be noted that because Sm,Fe ;N;_5 usu-
ally comes in form of powder samples with 0<6<0.8,
the models under review may need some generalization to
allow for magnetic texture and nonuniform distribution
of the interstitial nitrogen. For this purpose model 4 ap-
pears advantageous because it is fully analytical.

Finally, model 4 is advantageous also because it direct-
ly represents the free energy in the form of Eq. (20), the
first two terms being the magnetocrystalline anisotropy
energy [in a more general case there must be three terms,
cf. (1)]. Such representation is convenient for many ap-
plications. However models 1 and 2 calculate the func-
tion F(6) numerically; at low temperatures this function
often has sharp cusps (see, e.g., Fig. 8 of Ref. 27) which
means that F(6) is irrepresentable as (1). In other words,
at low temperatures the series
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F=S K,sin*"0 (26)
n=1

converges very slowly or even diverges. Strictly speak-
ing, anisotropy constants for (1) cannot be calculated
more accurately than in the linear approximation.
Higher orders in perturbation theory lead to high-order
terms in expansion (26), see Sec. II. Truncation of (26)
after n =3 reduces the accuracy to that of the linear
model and makes the rigorous calculation of F(6) point-
less. Thus for exchange-dominated systems the break-
down of the linear approximation means inapplicability
of expression (1) for anisotropy energy. When this takes
place, the full function F(8) should generally be used, not
its expansion up to sin®9. However, no such difficulty
occurs when model 4 is used.

V. CONCLUSION

The linear theory of magnetocrystalline anisotropy in
most 3d-4f intermetallics used for permanent magnets is
a rather poor approximation. Higher-order terms and J
mixing for the case of samarium should be taken into
consideration. Consequences include the appearance of
singularities in the free energy that cannot be represented
by expression (1). However, the simple linear theory can
be retained as a fair approximation if effective CF param-
eters are adopted. For Sm,Fe,;N; the CF parameters de-
duced from high-field magnetization data in the rigorous
model are A9=—333Ka;?, A$=0.84Ka,* whereas
corresponding effective CF parameters are
AY=—453Kay;? and A%=128Ka,*. The theory with
effective CF parameters has the virtue that the tempera-
ture dependence of the anisotropy constants and hence
the magnetization curves can be represented in the form
of analytical expressions involving generalized Brillouin
functions. However, it does not reproduce the energy
level scheme for the rare earth, which may be accessible
to direct experimental measurements.
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