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Crystal-field effects on the 4f-induced hyperfine field on samarium in ferromagnetic
coillpollllds
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It is shown that in ferromagnetic samarium compounds, the crystal fields not only affect the
magnitude of the 4f-induced hyperfine field (H„f} at the samarium nuclear site, but may also make it
negative in contrast to the positive H« in the case of the free Sm'+ ion.

In a recent paper we have shown' that in para-
magnetic samarium compounds the hyperfine field
H&/H((H, '~),„/H of Ref. 1) at the samarium nuclear
site induced by the paramagnetism of 4f electrons
may change its sign at one or more temperatures
because of the mixing of ionic J levels of the Sm"
ion by crystal fields and exchange fields, while
in the case of the free Sm" ion H, f/H is positive
at all temperatures. Negative values ofH, f/H for
samarium in the paramagnetic state have indeed
been observed' for the first time using the per-
turbed-angular-correlation technique. In this
paper we extend the calculations of H« to ferro-
magnetic samarium compounds and show that
crystal fields not only affect the magnitude of

II«, but could also make it negative. The experi-
mentally observed hyperfine field at the Sm nu-

clear site in some cases may be negative, although
so far it has been assumed to be positive in all
cRses.

Samarium forms ferromagnetic intermetallic
compounds with several magnetic as well as non-

magnetic elements. A few typical examples of
such compounds are SmAI, (Tc = 120 K), ' SmCd

(265 K), ' SmIr, (37 K), ' SmNi, (21 K), ' SmCo,
(240 K), ' etc In. general, the hyperfine field on

the samarium nucleus in any ferromagnetic com-
pound is a function of several parameters, such
as the crystalline electric field, the exchange
field, the angle which the exchange field or the
easy direction of magnetization makes relative to
the local crystal-field axis, etc. Since these pa-
rameters vary from one compound to another,
each system would have to be discussed individual-

ly. However, in order to demonstrate the effects
of crystal fields on JI«, we consider the case of a
cubic ferromagnetic samarium coIDpound 1n which
Sm" ions occupy a site of a local cubic symmetry.
Further, we assume [001] to be the easy direction
of magnetization (although this depends upon the
crystal-field pa.rameters). Therefore, the ex-
change-field points along [001] we take as the

quantization or the z axis. In Ref. 1 the cubic-
crystal-field Hamiltonian Xc for z]~[001] was given
in terms of the Cartesian coordinates of the 4f
electrons. Ho~ever, in order to calculate the
matxix elements of X~ it is convenient to write it
in terms of the tensor operators C~"~ as

ee, = ex(e )P (c!e,(e,', e, )+ e:,', (c'", (e, , e, )+ ct!(e„e,)))

where the summation is over all the 4f electrons.
The matrix elements of the tensor operator
d" (8, Q) = [47(/(2n+ 1)]"'Ygt), Q) in the SI JM rep-
resentation (including those nondiagonal in J}can
be easily evaluated. '

The Hamiltonian in the presence of spin-orbit
interaction, the crystal, the exchange, and t:he

applied fields becomes

K= l.i S+ Kc+ 2gsH, „S, + i!sH(I., + 2S, ). (2).

Throughout we use i/k = 410 K, which gives an

energy separation of 1435 K between the ground

(J = ~) level and the first excited (J = —,') level. The
Hamiltonian given by Eq. (2) is diagonalized be-
tween the M sublevels arising from the lowest
three multiplet levels (8=-,', —,', and —,') to obtain the

energy eigenvalues E and the eigenfunctions

g). The hyperfine field H, z at any temperature
is then given by

H, ~(T) = Q (m~H4~, ~m&e
s~"r -Q e ~~"r (2}
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where

H4~~ = —2gsg (r, '[I; —s; + 3r,(r; ' sq)/r', ]3 (4)

&SL~lH,',f, l SLZ Im&—

where (r 3) is the expectation value of the inverse
cube radius of the 4f-electron orbital and (ZllNll J&

and (Jl lNll/ —1) are certain multiplicative factors
which for the Hund-rule ground multiplet have
been defined in Ref. 1.

%e confine our calculations to ferromagnetic
samarium compounds with nonmagnetic elements
(e.g. , SmA1„SmCd, SmIr„etc. ), so that the
exchange interaction responsible for magnetic
ordering is between Sm" spins. In the molecular-
field approximation, the exchange field which the
Sm" ions exert on each other can be written as

2 p, ~H,„= -8~~(S, &,„, (6)

where Jff is the exchange-interaction constant
and (S,),„ is the Boltzmann average of the expecta-
tion value of the z component of Sm" spin. Typic-
ally, we take 8r&/k = VO K, which yields a Curie
temperature of about 120 K, though dependent
slightly on the crystal-field parameters. Although

H,„is proportional to (S,),„, the latter itself de-
pends implicitly on H,„through the eigenfunctions

le& and the energy eigenvalues E obtained after
diagonalizing the Hamiltonian of Eq. (2) containing

H,„. Thus the exchange field is to be determined
self-consistent for a given value of off, for each
set of crystal-field parameters A,(r') andA, (r'&
and for each temperature. To accomplish this
we start with an approximate value of H,„and a
small value of H, diagonalize the Hamiltonian of
Eq. (2) for a given combination of A, (r') and

A,(r'&, and calculate (S,)„and thus H,„. This value
of H,„is used in the next iteration and the process
repeated until self-consistently values of (S,),„or
H„are obtained. This completely determines the
Hamiltonian and various lquantities of interest can
be calculated. The sign of H4f is determined
relative to the external field H applied in the

is the operator for the hyperfine field at the rare-
earth nuclear site arising from the orbital and the
spin angular momenta of the 4f electrons. The
matrix elements of the z component of H',

~ in the
SiJM representation are given by

&SLY IH, , l SLY�&

(5a)

i
'

I '
I

'
I

~
I

~

5.0—
+l00-

0-
20—

X

O I'0—

LLl

Q Q I & I

UJ

-l 0-
4J
CL

-2 0 — -500
X.'

-+500
I

I

I

I

I

I

I

I

I

I

I

I,
I I

I

I

I

I

I

I

I
I
I
I
I

I

I
I
I

I

I

I

I

I

I

I

I

I

I

iI
i '

I

I

I

I

I

I

I

I

I

I

I

I

I
I
I~L

I

I
I
I
I
I
I

I
I

I

i I

I

I
I
I

I

I

I

I

i

I

I
I

+l00 .

0

'

~-~00
-0

—IOO
I I . I

-600 -400 -200 0 200 400 800

Aq& r")/k (K)
FIG. 1. Plot of the hyperfine field B4f at 0 K vs

A. 4 (& ) for OIff/&=70 K. Different curves correspond
4

to different values of Ae (+)/k (in deg kelvin) given
along vrith the curves.

positive z direction.
The hyperfine field at the samarium nuclear

site has been calculated at 0 K for a range of
crystal-field parameters A, (r'& and A, (r'&. The
experimentally estimated value of Bleaney' has
been used for &r '). Figure 1 shows the plot of
H«versus A~(r') and the curves are labeled with

the values of A,(r')/k in deg kelvin. For a typical
set of crystal-field parameters, namely, A, (r'&/k
= 200 K and A, (r')/k = -100 K, the expectation
values of H,'f, (in MOe) for the lowest six levels
(starting from ground level and going successively
higher in energy) are, respectively, -2.03, -2.55,
-0.8, +1.18, +0.38, and+2. 78. However, at
0 K only the ground state contributes. In the case
of the free Sm" ion we get H« = 3.37 Moe
(throughout we refer to H, z values at 0 K). It is
to be noted from Fig. 1 that the crystal fields
mostly bring about a reduction in H4f compared
to the free-ion value, though in some cases an
enhancement inH~& to the extent of 10%% over the
free-ion value also occurs. The most interesting
point to be noted from Fig. 1.is that for some
range of values of crystal-field parameters FI4f
becomes negative. This is in striking contrast
to the positive sign expected in the case of the
free Sm" ion. (The dashed lines in Fig. 1 corres-
pond to sudden changes in H4f as a function of

A, (x'& for the given value of A,(r'&. ) In most other
rare-earth ions, the crystal fields cause only a
reduction in H4f from the free-ion value. The
other two effects, namely, the enhancement and
the sign change in B,f, are peculiar to the Sm"
ion and arise because of the admixture of excited
ionic J levels into its ground level by crystal
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fields. It is worthwhile remarking that the values
of crystal-field parameters, for which 8,&

be-
comes negative, fall typically in the range of
values estimated in some samarium compounds,
e.g. , SmA1„' SmSn„' Eu(Sm)A1„' etc. , from
Knight-shift and hyperfine-field measurements.
Thus it should be possible to observe experiment-
ally the kind of effects discussed here in some
ferromagnetic samarium compounds. Calcula-
tions have also been performed with different
values of the exchange interaction constant JfI
and the results are similar to those described
above.

Though we have considered a particular case of
a cubic samarium compound with H,J ~[001], sim-
ilar behavior is expected when II,„ is along some
other direction, or even when 8m" ions occupy

sites of other than cubic symmetry. However,
the range of crystal-field parameters for which

B~& is negative would depend on these details.
Thus one cannot assume II« to be positive at the
samarium nuclear site unless an explicit determin-
ation of its sign is carried out. It may be re-
marked that the hyperfine field at the nonmagnetic
site is samarium intermetallic compounds, which
is proportional to (S,),„, is also strongly influenced
by crystal fields, both in magnitude and sign.
Experimental determination of the sign and magni-
tude of H«on the samarium nucleus in a few com-
pounds is in progress. The crystal-field effects
on the 4f contribution to the electric field gradient
at the samarium nuclear site have also been in-
vestigated' and the results will be reported else-
where.
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