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It is shown that in paramagnets and in ferromagnets with small T,, having an
anisotropy of the easy-plane type, the dependence of the magnetization on the
external magnetic field applied along the anisotropy axis z has at T =0 a steplike
form (z component) or high peaks (x component).

PACS numbers: 75.30.Gw

The dependence of the magnetization on the external field in the presence of
uniaxial anisotropy has been throughly investigated for ferromagnets in which
the volume energy is much larger than the anisotropy energy. In particular, if
the external field H, is applied along the “difficult axis,” under the condition
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(X/is the anisotropy constant that enters in the expression for the free energy,
Ms is the saturation magnetization, and H, is the anisotropy field) the magneti-
zation vector is directed along the field, In fields weaker than the anisotropy
field, the angle @ between the magnetization vector and the field direction, is
determined, as is well known, by the expression
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The derivation of these relations is based in essence on the fact that in weak
fields (compared with the exchange field) the total angular momentum of the
crystal is a “good” quantum number. Since this number is very large, the an-
gular momentum can be regarded quasi-classically, the effects vanish, and
the angle 0 in (2) is practically a continuous variable. In the opposite limiting
case when there is no exchange interaction, or its energy is low in comparison
with the energies of the anisotropy and of the interaction with the external
field, only the angular momentum J of an individual magnetic ion is a “good”
quantum number. Under these conditions one can expect singularities of a
quantum character to appear in the dependence of the magnetization on the
field, and the purpose of the present paper is to consider these singularities.

H >H, = (1)

Confining ourselves only to one anisotropy constant, we choose the zero-
order Hamiltonian for an individual magnetic ion in the form

A
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where H; is the z component of the external field, k& >0 is the anisotropy con-
stant, and the remaining symbols are standard. Simple calculation shows the
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following: 1) The eigenfunctions [m) of  satisfy the equation J zlm) =mim),
2) With increasing H,, when the condition

h 1
2; =m-— m=/, /=1, u; m>0 4

is satisfied, a change takes place in the ground state [m —1) —~ [m). According-
ly, the z component of the magnetization M,=g ;4 gym changes jumpwise at zero
temperature (see the figure)., When (4) is satisfied, the energies of the states
Im~1) and lm) are the same, and the ground state is degenerate,

If the ground state is degenerate, then at zero temperature an infinitesimally
weak perturbation suffices for the appearance of a large magnetization com-
ponent in a plane perpendicular to the z axis, For paramagnets, we take the
perturbation to be the interaction with the (small x component of the external
magnetic field H:

I;=—hf =—g1pBHf.

For ferromagnets, within the framework of the molecular field method we have
V==I (J)J + (J,)J,) , where I is the molecular-field parameter, Assuming that

H<<hok and I << hpk, we obtain the following for ferromagnets at T=0, by using

perturbation~theory methods with subsequent self-consistency: 3) If the ground

state is not degenerate, then the x component of the magnetization is M,

= grupl{J,) < gshp for paramagnets and is equal to zero for ferromagnets 4) It

(4) is satisfied, we have for paramagnets

Mo=lg pp VU tm)I-m+ 1)y M, =g pg(m=%); 8e=h/(Itm)(J=m+1), (5)

and for ferromagnets

1 (m=1%) "2
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where € is the splitting of the ground state, Thus, in this case the magnetiza~-
tion vector deviates greatly from the direction of the external field. The de~
pendence of M, on H, is shown qualitatively in the figure, (See p. 52.)

5) The ratio of the widths of the M, peaks to the distance between them is
~h/2k (or 1J/2%), The steps of M, should be spread out over the same width,

6) The peaks of M, and the steps of M, vanish at

hy > 2k(] = %), (70
Using the known relations (at 7= 0)
K =Nkl (] = %); //s =Ng;ng/
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(N is the number of magnetic ions per unit volume), it is easy to show the
following: 7) Equation (1) is equivalent to (7), and this condition is valid for all
1. 8) The ratio M,/M, from (5) at J> 1 and M > 1 is half the value of (2), be-
cause in the ground state of the paramagnet we have ¢ = ¢,

We note also that phenomena similar to those described here can occur also
at J>3/2 in easy-axis magnets if the field H is perpendicular to this axis,
(these phenomena do not occur at J=1 or 3/2, when the problem can be solved
exactly).

It is obvious that with increasing I the peaks of M, (see the figure) broaden
and coalesce, and this leads to the existence of an appreciable angle between
the field and the magnetization in all fields Hy<H,, A fastened sample is then
acted upon by a large torque, while an unfastened sample will rotate through a
definite angle. A similar phenomenon occurs when the crystal consists of two
magnetic sublattices (e.g., RCoy), with the exchange weak in one of them (R)
and strong in the other (Co). Since the exchange inside the R sublattice is
larger than its anisotropy, and the role of the external field is assumed by the
exchange with the Co sublattice, the magnetization vector of the Co sublattice
is acted upon by an appreciable torque. Some consequences of this fact were
considered in rough approximation in [2),

It is also possible that in a definite range of exchange fields a self-consistent
calculation can yield a cone of easy directions for the magnetization even in

the absence of an external field, in the presence of only one anisotropy constant.

Experimental observation of the dependences of the magnetization on the
field, shown in the figure, is a rather complicated task, since it is possible
only in strong fields at low temperatures. Sharp peaks of M, can be observed
if the splitting 6€ of the ground state satisfies three requirements. First, §¢
Sk/10, second, T <6€ ) and third, §€ is much larger than the ground-state
spllttmg due to the J ahn—Teller effect On the other hand, even to observe two
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peaks of M,, and consequently two steps of M, at integer J, it is necessary to
have fields satisfying the condition ky>3k. Starting, for example, from the
maximum value Hy~ 100 kOe, we obtain 2 ~ 3 °K and 8¢ should amount to several
tenths of a degree, Recognizing that the anisotropy constants of rare-earth
metals and in their compounds with metals of the iron group are approximately
of this magnitude, and the splitting due to the Jahn-Teller effect in rare-earth
metals is ~10-2 ecm=!, B we arrive at the conclusion that these substances are
the most suitable objects for experiment. The required splitting 6€ at J~5

can be obtained with a transverse field H ~1 kOe., Consequently, the exchange
field should be of the same order of magnitude if exchange interaction exists
between the rare-earth ions. It is therefore desirable to carry out the mea~
surements on alloys diluted with nonmagnetic La or Y.

The author thanks Yu. P. Irkhin for interest in the work and for very useful
discussions.
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