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J. HE formation of magnetic domains in non-ferromag-
netic metals is possible under conditions of a strong
de Haas-van Alphen effect, when the amplitude of mag-
netization oscillation is not small in comparison with
the oscillation period. It is important in this case that
the magnetization M is uniquely determined by the
value of the induction B, rather than by the value of
the field H[1]. If
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then instability regions appear on the state diagram
H = H(B) (Fig. 1). The unstable states correspond to
that portion of the curve between points Bi and B2
which is determined from the condition of equality of
the shaded areas. For a given value of H, the stable
phase turns out to be the phase with the lowest value of
thermodynamic potential

States with 3H/9B > 0 for Bi < B < B2 can be meta-
stable states, while states with 9H/9B < 0 are com-
pletely unstable. The thermodynamic potentials of the
phases with inductions Bi and B2 are equal, and these
phases can coexist.

The magnetic field H inside a long cylindrical sam-
ple placed inside a longitudinal external field Ho coin-
cides with Ho. Consequently a first-order phase transi-
tion must occur in such a sample in a longitudinal ex-
ternal field Ho = Hc (see Fig. 1), namely a jumpwise
change in induction from Bi to B2.^2]

In the case of a thin plate in an external field Ho
perpendicular to it, a domain structure, i.e., the split-
ting into layers of successive regions with induction
Bi and B2, is thermodynamically advantageous in the
interval B! < Ho < B2. The phase concentrations are
determined from the condition of conservation of the
magnetic flux CiBi + c2B2 = Ho. The average sample
magnetization in the region of existence of the domain
structure must also depend linearly on the external
magnetic filed Ho.

The possible formation of domains under the condi-
tions of the de Haas-van Alphen effect was predicted by
Condon[3]. His experiments confirmed indirectly the
existence of domains in beryllium: jumps in the mag-
netic moment of a cylinder in a longitudinal external
field were discovered, while in the case of a plate in
an external perpendicular field Ho, a linear depend-
ence of the magnetization on Ho was observed (Fig. 2).
A detailed theory of domain structures under de Haas-
van Alphen conditions, including the theory of surface
tension at the phase interface and the theory of emerg-
ence of the domains to the surface, is presented in[4>5].

FIG. 2. Dependence of magnetization
of beryllium on Ho at T = 1.4°K and Ho ~
30 kOe [3]. a) Cylindrical sample in a longi-
tudinal external field; b) disc in a transverse
field.

a)

b)

In recent work, Condon and Walstedtt6] presented a
direct proof of the existence of magnetic domains in
silver. They observed a splitting of the nuclear mag-
netic resonance frequency in a silver plate, the split-
ting being connected with the formation of a domain
structure. The experiments were performed at helium
temperatures, and splitting was observed at T < 2.5°K.
A plate of dimensions 8 x 8 x 0.8 mm was placed in a
perpendicular field Ho « 99 kOe produced by a super-
conducting solenoid. The surface of the plate was
perpendicular to the [100] crystallographic axis.

The silver used in the experiments was a mixture of
isotopes (107Ag and 109Ag) with approximately equal
concentrations. The nuclei of 107Ag and 109Ag have a
spin I = y2 and consequently do not possess a quad-
rupole moments. Resonance was observed on the
109Ag nuclei in the skin layer, at frequencies v = /J.B/k
» 18 MHz, where ji is the magnetic moment of the
109Ag nucleus. The width of the resonance line was of
the order of 0.1 Oe, which is significantly smaller than
the observed splitting of the resonance. The values of
the induction were determined to within 0.5 Gauss.

Outside the region of existence of the domain struc-
ture (Ho < Bi), the induction B in the plate is equal to
the external field Ho, and the resonance frequency in-
creases linearly with Ho. Further, in the region Bi
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F I G . 3 . M a g n e t i c i n d u c t i o n i n a s k i n l a y e r v s . t h e e x t e r n a l m a g n e t i c

field H o [ 6 ] . T h e r e s o n a n c e f r e q u e n c i e s v w e r e d e t e r m i n e d b y o b s e r v i n g

t h e s i g n a l o f f r e e p r e c e s s i o n o f t h e s p i n s o f t h e I 0 9 A g n u c l e i a f t e r t h e

a p p l i c a t i o n o f r a d i o - f r e q u e n c y p u l s e s a t f r e q u e n c i e s f t = 1 7 9 1 3 . 7 a n d

v-i = 1 7 9 1 6 . 7 k H z . T h e a p p a r a t u s u s e d m a d e i t p o s s i b l e t o m e a s u r e t h e

d i f f e r e n c e s v — v i a n d v — v 2 . T h e c o r r e s p o n d i n g e x p e r i m e n t a l p o i n t s

a r e d e n o t e d b y c i r c l e s a n d c r o s s e s . T h e d a s h e d l i n e s s h o w t h a t f o r t h e

g i v e n v a l u e o f H o t h e r e w e r e t w o r e s o n a n c e f r e q u e n c i e s , b u t o n e o f

t h e s e c o u l d n o t b e m e a s u r e d w i t h s u f f i c i e n t a c c u r a c y b e c a u s e o f t h e

s m a l l a m p l i t u d e o f t h e s i g n a l . T h e s o l i d l i n e w i t h s l o p e 1 i s d r a w n f o r

c o m p a r i s o n .

< H o < B 2 , t w o r e s o n a n c e f r e q u e n c i e s i n d e p e n d e n t o f

H o a n d c o r r e s p o n d i n g t o v a l u e s o f i n d u c t i o n B i a n d B 2

w e r e o b s e r v e d . T h e a m p l i t u d e s o f t h e s i g n a l s a t t h e s e

f r e q u e n c i e s d e p e n d l i n e a r l y o n H o i n c o r r e s p o n d e n c e

w i t h t h e l i n e a r d e p e n d e n c e o f t h e p h a s e c o n c e n t r a t i o n

o n H o . W h e n H o > B 2 t h e r e s o n a n c e s p l i t t i n g v a n i s h e d

a n d r e - a p p e a r e d s u b s e q u e n t l y i n a n e w c y c l e o f

d e H a a s - v a n A l p h e n o s c i l l a t i o n s . T h e o s c i l l a t i o n p e r i o d

A H 0 w a s e q u a l t o 1 6 . 7 G a u s s , w h i l e A B = B 2 - B i « 1 1

G a u s s . U n d e r t h e a s s u m p t i o n t h a t

A//n
the parameter

The results of the experiments are shown in Fig. 3.
The observed picture agrees fully with theory and

is evidence of the fact that the depth of the skin layer
is large in comparison with the domain dimensions,
for otherwise the distortion of the domain structure
near the surface, at a depth of the order of the domain
width, would smear out the resonance. In addition, the
distinct separation of the resonance frequencies means
that the domain dimensions are large in comparison
with the width of the transition region (the domain wall)
in which the change of the induction from Bi to B2
occurs. It is also curious that the presence of splitting
at T = 2.2°K depends on whether the sample is heated
or cooled to that temperature, i.e., the supercooling
effect predicted by theory was observed.

Thus, the existence of domains in non-ferromagnetic
metals is now firmly established. Further investiga-
tion of this phenomenon, and in particular the discovery
of domain structures in other metals, as well as the
investigation of the form of the domains inside the
sample and on its surface, are undoubtedly of great
interest. One hopes that the exceptionally beautiful and
accurate work by Condon and Walstedt will attract at-
tention to this difficult but very curious problem.

was computed. This parameter must in this case be
equal to
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