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Observation of the refraction of conduction-electron 
trajectories by an intercrystal boundary in aluminum 

Yu. V. Sharvin and D. Yu. Sharvin 
Institute of Physics Problems, USSR Academy of Sciences 
(Submitted 28 June 1979) 
Zh. Eksp. Teor. Fiz. 77, 2153-2156 (November 1979) 

A radio-frequency size effect (RSE) was observed in bicrystalline aluminum plates with a twin boundary 
parallel to the outer surface. The positions and amplitudes of the RSE lines attest to a high transparency 
of the twin boundary to electrons, and indicates that the tangential component of the quasimomentum is 
conserved when this boundary is crossed. 

PACS numbers: 61.70.Ng, 72.15.4111 

The interaction of conduction electrons with in te rc ry-  
s t a l  boundaries w a s  previously revealed in  experiment  
by i t s  averaged effect on the e lec t r ic  conductivity of 
polycrystals of pure meta l s  ( s e e ,  e.g., Refs. 1 2nd 2). 
It  is obviously of in te res t  t o  develop experimental  
methods with which to observe  the sca t te r ing  and dif- 
fraction of various groups of e lec t rons  by in te rc rys ta l  
boundaries of various types. 

We have attempted for th i s  purpose to  observe  the 
radio-frequency size effect (RSE) in the  geometry indi- 
cated above. It can  be  assumed that in this  c a s e  one can 
observe the l ines  of the o rd inary  FfSE i n  each of the 
c rys ta l s ,  as a resul t  of diffuse scat ter ing of the elec-  
t rons  by the boundary as well  as l ines  of the FfSE due t o  
the presence of e lectron t ra jec tor ies  that are re f rac ted  
on passing through the boundary. 

P lanar  intercrystal l ine boundaries w e r e  obtained by 
annealing (one hour  a t  650 C) aluminum samples  mea-  

sur ing  1 x 1 x 2  c m  with a res i s tance  ra t io  R ~ ~ ~ ~ / R ~ , ~ ~  
= 3 - 5 .  lo3. P r i o r  to  annealing the samples  w e r e  cooled 
in liquid nitrogen and subjected to 3-4% deformation. 
In approximately half the s a m p l e s  etching h a s  revealed,  
besides the m o r e  o r  less bent boundaries between a r b -  
i t ra r i ly  or iented c r y s t a l s ,  also twin boundaries directed 
along the  (111) planes of bordering c r y s t a l s  obviously 
produced from one seed.  Measurements  under a mic-  
roscope revealed no vis ible  deviations of these bound- 
aries from a plane (accura te  t o  3 - 5 p m )  over  the en- 
t i r e  p e r i m e t e r s  of the boundaries ,  which i n  s o m e  cases 
passed through the en t i re  sample.  

A sample  containing a twin boundary w a s  mounted on 
an e lec t r ic - spark  cutting machine i n  such a w a y  that the 
cutting plane w a s  paral le l  t o  the twin plane, and single- 
c r y s t a l  and b ic rys ta l  plates of equal  thickness  w e r e  cut 
f rom the c rys ta l .  After  chemical  polishing we  mea-  
s u r e d  the thickness  of the single c r y s t a l  and the bicry-  
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stal, respectively dl =225 pm with an approximate - - 
scatter of 5 pm from point to point, and dz=215 *2 pm. 
The twin plane was located about 90 pm from the sur-  
face of the plate, a fact checked after the work with the 
sample was finished. The RSE was observed by the 
usual method3 at an approximate temperature 1.2 K, 
both immediately after the polishing and after a second 
annealing in a vacuum of 10- Torr  a t  a temperature 
that decreased from 600 C to room temperature in 10 
hours. 

In the case of the bicrystal, distinct RSE lines were 
observed, some even more intense than the lines for  
the single crystal. After annealing, the line intensities 
in both samples increased by approximately a factor of 
2. Figure 1 shows the registered RSE for a single cry- 
stal  (I) and a bicrystal (11) after annealing, with the 
magnetic field H directed along [ l i O ] .  The ordinates 
show, in the same scale for both samples, the deriva- 
tive af/aHof the frequency f of the measuring generator 
in whose tank circuit the sample was placed. The ab- 
scissas a r e  the values of 

(a  is the period of the aluminum lattice), i.e., the mo- 
mentum-space dimensions of the Fermi-surface t ra-  
jectories that cause the appearance of the line in the 
field H, divided by the dimension 47rfi/a of the Brillouin 
zone. The positions of the lines ctl and a, o r  Pi and Pz 
practically coincide, and the small deviations a r e  ap- 
parently due to the e r ro r  in the measurement of the 
sample thickness.. A noticeable difference is observed 
in the positions of the most intense lines yl and 72. 

These facts have a simple explanation i f  it is assumed 
that the lines in the bicrystal a re  due to the presence 
of electron trajectories that cross the boundary of the 
crystals with no change in the tangential component of 
the quasimomentum. It is easily seen that i f  the cry- 
stals a r e  twins the position and shape of the lines cor- 
responding to the extremal transverse dimension of the 
closed trajectories should be the same for a single 
crystal and a bicrystal having the same thickness. 

RSE lines can be observed, however, also if a seg- 
ment of an extremal trajectory with breaks on the ends 
is contained between the samples s u r f a ~ e s . ~  The posi- 
tions of these lines may not be the same in the bicrystal 
and the single crystal. Figure 2 shows, for a sample 
with surfaces A B  and CD and a twin boundary E F ,  the 
central sections of the F e r s i  surface of aluminum in 
the second band with the (110) plane, corresponding to 

FIG. 1. 
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FIG. 2. 

the case of Fig. 1. The shape of the section is shown in 
accord with the data of Ref. 5. The values h, = 0.44, 
hl =0.28-3, and h, =0.25 a r e  referred to the dimension 
of the band. The line yl corresponds apparently to mo- 
tion of the electron over the Fermi surface from the 
point a to the point b and should therefore be observed 
a t  k =hi + h, =0.53 - 0.55. In the bicrystal, the electron 
goes over halfway between the points a and b from the 
point e to the point f on the Fermi surface of the other 
crystal, continues to move to the point d ,  and reaches 
a t  that instant the outer surface of the sample in real 
space. The lines y2 should correspondingly be observed 
a t  k=2h2=0.5. 

The position of the left wings of the lines y ,  and y2 
agree thus satisfactorily, within the limits of e r ro r s ,  
with the model. The lines P1 corresponds apparently to 
electron motion from the point g to the point a ,  which 
yields k =ho - h, = 0.19. In this case a transition to an- 
other Fermi surface when the twin boundary is crossed 
should not lead, a s  can be easily seen, to a displace- 
ment of the line, in accord with the observations. The 
point a on the Fermi surface is in our case the most 
"effective," since in a considerable region around it the 
electron velocity is almost parallel to the sample su r -  
face, a fact corresponding to relatively large amplitues 
of the observed lines P1, P2,  yl ,  yz. No line with k=2ho 
were observed in our experiments, obviously because 
of the low effectiveness of points of the type g. The 
lines a, and a ,  a r e  apparently due to the presence of 
tubes in the third zone of aluminum. 

It is obvious that the twin boundaries in aluminum have 
an appreciable transparency to conduction electrons. 
To observe weaker RSE lines due to diffuse scattering 
of the electrons by the boundary it is obviously neces- 
sary to detect the RSE using a measuring-generator coil 
placed on one side of the sample. In this case the lines 
due to the refracted trajectories will not be observed i f  
the sample is thick enough. 

We a r e  sincerely grateful to L. K. Fionova for a dis- 
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Quantum effects in small ferromagnetic particles 

A. M. Gor'kov Khar'kov State Univeristy 
(Submitted 21 May 1979) 
Zh. Eksp. Teor. Fiz. 77, 2157-2161 (November 1979) 

It is shown that at temperatures T < 1 / 2 ( ~ , ~ , ) " ~  (E, and E, are the anisotropy energy and the exchange 
energy per magnetic electron) effects related with coherent quantum magnetization fluctuations should 
appear in sufficiently small ferromagnetic particles. 

PACS numbers: 75.10. - b, 75.30.Cr 

1. I-NTRODUCTION 

It is well known (see,  for example, Ref. 1) that a suf - 
ficiently small particle of ferromagnetic material con- 
sists of a single magnetic domain whose magnetization 
whose orientation is determined by the magnetocrystal- 
line anisotropy of the particles and by the external mag- 
netic field H. In the absence of a field, the easiest mag- 
netization of a ferromagnetic particle has several 
orientations separated by energy barriers.  If the tem- 
perature of the particle T i s  comparable with the size 
of the barrier U, , then transitions between favorable 
orientations of the magnetization arise in the particle. 

The existence of experimental data indicating that 
transitions between different orientations of the magne- 
tic moment in small ferromagnetic particles do not 
disappear completely with a decrease in temperature 
to absolute zero was noted a s  far  back a s  in the review 
by Bean and ~ivingston.' Nevertheless, as far  a s  we 
know, quantum fluctuations in the magnetization of 
small particles has not been studied theoretically. 

Turning to the study of this problem, we note first  
that a good approximation to the problem can be ob- 
tained if we limit ourselves to coherent magnetic- 
moment quantum fluctuations in which only the direction 
and not the magnitude of magnetization changes. This 
approximation is valid if the energy E ,  necessary for 
the spin flip of one of the magnetic electrons in the par- 
ticle significantly exceeds the energy u, = & a N (& a is the 
magnetic anisotropy energy per magnetic electron, N 
is the number of magnetic electrons in the small par- 
ticle) required to rotate the particle magnetic moment 
as a whole 

ticles that a re  small but still contain a macroscopically 
large number of atoms. 

The magnetic anisotropy energy is the average energy 
of the relativistic interaction of the electrons. In taking 
this interaction into account, the operator of the spin 
angular momentum does not commute with the Hamil- 
tonian and, in general, the ferromagnetic particle is 
not in a state with a definite angular momentum. This 
circumstance should manifest itself by the appearance 
of a nonzero probability for a transition between n 
easiest-magnetization directions. Such transitions lift 
the n-fold degeneracy of the ground state with respect 
to the orientation of the angular momentum, and the 
ferromagnetic particle goes to a state with a lower en- 
ergy, in which 

(M, is the saturation magnetic moment). The second 
equality in (2) corresponds to strict  ferromagnetic 
correlation of relative orientations of the spins of dif- 
ferent magnetic electrons of the particle. 

2. QUANTUM FLUCTUATIONS AT H = 0 AND 
T=O 

We consider a single -domain ferromagnetic particle 
with a magnetic anisotropy of the easy axis type (for 
example, a particle of hexagonalcobalt) rigidly fixed . 
in a nonmagnetic matrix. The dependence of the energy 
E, of the particle on the angle 9 between the direction 
of i ts  magnetic moment Nl and the anisotropy axis z is 
given by the equation 

Because of the smallness of the ratio E ,  / E ,  - The presence of two energy minima at 8=0 and B=r 
- this condition i s  satisfied for  ferromagnetic par- corresponds to the two easiest magnetization directions, 

1035 Sov. Phys. JETP 50(5), Nov. 1979 0038-5646/79/111035-04$02.40 O 1980 American Institute of Physics 1035 


