
In fact, although the spectrum of such junctions de- 
pends on the difference of the phases of the order pa- 
rameter q, nonetheless at low transparency (V-00 )  this  
dependence is weak, so that the level smearing in this 
case is also small (including also in strong magnetic 
fields). It can consequently be assumed that in SNINS 
systems the magnetic field does not upset the discrete 
character of the excitation spectrum even at rather ap- 
preciable dimensions of the system (in the y direction), 
whereas in SNS junctions in a strong magnetic field it 
is utterly meaningless to speak of discrete excitation- 
energy levels, and the spectrum in this case is contin- 
uous. These conclusions can be reconciled completely 
with experiment. We have constructed also a micro- 
scopic theory of the stationary Josephson current in 
SNINS junctions. The magnitude and quite unique tem- 
perature dependence of this current, which are gov- 
erned by the presence of a phase-coherent spectrum of 
discrete states in the system, is strongly influenced 
also by the position of the insulating barr ier  inside the 
normal-metal layer. 
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Anisotropy of the magneto-optical properties of cobalt 
single crystals 
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The magneto-optical spectra of cobalt single crystals were investigated in the energy region 0.2-3.35 eV. 
Anisotropy of the frequency spectra of the equatorial Kerr effect was observed in the case of magnetization 
along different crystallographic directions. The off-diagonal components of the dielectric tensor are 
calculated. The observed anomalies are identified with definite interband transitions when account is taken of 
the selection rules for a hexagonal crystal. It is shown that the magneto-optical spectra for cobalt agree best 
with the band structure proposed for ferromagnetic cobalt by Batallan and co-workers. 

PACS numbers: 78.20.Ls, 71.25.Pi 

INTRODUCTION 

Many physical properties of ferromagnetic 3d metals 
and alloys have by now been explained within the frame- 
work of the magnetism theory of Slater, Stoner, and 
Wohlfarth by invoking the concepts of single-electron 
band theory. Cobalt, just as nickel, is a typical band 
ferromagnet. Calculations of the electronic structure 
of cobalt were reported in a number of theoretical 

connolyl was the first to publish data on the band 

structure of cobalt in individual high-symmetry points 
of the Brillouin zone. The calculations were made by 
the  augmented plane-wave method with optimized spin- 
dependent potential. The exchange splitting in his mod- 
e l  was assumed to be 2 eV. Wakoh and yamashita2 
later calculated the energy bands and the Fe rmi  sur- 
face, using the Korringa-Kohn-Rostoker (KKR) meth- 
od with constant exchange splitting (AE,, = 1.73 eV). 
1shida3 calculated the band structure of hexagonal cobalt 
by using amodified Muller interpolation scheme. None 
of the presented structures provided a satisfactory de- 
scription of the experimental data obtained later on the 
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topology of the Fermi surface in cobalt single crystals4 
and the photoemission  effect^.^ Batallan and co-wor- 
kers6 performed new calculations of the band structure 
of cobalt by the KKR method with allowance for the 
spin-orbit interaction. The obtained topology of the 
Fermi surface was in good agreement with experiments 
on the de Haas-van Alphen effect, and the calculated 
state-density curve explained the available photoemis- 
sion data, while the exchange splitting was equal to 
1.39 eV. 

Singal and s as' were the first to calculate the elec- 
tronic structure of cobalt using a nonlocal Hartree-Fock 
exchange potential, which took exact account of the in- 
fluence of the correlation effects on the single-electron 
energy levels. In their model they also succeeded in 
adequately explaining the observed magnetic properties 
of cobalt (the magnetization and the topology of the Fer- 
mi surface). The exchange splitting of the 3d bands ob- 
tained in their calculations equals 3.9 eV. A theoreti- 
cal estimate of the most probable exchange splitting of 
the 3d bands, carried out by wohlfarthe on the basis of 
the theory of band magnetism, yields for Gdd a value 
of 1.05 eV. 

Thus, the value of AEdd and the relative position of the 
s, p ,  and d bands differ significantly in the existing 
models of the electronic structure of cobalt. 

Experimental information on these values can be ob- 
tained by studying the optical and magneto-optical spec- 
tra. Many studies of the optical properties of c ~ b a l t ~ - ' ~  
have shown that in cobalt the interband transitions begin 
with an energy on the order of 0.2 eV, and an intense 
absorption band exists in the region of 0.85 eV. In the 
study of the magneto-optical properties of a polycy,"tal, 
an anomaly was observed in the region 0.7-1.0 eV. 

To our knowledge, no magneto-optical investigations 
of single-crystal cobalts were made so far. It was 
therefore of interest to study the magneto-optical prop- 
erties in the infrared and visible regions of the spec- 
trum, for the purpose of determining the details of the 
electronic structure of Co, as was done in the study of 
the magneto-optical spectra of nickel." 

EXPERIMENTAL RESULTS 

We investigated in the present study the equatorial 
Kerr effect (EKE) in the region of light-photon energy 
0.2 -3.35 eV , on single-crystal samples of f erromag- 
netic Co. The measurements were made by a dynamic 
method, and the schematic diagram of the setup and the 
details of the method a re  described in Ref. 15. We note 
only that the sample magnetization was reversed in a 
field of 14 kOe, sufficient to magnetize the sample to 
saturation in any crystallographic direction. 

The Co samples were cut in two cyrstallographic 
planes, (0001) and (lolo), from a single-crystal in- 
got grown by the (Bridgman) method of directional 
crystallization. The plane of the sample coincided 
with the chosen crystallographic plane accurate to 3 O,  

as monitored by plotting the reflection Laue patterns. 
Prior to the measurement, the samples were mechani- 
cally and electrolytically polished. 

Figure 1 shows the EKE dispersion curves measured 
for singlecrystal Co a t  a light incidence angle (p = 70 " 
for different orientations of the magnetization vector 
relative to the easy magnetization axis [0001] (the C 
axis). 

Figure 2 shows the analogous curves for a light-inci- 
dence angle 80". From a comparison of these curves, 
a s  well a s  of the curves for a sample cut in the basal 
plane (Fig. 31, it is seen that the magneto-optical prop- 
erties of ferromagnetic cobalt a r e  highly anisotropic. 
A l l  the curves have a deep minimum in the region 0.3- 
0.35 eV, a s  well a s  a second sufficiently well pronoun- 
ced minimum in the region 0.8-1.1 eV. For a poly- 
crystalline sample, this anomaly was observed in the 
form of a step and revealed a fine structure only in low- 
temperature  measurement^.'^ In the EKE measure  
ments, the maximum and minimum of the region of this 
anomaly shift to the low-energy region on going from 
one axis (HIIC) to another (HlC). In the 1.5 eV region, 
all the curves have a broad maximum, just a s  in the 
case of the polycrystalline sample. The anisotropic 
behavior of the plots of the EKE against Aw can be noted 
also in the region 2.0-3.0 eV. 

From the measured values of the EKE at two light- 
incidence angles we calculated the real and imaginary 
parts of the off-diagonal components of the dielectric 
tensor. Since hexagonal cobalt is from the optical point 
of view a uniaxial crystal, to find the magneto-optical 
constants of cobalt we used the dielectric tensor in the 
form 

s, - is' 0 
s=I i :  q, 01. 

0 ez 

where E' = L;! - i&Z) is the off-diagonal component of the 
tensor E and determines the magneto-optical proper- 
ties of the cobalt. In place of the diagonal components 
ct (i = x ,  y, z )  we substituted the values of EII or EL, de- 
pending on the orientation of the plane of the sample to 
the magnetization direction relative to the optical axis. 

FIG. 1. EKE in a Co single crystal cut in the [OlOTl plane for 
cp= 70. at various orientations of the magnetization vector rela- 
tive to the easy magnetization axis (0001): 0-  H ( 1  C, 0- HLC.  
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FIG. 2. EKE in a Co single crystal cut in the [ O l O i ]  plane for 
rp = 80" at various orientations of the magnetization vector rela- 
tive to the easy magnetization axis C: l -HIIC, o-HIC.  

A diagram of the incidence of the light on the sample 
and the orientation of the axes a r e  shown in Fig. 4. 

Using the tensor (1) in the solution of Maxwell's equa- 
tion, we obtain for the EKE in a uniaxial crystal the 
relation 

where 
L sin 2q M sin 2q 

F-2 - LZ+MZ ' G=2- La+MZ ' 
- . -- 

L=a,-sinz rp-  ( a , (~ , - -b lb l )  cosZ rp ,  

The values of &i and &i for different orientations of 
the vectors E and H relative to the optical axes were 
calculated from the values of ~ ( R u )  a t  two light-inci- 
dence angles, using the formulas 

The optical constants for single- crystal Co were taken 
from Ref. 9. 

Figures 5 and 6 show the dispersion curves E ~ ( R w ) ~  

FIG. 3. EKE for Co single crystal cut in the basal plane at two 
light-incidence angles: 0 -  cp=7O0, o - cp=8O0. 

FIG. 4. Diagram of the incidence of light on the sample and 
orientation of the axes: the light-incidence plane is 3, the 
sample plane is yz, the external field H llz, and Ep is the effec- 
tive electric vector of the light wave. 

and E ~ ( R w ) ~  at various orientations of the magnetization 
vector relative to the crystallographic axes. 

DISCUSSION OF RESULTS 

The value of ci  is determined, just a s  in optics, by 
two contributions: intraband and interband. It was esti- 
mated" that for polycrystalline Co the contribution of 
the free carr iers  to the optical constant becomes negli- 
gible already in the infrared region, where it still is 
50% at X = 8  ym, but only 4% a t  X = 2  ym. 

According to the estimate in Ref. 16, the contribution 
of the free carr iers  to the magneto-optical properties is 
constant and small, ensuring only a small shift of the 
entire &{ curve. The behavior of the magneto-optical 
properties of Co in the near infrared and visible regions 
can therefore be regarded a s  governed by the interband 
transitions. For  direct interband transitions, & ~ ( E W ) ~  
is proportional to the interband state density 

where f,, is the interband oscillator strength, S is one 
of the equal-energy surfaces defined by the condition 
Rw = E, (k )  - E,(k) ,  and the singularities on the & ~ ( R W ) ~  
curves a r e  connected with the singularities in the inter- 
band state density. We shall analyze the behavior of the 

FIG. 5. Dispersion relation &i (td2 for different orientations 
of the magnetization vector relative to the crystallographic 
axes: 0-  H IIC, A - H l C ,  o- basal plane. 

37 1 Sov. Phys. JETP 51(2), Feb. 1980 Gon'shina et a/. 371 



FIG. 6. Dispersion relations E;(EU)~ at various orientations of 
the magnetization vector relative to the crystallographic axes: 

-HIIC, A - H I C ,  o-basal plane. 

E ~ @ w ) ~  curves on the basis of the existing data on the 
electronic band structure of ferromagnetic cobalt. 

In the picture of the electronic band structure of co- 
balt, obtained by Batallan and co-workers (see Fig. 2 
in Ref. 6), the lowest-energy transitions a r e  located in 
the subband with spin 4 in the region of the point r 
where, according to measurements of the de Haas-van 
Alphen effect, is located a neck similar to the neck at 
the point L of ~ i . "  It can be noted that in the earlier 
band calculations (see, e. g., Ref. 2), these necks 
were absent and the low-energy transitions in the sub- 
band with spin 4 vanished. This was due to the over- 
estimate of the exchange splitting (1.71 eV). When this 
quantity is decreased to 1.1-1.3 eV, necks appear in 
the point r, for the electron spectrum obtained by 
Wakoh and Yamashita, a s  well a s  the low-energy tran- 
sitions needed to explain the magneto-optical properties 
of cobalt. In the model of Singal and Das, owing to the 
excessively large distance between the s and d bands, 
there are  likewise no low-energy transitions in the sub- 
band with spin 4, although necks do exist a t  the point r. 

Thus, according to the Batallon model, the negative 
peak on the 6(tEw) curves and the values of ~{(tiw)' in the 
region 0.2-0.3 eV a r e  attributed by us  to the existence 
of direct interband transitions in the vicinity of the 
point r. It should be noted that the peak of the state 
density in the subband with spin 4 is located at 0.278 eV 
according to Batallon's data, and at 0.3 eV according 
to photoemission data. 

In the region of 0.4 eV, a passage through zero and a 
reversal of sign a re  observed for all three c { ( ~ w ) ~  
curves. From the point of view of interband transi- 
tions, this can be explained a s  the turning-on, in the 
subband, transitions with oppositely directed spins. In 

the considered electronic-structure scheme these tran- 
sitions a r e  the transitions in the vicinity of the point 
L, where according to results of the study of the de 
Haas-van Alphen effect there a r e  hole pockets that in- 
tersect in a complicated manner. The singularity in 
the interband state density, due to the transition & 
-Ll+, is located according to the Batallon's data at an 
energy 0.46 eV. The connection of transitions in the 
vicinity of the L point can explain the observed reversal 
of the sign of the E ~ ( E w ) ~  curves. 

An anisotropic behavior of the ~j(f iw)~ curves is ob- 
served in the energy range 0.5-2.0 eV. 

For a sample cut in the basal plane, and for a sample 
magnetized along the C axis (H II C), it is possible to 
separate on the & ~ ( E W ) ~  curves two peaks in the regions 
of 0.7 and 1.3 eV. When the sample is magnetized 
along the difficult axis (H 1 C) there is no peak in the 0.7 
eV region, and the amplitude of the peak in the k, 2 eV 
region is half a s  large. This is apparently due to the 
fact that according to the selection rules for the allowed 
optical transitions at high-symmetry points of the Bril- 
louin zone in a hexagonal close-packed lattice1' the 
transitions depend on the polarization of the vector Ep 
of the effective electromagnetic wave at the points r, H, 
K, but not at the points L and M. We therefore identify 
the transitions in the regions of 0.7 and 1.3 eV with the 
transitions r,+ - r5-+ (for the first  peak) and HI -HJ+, K, 
-K5+ (for the second peak), and these transitions a r e  
only partially allowed in the case of magnetization along 
the difficult axis, when the effective vector Ep of the 
electromagnetic wave is directed along the easy axis 
(E I I  C). According to Ref. 6, these transitions occur 
at 0.88, 1.24, and 1.2 eV, respectively. 

The singularity at Ew = 1.55 eV, observed for all  
three curves, can be identified with the transitions 
A,-A,+ and Mz -M4+, which a r e  allowed for both pola- 
rizations of E .  The theoretical values for the frequen- 
cies of the interband transitions a r e  in this case 1.64 
and 1.9 eV, respectively. For energies higher than 2 
eV, it is already difficult to speak of individual inter- 
band transitions, since at these energies a large num- 
ber of similar transitions a r e  turned on and it  appears 
that an appreciable contribution can be made also by 
indirect transitions. 

From the foregoing identification it follows that the 
observed behavior of the magneto-optical properties of 
Co can be qualitatively explained on the basis of the 
electronic structure obtained for Co by Batallon and co- 
workers: The value of the exchange splitting add 
needed to explain the magneto-optical properties agrees 
with the value add that follows from the Stoner-Slater- 
Wohlfarth ferromagnetism theory. To obtain a more 
accurate quantitative comparison of the experimental 
results with the theory it is necessary to calculate all  
the optical transitions from band to band, a s  was done 
by Callaway and  an^^^*^^ for nickel and iron. 

We a r e  sincerely grateful to I. M. ~ u z e r  for supply- 
ing the cobalt single crystal. 
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Unloading isentropes and the equation of state of metals 
at high energy densities 
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and V.E. Fortov 
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The release (unloading) isentropes of shock-compressed samples of copper and lead are experimentally 
investigated in a wide range of thermodynamic parameters, from states on the shock adiabats (R-H 
curves) at a pressure 0.5-2.5 Mbar to near-critical states. The investigations make it possible to 
determine the thermodynamics and to ascertain the form of the phase diagram in this region. An 
interpolation equation of state is derived to describe the behavior of metals on the entire phase plane, 
with allowance for high-temperature melting and evaporation. The coefficients of the equations of state 
are determined and the thermodynamic characteristics of copper and lead are calculated from the results 
of the experiments and from other experimental and theoretical information. 

PACS numbers: 64.30. + t, 65.50. + m 

1. INTRODUCTION 

The methods developed by now to apply intense pu lses  
on meta l s  ( lasers ,  e lec t ron  beams,  ion and neutron 
beams,  powerful shock and electromagnet ic  waves1) 
produce in the condensed phase  a high local  energy con- 
centration exceeding the binding energy,  so that a plas-  
m a  with a s t rong  in te rpar t i c le  interact ion is formed.  
For a n  adequate descript ion of the physical p r o c e s s e s  
and the motion dynamics in  action of this  kind it is 
necessary  to  know the thermodynamic proper t i es  of the 
mate r ia l  i n  a wide range  of p r e s s u r e s  and tempera-  
tu res ,  covering the en t i re  spec t rum of the  states that  
arise in pulsed energy release. It is part icular ly i m -  
portant  to  take a detailed account of t h e  high-tempera- 
t u r e  melting and evaporation, and to descr ibe  cor rec t ly  
t h e  charac te r i s t i cs  of the m e t a l s  under  conditions of 
d i s o r d e r  and g r e a t  deviation f r o m  the ideal  state. 

An a r b i t r a r y  phase d iagram of a metal  is shown in 
Fig. 1, where the  regions that  can  be  t rea ted  theoret ic-  
ally and experimental ly  are m.arked schematically; 

The modern theoret ical  methods are valid i n  the l imi t  
of e x t r e m a l  high p r e s s u r e s  and tempera tures ,  where 
one can u s e  the quas ic lass ica l  (the Thomas-Fermi  the- 
o r y  with corrections2-TFC) and the c lass ica l  (the 
Debye-Hucke13) approximations of the self -consistent 

FIG. 1. Arbitrary phase diagram of metal. 1-static experi- 
ments, 2-isotherm T = 293 K, 3-melting region, 4-liquid- 
vapor equilibrium curve, 5-exploding-wire method, 6-ex- 
perimental shock adiabats, 7-release isentropes, 8-ideal 
gas, 9-ideal plasma, 1 0-Thomas-Fermi electron gas; A- 
uninvestigated region with strong interparticle interaction. 
The arrows point to a decrease of the nonideality parameter. 
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