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POSSIBLE EFFECTS IN SOLIDS IN ULTRASTRONG MAGNETIC FIELDS 

V. V. Druzhinin, A. I. Pavlovskii, 
and O. M. Tatsenko 

UDC 538:114.665.61 

The history of solid-state theory and the detection of major interactions in solidsare 
closely related to research on the effects of external magnetic fields on characteristics 
such as the magnetization, volume, specific heat, conductivity, thermal conductivity, spectral 
parameters, and so on, since almost all of these are affected by magnetic fields. Advances 
in producing fields of 100-300 kOe have been accompanied by improvements in research methods 
since the pioneering studies by Kapitsa [i], in which the law of linear increase in magneto- 
resistance was discovered for various metals, and there have since been numerous physics re- 
searches in this range of magnetic fields. Anomalies in magnetization have been observed 
[2] along with the magnetocaloric effect [3], magnetooptic effects [4], and other features~ 
A very important discovery was that of the gap-free state in a solid [5], which represents an 
essentially new type of ordering in condensed media at low temperatures in strong magnetic 
fields. Naturally, the region of even stronger fields, up to 107 G, should reveal new ef- 
fects or special features in known ones. Here we examine some possible phenomena related to 
the action of fields up to 107 G on the condensed state. 

The magnetocaloric effect is a major one to be considered in experiments with pulsed 
magnetic fields. In fact, the field increases under adiabatic conditions, and the changes 
in internal magnetic energy are considerable, and they may attain the energies of the spin- 
orbit and exchange interactions or the energies of the crystalline field at about i0 ~ cm -I 
per ion. As the total entropy is conserved (magnetic plus phonon), while the magnetic en- 
tropy tends to zero in the external field under ordinary conditions, the phonon component in- 
creases considerably, which increases the temperature. To calculate the rise, it is neces- 
sary to solve a system of equations consisting of Shroedinger's equations and the equations 
of statistical thermodynamics: 

~IV~ = EnVn, Sm(To, 0) + S~To) = Sm(Tk, f-f) -~- ~Tk) ~ 
r 

Sin: --nm$p[(e-~T/z)ln(e-H/T/z)] ,  Sph= 3n (-- ln(l-- e-O/T) + 

O/T~ zadz I 
+ 12 (T/ep 

0 

being the magnetic and phonon entropies of the specimen per formula unit, while n m and n are 
the numbers of magnetic ions and of all ions in the formula unit, and 0 is the Debye tempera- 
ture. These formulas give a large temperature rise AT = T k -- To. Figure 1 shows the calcu- 
lated value of AT in metallic Tb in a field of 1.5 MG. The N~el temperature is 230~ while 
the Debye temperature is 177~ It is evident that the largest value AT = 120~ occurs in 
the region of a magnetic phase transition. One can estimate the limiting value of AT as fol- 
lows. For T >> 0/4 with H = 0, S m = nmln(2J + i), where J is the momentum quantum number and 
Sph= 3n in T + c. In a limiting strong field, where s m = O, the adiabatic equation takes the 
form 
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n m l n ( 2 ] ~  l )  ~ 3 n l n T 0 =  3 n l n T k ~  

w h i c h  g i v e s  t h e  maximum v a l u e  T k = T o ( 2 J  + 1) n m / 3 n .  We e s t i m a t e  t h e  maximum p o s s i b l e  t e m p e r a -  
t u r e  r i s e  i n  a f i e l d  o f  l 0  MG f o r  a f i l m  o f  m e t a l l i c  h o l m i u m .  T h i s  m e t a l  was c h o s e n  b e c a u s e  
n m = n = ' l  f o r  i t  and  t h e  maximum p o s s i b l e  v a l u e  i s  J = 8.  I f  t h e  i n i t i a l  t e m p e r a t u r e  i s  To = 
300~  t h e  s p l i t t i n g  i n  a f i e l d  o f  l 0  MG b e t w e e n  t h e  n e a r e s t  Zeeman s u b l e v e l s  i s  hE = g~BH = 
1000~  Then  T k = 770~ W i t h  t h e s e  r e l a t i o n s ,  t h e  c o n d i t i o n  Sm(Tk) = 0 i s  o b e y e d  q u i t e  
c l o s e l y .  H e r e  i t  i s  n e c e s s a r y  to  t a k e  a h o l m i u m  f i l m  o f  t h i c k n e s s  l e s s  t h a n  t h a t  o f  t h e  s k i n  
l a y e r  f o r  t h e  p e n e t r a t i o n  o f  t h e  p u l s e d  f i e l d  i n t o  t h e  m e t a l  i n  o r d e r  t h a t  m a g n e t i c - f i e l d  
p r e s s u r e  e f f e c t s  s h o u l d  n o t  o c c u r .  T h i s  c o n v e r s i o n  o f  m a g n e t i c  e n e r g y  to  t h e r m a l  form c a n  be  
i d e n t i f i e d  f rom t h e  c h a n g e  i n  t h e  e q u i l i b r i u m  t h e r m a l  r a d i a t i o n .  I n  f a c t ,  a c c o r d i n g  to  S t e f a n ' s  
l a w ,  t h e  e n e r g y  l u m i n o s i t y  R E = ~ ' T  4 i n c r e a s e s  by  a f a c t o r  43,  w h i l e  t h e  w a v e l e n g t h  o f  t h e  
maximum i n  t h e  e m i s s i v i t y  i s  1 m = 2 . 9 " 1 0 3 / T  (~m) ,  w h i c h  i s  3 . 7 6  ~m a t  T = 770~  i . e . ,  t h e  
m a i n  r a d i a t i o n  o c c u r s  i n  t h e  n e a r  i n f r a r e d .  T h i s  c a n  be  r e c o r d e d  by o p t i c a l  m e t h o d s .  

I n  some c a s e s ,  t h e r e  i s  a n e g a t i v e  m a g n e t o c a l o r i c  e f f e c t ,  i . e . ,  t h e  t e m p e r a t u r e  f a l l s  a s  
t h e  f i e l d  i n c r e a s e s  a d i a b a t i c a l l y .  K i t t e l  [6]  f i r s t  p o i n t e d  o u t  t h i s  p o s s i b i l i t y ,  and  t h e  
t h e o r y  was d e v i s e d  i n  [7 ,  8 ] ,  w h i l e  t h e  e f f e c t  was r e c o r d e d  i n  [ 9 ] .  The b a s i c  r e a s o n  f o r  t h i s  
p h e n o m e n o n  i s  t h a t  t h e  g r o u n d - s t a t e  s p l i t t i n g  due  t o  t h e  c r y s t a l l i n e  f i e l d  i s  s u c h  t h a t  t h e  
l o w e r  l e v e l  i s  a s i n g l e t  and  t h e  f i r s t  e x c i t e d  l e v e l  i s  a d o u b l e t ,  w h i c h  i s  s p l i t  i n  t h e  mag-  
n e t i c  f i e l d .  At  t h e  i n s t a n t  when i t s  c o m p o n e n t  i n t e r s e c t s  t h e  g r o u n d  s t a t e ,  t h e  m a g n e t i c  e n -  
t r o p y  p e r  i o n  i n c r e a s e s  f r o m  z e r o  t o  S m = i n  2 = 0 . 6 9  ( a t  a s u f f i c i e n t l y  low i n i t i a l  t e m p e r a -  
t u r e ) .  The c o r r e s p o n d i n g  d e c r e a s e  i n  t h e  p h o n o n  e n t r o p y  r e d u c e s  t h e  t e m p e r a t u r e  a t  t h e  t i m e  
o f  l e v e l  i n t e r s e c t i o n .  I n  p r i n c i p l e ,  t h e  t e m p e r a t u r e  may o s c i l l a t e  a s  t h e  f i e l d  i n c r e a s e s  i f  
t h e  c r y s t a l l i n e  f i e l d  i s  d e s c r i b e d  by a n  o p e r a t o r  o f  t h e  t y p e  Vcr  = AJ~,  A > 0.  The SLJ l e v e l  
t h e n  s p l i t s  a s  i n d i c a t e d  a b o v e ,  a n d  a s  t h e  f i e l d  i n c r e a s e s ,  t h e  s u b l e v e l s  h a v i n g  J z  = --1,  
- -2 ,  . . . ,  --J s u c c e s s i v e l y  i n t e r s e c t  t h e  g r o u n d  s t a t e .  Then  t h e  v a l u e s  of  t h e  f i e l d  a t  w h i c h  
t h e  t e m p e r a t u r e  f a l l s  a r e  H m = A ( 2 m - -  1 ) / g ~ B ,  m = l ,  2 ,  . . . ,  J .  The p h a s e  o f  t h i s  p r o c e s s  i s  
d i s p l a c e d  f o r  h a l f - i n t e g e r  J .  A t y p i c a l  v a l u e  i s  A ~ 1 0 2 - 1 0 3  cm - 1 .  W i t h  J = 5 a nd  A = 2"102 
cm - 1 ,  t h e r e  s h o u l d  b e  t h r e e  f a l l s  i n  t e m p e r a t u r e  i n  f i e l d s  up to  l 0  MG, w h i c h  o c c u r  a t  2 . 1 ,  
6 . 3 ,  and  1 0 . 5  MG. The t e m p e r a t u r e  f a l l  i s  d e t e r m i n e d  by t h e  i n i t i a l  v a l u e  T k = T o / 2 3 n / r i m .  
I n  t h e  c a s e  To = 300~ and  n m = n ,  T k = 40~ Here  i t  i s  a s s u m e d  t h a t  t h e  s p i n - s p i n  and  s p i n - -  
l a t t i c e  r e l a x a t i o n  t i m e s  a r e  much s h o r t e r  t h a n  t h e  p u l s e  l e n g t h .  At  low t e m p e r a t u r e s  ( a b o u t  
4 . 2 ~  t h e  l e v e l  i n t e r s e c t i o n  may p r o d u c e  c o n s i d e r a b l e  t e m p e r a t u r e  r e d u c t i o n ,  w h i c h  o p e n s  up 
u n i q u e  s c o p e  f o r  e x a m i n i n g  s o l i d s  i n  u l t r a s t r o n g  m a g n e t i c  f i e l d s  a t  u l t r a l o w  t e m p e r a t u r e s .  

When a n  u l t r a s t r o n g  m a g n e t i c  f i e l d  a c t s  on  a m a g n e t i c  m a t e r i a l ,  t h e r e  c a n  be  some p a r t i c u -  
l a r  f e a t u r e s  i n  known e f f e c t s .  The m o d e r n  t h e o r y  of  m a g n e t i s m  i n t r o d u c e s  a m o l e c u l a r  f i e l d ,  
w h i c h  i n f l u e n c e s  t h e  s p i n  d e g r e e s  o f  f r e e d o m  i n  t h e  same way a s  a n  e x t e r n a l  m a g n e t i c  f i e l d .  
T h i s  f i e l d  i s  a b o u t  l 0  MG. An e x t e r n a l  f i e l d  a c t s  on t h e  s p i n  and  o r b i t a l  d e g r e e s  o f  f r e e d o m ,  
and  i n  t h a t  r e s p e c t  i t  d i f f e r s  f r o m  a m o l e c u l a r  f i e l d .  One of  t h e  p o s s i b l e  e f f e c t s  i n  an  u l -  
t r a s t r o n g  m a g n e t i c  f i e l d  i s  t h a t  t h e  e x c h a n g e  i n t e r a c t i o n  v i a  t h e  c o n d u c t i o n  e l e c t r o n s  i s  
s w i t c h e d  o f f .  The t h e o r y  of  t h i s  t y p e  o f  e x c h a n g e  h a s  b e e n  g i v e n  i n  [10 ,  l l ] ,  w h i c h  i l ~ l i e s  
t h a t  one  s h o u l d  a l l o w  f o r  t h e  f - s  e x c h a n g e  i n t e r a c t i o n  o f  t h e  l o c a l i z e d  f e l e c t r o n s  and  t h e  
c o l l e c t i v i z e d  s o n e s  f o r  a r a r e - e a r t h  m e t a l  i n  t h e  s e c o n d  a ~ p r o x i m a t i o n  o f  p e r t u r b a t i o n  t h e o r y ,  
w h i c h  l e a d s  t o  t h e  H e i s e n b e r g  o p e r a t o r  Hex = - - (g  -- 1) 2 I ( J ~ ' J 2 ) "  He re  t h e  v a l u e  o f  t h e  e x -  
c h a n g e  i n t e g r a l  I i s  d e p e n d e n t  on  t h e  s h a p e  o f  t h e  F e r m i  s u r f a c e ,  t h e  c o n d u c t i o n - b a n d  w i d t h ,  
and  t h e  s p e c i f i c  r e s i s t a n c e .  T h e o r e t i c a l  a n a l y s i s  i n d i c a t e s  t h a t  t h e  s p l i t t i n g  o f  t h e  c o n d u c -  
t i o n  b a n d  i n t o  L a n d a u  s u b b a n d s  r e d u c e s  t h e  c o n d u c t i o n - e l e c t r o n  m o b i l i t y  a nd  i n c r e a s e s  t h e  
l o c a l i z a t i o n  o f  t h e s e  e l e c t r o n s  i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n .  T h i s  l e a d s  t o  an  e x p o n e n t i a l  
decrease in the exchange integral, and the most rapid fall for a rare-earth metal is to be 
expected in the region of 7-8 MG. This value can be estimated as follows. The conduction- 

electron delocalization radius is determined by the so-called magnetic length L = (ch/eH) ~2 = 
2.5"i0-7h -~2 cm, where h is in MG. This formula imples that L = 9"10 -v mm in a field of 7 MG, 
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which is comparable with the lattice constant a = 5.10 -7 mm in an REM. Here the resistance 

of the metal also increases sharply. Therefore, the following effect may occur: The magneti- 

zation may decrease in response to the magnetic field, since the molecular field is switched 

out, and this is comparable in magnitude with the external field. Estimates of the effect 
for rare-earth metals show that the possible stepout in the paraprocess curve towards reduced 

magnetization is not more than 10% in the paramagnetic region, which is very difficult to ob- 
serve. A possible way of observing this effect may be to magnetize a thin film of the ferro- 
magnetic NdCos. At T = 250~ the easy magnetization axis lies in the basal plane. If the 
external field is directed along that axis and increases, the loss of the exchange interac- 
tion between the Nd and Co sublattices causes the hexagonal axis to become the easy direc- 
tion, and the crystal will tend to rotate and will be disrupted because of the large rota- 
tional moments. 

An external magnetic field in the megagauss range may convert any magnetic material to 
a ferromagnetic. Calculations show that the sublattice collapse field in yttrium ferrite- 
garnet at 300~ is about 9 MG, and this is a ferromagnetic with one of the highest Curie tem- 
peratures. The change in free energy per ion in the external field is about 104 cm -I, which 
is comparable with the crystalllne-field energy and the energies of the exchange and spin- 
orbit interactions, as well as the local-distortion energy in the Jahn--Teller effect. Some 
crystals show symmetry reductions as the temperature falls in the regions of the paramagnetic-- 
antiferromagnetic-weak ferromagnetic phase transitions. This is determined by the overall 
reduction in the free energy, which includes the phonon and magnetic subsystems. As the role 
of the increasing external field in a certain sense is equivalent to reducing the temperature 
at constant field, one expects symmetry changes in an external field. An examination of the 
probability of this effect indicates that possible crystals are the orthoferrite RFe03, anti- 
ferromagnetics of the type of Fe20~ and KMnF3, and similar materials. 

A pulsed field in the megagauss range can be used to excite laser radiation if the re- 
laxation time is much greater than the field rise time. This idea was suggested in early 
papers on the theory of laser radiation. We consider ultrastrong fields in that respect. 
The splitting in the ground-state SLJ multiplet in a magnetic field is such that the magnetic- 
dipole transition between nearest sublevels has energy AE = g~B H. For the rare-earth ion Gd 3§ 
this is 92.8h cm -I. This means that a field of about Ii MG will produce a wavelength of 10.2 
Dm for the strongest transition m + 1 § m, where m = --J, --J~ + i, o.o, J -- i, i.e., the wave- 
length of a C02 laser. A promising medium for this experiment is a glass containing Gd s+. 
Recent ESR measurements on such media indicate that the relaxation times at 4.2~ are about 
I0 -~ sec [12], which are much greater than the field rise times of At = 10 -6 sec. Evidently, 
one could amplify a transmitted beam with a wavelength of ~ = 10.2 Dm in such a field. Also, 
conditions of shorter wavelength are possible because the crystalline field mixes states dif- 
fering in Jm" 

A solid is a very complicated physical object, and the modern theory does not give an ex- 
haustive quantitative treatment of the properties, so the number of possible effects in ultra- 
strong fields might be extended. Here we have indicated some obvious consequences of ultra- 
strong magnetic fields acting on solids. In real experiments, these effects and others not 
stated here may be mingled, and a comprehensive analysis may be required to interpret the re- 
sults. 
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SIMULATING THE RETARDATION OF AN UNCOMPENSATED ELECTRON BEAM IN A 

THIN ABSORBER 

V. I. Boiko, E. A. Gorbachev, 
and V. V. Evstigneev 

UDC 537.533.7:539.124.17 

i. Introduction. Advances in accelerator engineering have extended the range of appli- 
cations for high-current electron beams HCEB [i]. A feature of the interaction between HCEB 
and matter is that allowance must be made for the inherent magnetic fields in the beam and 
the change in the properties of the medium through which it passes. There are many experi- 
mental difficulties, while the algorithms are complicated and many different conditions are 
used with HCEB (vacuum gas, plasma, solids, and geometry associated with boundary conditions), 
while there are various interaction mechanisms with the matter and fields, so the problem has 
not been completely solved. Theoretical models are approximate and usually involve the as- 
sumption of one or two interaction mechanisms with matter and fields (problems in electron 
optics [2-5], Coulomb scattering, and the effects of electric fields [6] or magnetic ones [7, 
8] for the beam, as well as magnetohydrodynamic description [9]), together with simplifying 
assumptions. We have previously considered the quasistationary treatment of relativistic 
HCEB absorption at currents, where we made allowance for Coulomb scattering and the effects 
of the electric and magnetic fields of the beam in two-dimensional geometry, particularly the 
relative contribution from these to HCEB retardation [i0, ii]. 

Here we consider the passage of an uncompensated HCEB through a thin target, which is 
of practical interest in relation to extracting the beam through an anode foil or a foil in 
a drift chamber, as well as to the use of foils as constructional components in diagnostic 

equipment. 

2. Model and Calculation Program. An iteration method was used in this quasistationary 
method, which enables one to split up the self-consistent treatment into a series of non- 
self-consistent ones [4, 5], together with the Monte Carlo method for calculating the beam 
particle paths with allowance for Coulomb scattering. We used two-dimensional geometry with 
azimuthal symmetry, which included the exit foil in the accelerator, the cylindrical drift 
tube, the absorber (in general, of arbitrary thickness and having a coaxial hole), and the 
collector (Fig. i). This general geometry enables one to consider a large range of trans- 
port problems (absorption in thin targets and total-absorption absorbers, and also transport 
and collimation with allowance for the component of the electron flux scattered in matter). 

The following conditions are required if a quasistationary treatment is to apply. 
Firstly, it is assumed that the magnetic-field diffusion depth into matter is comparable with 
the electron range or with the absorber thickness. This condition is obeyed for most high- 
current accelerators with characteristic pulse lengths of about 10 -7 sec for foil thick- 
nesses ~i0 -~ m. Secondly, the fast-electron energy relaxation time in a condensed medium 
is ~i0-11-i0 -12 sec, and the retardation times in megavolt electric fields of ~i0 -I~ sec 
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