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. . . . 
i - .- . The p r e s e n t  s t a t e  of our  unders tanding  of m e t a l l i c  a c t i n i d e  . . 

:::< .systems i s  i n  confusion.  Searches f o r  " c r y s t a l - f i e l d "  l e v e l s  w i t h  
. . 

ZL neut ron  spectroscopy have, f o r  t h e  most p a r t ,  been unsuccessfu l ,  
2.p. ! desp i t e  t h e  acknowledged impbrtance of t h e  5f e l e c t r o n s  i n  d e t e r -  

. :::: mining t h e  magnetic behavior .  13 systems such a s  U A I 2 ,  USn3 and 
: . a , .  ;UN ,a broad response  func t ion ,  S(Q,w), reminiscent  of t h a t  found i n  
.:!j.. : in te rmedia te  v a l e n t  compounds, e x i s t s .  Neutron i n e l a s t i c  s c a t t e r -  
..... 
,;.' ,ing experiments on s i n g l e  c r y s t a l s  have shown t h e  smal l  i n f luence  ... 
;I?_ :. of t h e  c r y s t a l  f i e l d .  Ins tead  w e  f i n d  an  unusual+response func t ion  
, ,':- -dominated by t h e  l o n g i t u d i n a l  s u s c e p t i b i l i t y  x z Z  (Q, w) .shch . t h a t  
. . 

. . . :'_. t r a n s v e r s e  e x c i t a t i o n s  -- convent iona l  s p i n  waves -- do no t  e x i s t  . . 

..'!:. . a t  low ene rg ie s .  A s  y e t  a d e t a i l e d  ' t h e o r e t i c a l  i n t e r p r e t a t i o n  of 
.. ,., 
' '. t h e  measurements does no t  e x i s t .  Indeed, t h e  sma l l ,  a l though no t  
... ,/i 
;.- n e c e s s a r i l y  n e g l i g i b l e ,  r o l e  of t h e  c r y s t a l  f i e l d  p r e s e n t s  concep- 

. '! t u a l  d i f f i c u l t i e s  i f  we a n t  i c i p i t e  behavior analogous t o  t h a t  
. . - . -  . found i n  many l an than ide  4f systems. Some a l t e r n a t e  approaches ' , . 

?. ' w i l l  be  d i scussed .  > .  ,. . . . . .  
. . . . . . .  
' .  . ._ I , . ,  , . . 
! 1 .  
- t  . 
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INTRODUCTION 

The advent  t e n  y e a r s  ago of neu t ron  spec t roscopy  t o  i d e n t i f y  .. 

' ' exc i t ed  c r y s t a l - f i e l d  ( c f )  s t a t e s  i n  l a n t h a n i d e  t ype  m a t e r i a l s  has  
.. g r e a t l y  added t o  our  unders tanding  of t h e  microscopic  i n t e r a c t i o n s  . 
..,, . 
,. ' i n  t h e s e  compounds.l, For example, once t h e  cf scheme is  known, 

. .  one can c a l c u l a t e  t h e  magnet iza t ion  a t  any f i e l d  and t e m  e r a t u r e ,  
. compare w i t h  experiment,  and t h u s  d e r i v e  exchange t e r m s  .' I f  t h e  . 

a m a t e r i a l  o r d e r s  then  ' t h e  easy  a x i s ,  d e t a i l s  of t h e  spin-wave spec- ' : .  

trum, and v a l u e  of t h e  orde.red moment a l l  depend on t h e  cf t e r m s .  4  

Indeed, t h e  ve ry  presence  o r  absence of magnetic o r d e r  may depend 
on whether o r  n o t  a  s i n g l e t  i s  t h e  ground s t a t e . 5  Desp i t e  t h e  
d i f f i c u l t y  of c a l c u l a t i n g  t h e  cf p o t e n t i a l  from f i r s t  p r i n c i p l e s ,  
i t s  measurement r e p r e s e n t s  a  neces sa ry  s t e p  forward i n  d e s c r i b i n g  

. a  m a t e r i a l .  I n  t h i s  r e s p e c t ,  one may say  it is  a s  necessary  a s  
- knowing t h e  l a t t i c e  parameter .  I n  t h e  s tudy  of a c t i n i d e  compounds' 

. . t h e  f i r s t  s t e p  t h e r e f o r e  was t o  de te rmine  t h e  cf s t a t e s .  
i _ . .  . . . .  
, . .  
. . .  Ear 1 y  Experiment s and Expect a t  i o n s  I . .  
t .  

The f i r s t  experiments  w i t h  neu t ron  spec t roscopy  w e r e  t h o s e  ' , 

I of wedgwood6 on UX (X = C, N ,  P, S, and Se) and Lander et  a 1  .7 on 
USn3. Both a t t e m p t s  f a i l e d  t o  see any d i s c r e t e  cf l e v e l s .  

Before proceeding f u r t h e r  a long  t h i s  exper imenta l  l i n e ,  l e t  
u s  r e t u r n  t o  t h e  s imple  ques t i on  of whether o r  no t  we expec t  t o  , . 

observe t r a n s i t i o n s  between c f  s t a t e s  i n  a c t i n i d e  m a t e r i a l s  w i th  . ' 
, .  . 

I : ! - .  . 
. . .  

*Work supported .by t h e  U .  S. Department of Energy. . . .  - . . . . . . .  
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neut ron  i n e l a s t i c  spec t roscopy .  W e  may f i r s t  look  a t  i n v e s t i g a -  
t i o n s  of i o n i c  s o l i d s  w i th  o p t i c a l  t echniques .  Here t h e  answer i s  
c l e a r ,  cf s t a t e s  a r e  w e l l  d e f ined ,  a s  w e  would expec t  from t h e  
h igh ly  c o r r e l a t e d  f n a t u r e  of t h e  o u t e r  e l e ~ t r o n s , ~  and t h e  o v e r a l l  
energy is  roughly a  f a c t o r  of 2  t o  5  g r e a t e r  t han  i n  t h e  4f ~ e r i e s . ~  
I f  w e  now t u r n  t o  t h e  m e t a l l i c  compounds, t h e  f i r s t  s t udy  t o  d i s c u s s  
cf s t a t e s  was by Grunzweig-Genossar e t  a1.lO They cons idered  t h e  
UX compounds and concluded t h a t  t h e  s t a b l e  c o n f i g u r a t i o n  i s  5f2 wi th  
a  r l  s i n g l e t  ground s t a t e .  The o r d e r i n g  then  deve lops  through a  
s t rong  exchange mixing. Such a  model should be immediately v e r i f i -  
a b l e  by neut ron  spec t roscopy ,  e s p e c i a l l y  on compounds d i l u t e d  w i t h  
thorium t o  weaken t h e  exchange i n t e r a c t i o n s .  I n  1974 Chan and ~ a m l l  
developed a  more complete theory  i nc lud ing  t h e  e f f e c t s  of J mixing, 
but  t h i s  s t i l l  assumes wel l -def ined c f  l e v e l s .  Unless  t h e  e n e r g i e s  
between t h e  ground and e x c i t e d  s t a t e s  a r e  always g r e a t e r  t han  %12 
THz (- 50 meV = 400 cm-I = 576 K) c f  l e v e l s  should be  observable  
w i th  neut ron  spec t roscopy .  For example, by f i t t i n g  high-temperature  
s u s c e p t i b i l i t y  d a t a  Tr c  and ~ a m ' ~  proposed t h a t  UAs  had a  
f i g u r a t i o n  w i t h  a  r g ( l Y  ground s t a t e  and e x c i t e d  r6  and r g  
a t  1.44 and 52.5 THz, r e s p e c t i v e l y .  The f i r s t  t r a n s i t i o n  r g ( l )  - r C  
i s  exac t ly  i n  t h e  r i g h t  r eg ion  f o r  neu t ron  spec t roscopy  and evidence 
f o r  such a  t r a n s i t i o n  was r epo r t ed  by F u r r e r  and ~ u r a s i k l ~  us ing  a  
p o l y c r y s t a l l i n e  sample, bu t  our  r e c e n t  experiments  on s i n g l e  c r y s t a l s  
show t h i s  t o  be  a wrong a n a l y s i s  of t h e  d a t a .  

." 
i;: _ _  __  / Qui te  c l e a r l y  t h e  s u b j e c t  i s  confused.  Our i n i t i a l  (5 y e a r s  ...: 
. ago) expec t a t i on  was t h a t  i n  most m e t a l l i c  systems w e  would f i n d  c f  

.' l e v e l s  w i t h  neu t ron  s p e  t roscopy .  Now we f i n d  them h a r d l y  a t  a l l ,  
.: and t h e  review I wrote1' i n  1976 marks t h e  p o i n t  a t  which our n a i v e  . . . 

' expec ta t ion  gave way t o  r e a l i t y .  S ince  t h a t  time a  number of impor- 
:. . t a n t  developl~lents have alcen p l ace .  F i r s t ,  cf l e v e l s  have been seen 

i n  t h e  U-Pd system,15,.16 t hus  d i s s p e l l i n g  t h e  myth t h a t  they never  
. :  can be  seen i n  m e t a l l i c  systems. Second, experiments  on 4f systems 

wi th  i n t e r m e d i a t e . v a l e n c e  have shown t h a t  t h e  neu t ron  spectrum con- 
. sists 0.f a  broad Loren tz i an  response ,  t h e  energy wid th  of t h i s  re- 
.. 'sponse being almost  independent of t empera ture .  I n  such  systems c f  

, t r a n s i t i o n s  a r e  r a r e l y  seen .  Thi rd ,  experiments  on s i n g l e  c r y s t a l s  
of UX (X = N ,  A s ,  Sb, S, and Te) have shown t h a t . t h e  n a t u r e  of t h e  

. response f u n c t i o n  i n  t h e s e  compounds, which a l l  o r d e r  a t  r e l a t i v e l y  
high tempera tures  (50-250 K), i s  much more complex than  i n  t h e  
analogous l a n t h a n i d e  systems. 

! .  . 
Neutron Cross Sec t ion  

To p repa re  t h e  d i s c u s s i o n  f o r  bo th  ordered  and nonordcred 
. . system we need t o  cons ide r  t h e  fundamental exp re s s ions  f o r  t h e  

. ' thermal neu t ron  c r o s s  s e c t i o n ,  which can be w r i t t e n , 1 7  
.. ! 
I j 

I ' :  
. - .  . . . . . . .  ... i I 

,' ! . 
. ! . . .  . . . . . . .  . . . .  : 

. . . . . . .  . . . . . .  ..I 
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W e  have w r i t t e n  down t h e  f u l l  express ion  [Eq. (8.26) i n  Ref. 181 so  
as  t o  make some important  p o i n t s .  

( i )  Thz s e c t i o n  { 1 c o n t a i n s  c o n s t a n t s ,  t h e  magnetic form f a c t o r  
f (Q) ,  and t h e  Debye-Wa.ller f a c t o r .  We have assumed t h a t  t h e  
s p a t i a l  p a r t  of t h e  wavefunc$ion i s  f a c t o r i z a b l e  from t h e  s p i n  
ope ra to r  g a ( t )  so t h a t  t h e  IQ I dependence appears  i n  t h i s  

F secti.crn on y .  , . . 

. . 
( i i )  The term (6aB - aaGB) reminds u s  t h a t  magnetic s c a t t e r i n g  

. t a k e s - p l a c e  between components p e r p e n d i c u l a r . t o  t h e  momentum 
t r a n s f e r .  This  w i l l  b e  important  l a t e r  i n  ordered  systems, .  
a l though i n  paramagnets's s imple  average  v a l u e  of 2 / 3  e n t e r s  
i n t o  t h e  express ion .  

( i i i )  The t i m e - i n t e g r a l  o f . t h e  s p i n  c o r r e l a t i o n  f u n c t i o n  e n t e r s  
d i r e c t l y  i n t o  t h e  c r o s s  s e c t i o n .  

Two o t h e r  forms of t h e  c r o s s  s e c t i o n  a r e  a l s o  of importance 

d2a . - =  
d Rdw I x s<d,w) 

where 

and: through t h e  Kramers-Kronig r e l a t i o n s h i p  

1mx (6,  w) = x ( 6 ) ~  (?,a) 

where t h e  f l u c t u a t i o n  spectrum i s  de f ined  by 



. . . . .  
. I f+ the  s p i n  dynamscs a r e  pu re ly  r e l a x a t i o n a l ,  i .e . ,  . . .  

, F(Q,t)  % exp (-T(Q) x t )  then  . . .  

The expe3imental i n t e n s i t y  i s  t h e r e f o r e  p r o p o r t i o n a l  t o  t h e  
oduct of S(Q,w) and a  f u n c t i o n  tha t+ t akes  o u t  t h e  dependence on P:I . We may immediately e x t r a c t  I m x  (Q,w) , Cia  Eq. (3) .  Spin waves . . 

: (or  s r y s t a l - f i c l d  exc i tons )  correspond to peaks i n  t h e  f u n c t i o n  . . 
ImxJQ,w), which can be  expressed. a s  a  d e l t a  f u n c t i o n  i n  one o r  both 

: of Q and w .  This  t rea tment  i s  n o t  p a r t i c u l a r l y  u s e f u l  i n  e x t r a c t i n g  
t h e  phys ics  from a spin-wave spec t rum.of  something such a s  MnF2, but  

. , f o r  more complex s i t u a t i o n s  Eq. ( 3 )  i s  a  u s e f u l  form.18 Fo5 para- '  . . 
magnetic systems w e  can u s e  Eqs. (4) and ( 5 ) .  t o  s e e  t h a t  S(Q,w) i s  
given by an  o v e r a l l  s c a l e  f a c t o r  x(Q) and a  Lorentz ian  energy d$i- 

- . t r i b u t i o n ,  which has  a  fu l l -w id th  a t  ha l f  maximum (FWHM) of 2r(Q).  

Non-ordered Svstems 

Although exper iments  on Uo 5Th0. 85Se and o t h e r  d i i u t e d  U ' . 

. , systems have been performed,14 no c a r e f u l  d a t a  a n a l y s i s  ha s  been 
presented o t h e r  t han  t h e  s ta tement  t h a t  sha rp  c f  t r a n s i t i o n s  do 

. . not  e x i s t .  The same i s  t r u e  f o r  a  ve ry  r a p i d .  experiment performed 
. . some yea r s  ago a t  Brookhaven Nat iona l  Laboratory by S. Shapiro and 

.* 

myself on Npo.02Yo. . W e  do,  however, have r e s u l t s  on UA12 by 
Loewenharlpt e t  a l . , ? $  who a l s o  p r e s e n t  q u a l i t a t i v e  r e s u l t s  on USna 

. i n  t h e  same paper .  . . .  

. . Fig. 1. (a )  Energy l o s s  s p e c t r a  of UA12 and LaA12 a t  5 K. So l id  . . 

. . l i n e  r e p r e s e n t s  f i t  f o r  U A 1 2 ,  dashed l i n e  f o r  LaA12. 
Dashed d o t t e d  l i n e  shows q u a s i e l a s t i c  m a g n e t i c . c o n t r i b u t i o n  
d i s t o r t e d  by d e t a i l  ba lance  f a c t o r  [n(w) + 1 1 .  (b)  Tempera-' 
t u r e  dependence of h a l f - l i n e  wid th  (4.13 m e V  = 1 THz) i n  

. . .  
UA12 .  (From ~ o e w e n h a u ~ t  e t  a l . ,  Ref. 17)  . . . . . . . .  . . .  - . . . . .  . .  . . . . . . . . . . . . . .  - -, . 

i 
, . 



Figure  1 shows t h e  energy l o s s  s p e c t r a  ( i n c i d e n t  energy 51.4 
meV = 12.4 THz) f o r  UA12 and LaA12 a t  5 K.  I n  a d d i t i o n  t o  t h e  
e l a s t i c  l i n e  a r i s i n g  from incoheren t  nuc l ea r  s c a t t e r i n g ,  two i n e l a s -  
t i c  phonon l i n e s  a r e  observed.  The most important  f e a t u r e  i s  t h a t  
f o r  UA12 a d d i t i o n a l  s c a t t e r i n g  appears  spread over  a  wide energy 
range.  Th i s  a d d i t i o n a l  s c a t t e r i n g  i s  w e l l  g e s c r i b e d  by Eqs. (2) - 
(5) where t h e  s t a t i c  bu lk  s u s c e p t i b i l i t y  x(Q= 0)  i s  an o v e r a l l  (T 
dependent) s c a l e  f a c t o r  and t h e  energy dependence is  g iven  by a  
Lorentz ian .  The v a r i a t i o n  of t h e  ha l f  width i s  shown26n Fig .  l ( b ) .  
Such a g e n e r a l  magnetic s c a t t e r i n g  f u n c t i o n  was found f o r  t h e  
i n t e rmed ia t e  v a l e n t  system CePd3, and has  been found f o r  o t h e r  non- 
s t a b l e  4f con f igu ra t i ons ,18  and f o r c e s  u s  a t  l e a s t  t o  cons ider  t h a t  
many m e t a l l i c  uranium compounds should b e s t  be  cons idered  i n  terms 
of i n t e rmed ia t e  va l ence  theory .  

Ordered Systems 

S t u d i e s  of o rdered  systems began w i t h  wedgrood6 who noted t h a t  
t h e  magnetic s c a t t e r i n g  appeared over  a  wide energy range  and was 
approximately r e p r e s e n t e d  by a  gaussfan  cen t e r ed  a t  w = 0 .  These . 

experiments w e r e  performed i n  t h e  paramagnetic s t a t e ,  where most 
m a t e r i a l s  show i n e l a s t i c  c o n t r i b u t i o n s  around q = O,..b.ut t h e  ha l f  
widths  a r e  seldom more than  0.5 THZ,*O whereas f o r  t h e  UX m a t e r i a l s  
t h e  ha l f  wid ths  w e r e . c l e a r l y  of t h e  o r d e r  of 3  - 5 THz. 

<:, 3 i ( i )  Measurements on UN 
0 

Uranium n i t r i d e  (NaC1 s t r u c t u r e ,  a, = 4.89 A) o r d e r s  a n t i f e r r o -  
magnet ica l ly  w i t h  t h e  s imple  t ype  I s t r u c t u r e  a t  53 K.  The ordered 
moment i s  0.75 p~ a t  O K .  The neu t ron  i n e l a s t i c  s c a t t e r i n  cxpcr i -  
ment f a i l e d  t o  f i n d  any ev idence  f o r  d i s c r e t e  e x c i t a t i o n s .  'I In- 
s t e a d ,  i n  t h e  ordered  phase t h e  magnetic response  a t  t h e  (110) re- 
c i p r o c a l  l a t t i c e  p o i n t ,  which i s  t h e  magnetic zone c e n t e r ,  is  a  
broad (FWHM = 5 + 1THz) d i s t r i b u t i o n  peaked a t  ~4  THz. One may 
t h i n k  of t h i s  as-a s t r o n g l y  overdamped s p i n  wave w i t h  ve ry  s t e e p  
d i s p e r s i o n .  Two important  p o i n t s ,  which w i l l  r e c u r  i n  o t h e r  in-  
v e s t i g a t i o n s ,  i s  t h a t  (a )  t h e  response  f u n c t i o n  i s  prjmar i l y  l ong i -  
t u d i n a l  i n  n a t u r e  and (b) t h e  an i so t ropy  gap a t  t h e  X p o i n t  [I101 
i s  c l o s e  t o  t h a t  def ined  by t h e  phonon branches.  To understand 
(a)  w e  must r e f e r  back t o  t h e  o r i e n t a t i o n a l  f a c t o r  i n  Eqs. (1) and 
(3 ) .  I n  t h e  t ype  I s t r u c t u r e  t h e  domain symmetry i s  such  t h a t  t h e  
s c a t t e r i n g  around [I101 and [001] come from a  s i n g l e  domain, t h a t  
w i th  p 1b0011. W e  may then  s e p a r a t e  ou t22  t h e  response  i n t o  t r ans -  

X v e r s e  x (or  xYY) and l o n g i t u d i n a l  components x Z Z .  

Fu r the r  a n a l y s i s  and experiments  a r e  now i n  p rog re s s .  Of par-  
t i c u l a r  i n t e r e s t  w i l l  be how t h e  high-temperature  broad res onse 31 

. . func t ion ,  s een  by both  wedgwood6 and t h e  Chalk River  Group, 
. . 

changes on coo l ing  through TN. Another ques t i on  i s  whether a  . .  . :  
' n  . .  . . . . . 3 - . ... . . . , 



Lorer l tz ian d i s t r i b u t i o n  of magne t ic  s c a t t e r i n g  e x i s t s  even i n  t h e  
: ,  ordered  phase .  

(ii) Measurements on U A s  
, . 0 

Uranium a r s e n i d e  (NaC1 s t r u c t u r e ,  a, = 5.78 A) o r d e r s  w i t h  t y p e  
. I a n t i f e r r o m a g n e t i s m  a t  127 K ,  b u t  h a s  a f i r s t  o r d e r  t r a n s i t i o n  t o  

. . 
t h e  t y p e  I A  s t r u c t u r e 2 3  a t  63 K. The o r d e r e d  moment i s  2.2 ug a t  

. 5 K. Neutron i n e l a s t i c  s c a t t e r i n g  exper iments  have o n l y  j u s t  been 
comple ted ,24  s o  t h a t  t h e  r e s u l t s  are v e r y  p r e l i m i n a r y .  N e v e r t h e l e s s ,  
some s i m p l e  s t a t e m e n t s  a r e  p o s s i b l e .  F i r s t ,  nd c o l l e c t i v e  e x c i t a -  
t i o n  h a s  been observed  i n  t h e  o r d e r e d  sta$e. Second, t h e  s c a t t e r i n g  

, .  may b e  c h a r a c t e r i z e d  by a ,  s c a l e  f a c t o r  x ( Q ) ' a n d  a  L o r e n t z i a n  energy 
.. spectrum c e n t e r e d  a b o u t  w = 0  i n  t h e  o r d e r e d  s t a t e .  

. . 
. . . . .  ENERGY (THz) .. __..( 

. . 
0 

Fig .  2. Exper imenta l  s c a n s  (kf = 3 . 6  A - ~ )  from a s i n g l e  c r y s t a l  of 
UAs a t  d i f f e r e n t  t e m p e r a t u r e s .  The phonon c o n t r i b u t i o n  

I (shown f o r  T  = 8 0  K) is  o b t a i n e d  from t h e  Q~ dependence 
of t h e  s c a t t e r i n g .  The l i n e s  r e p r e s e n t  t h e  v a r i a t i o n  i n  . "  

s c a t t e r i n g  expec ted  i f  ~ ( 1 1 0 )  = 700 and r ( 1 1 0 )  = 1.1 THz. 
The change i n  shape  i s  s imply  a  f e a t u r e  of t h e  the rmal  
p o p u l a t i o n  and d e t a i l  b a l a n c e  f a c t o r .  We have n o t  sub- 
t r a c t e d  t h e  t a i l  of t h e  i n c o h e r e n t  s c a t t e r i n g ,  hence t h e  ' 

I u p t u r n  i n  e x p e r i m e n t a l  i n t e n s i t y  f 0 r . w  < 1 THz and T  = 
' ! 1 0  K i s  n o t  s i g n i f i c a n t .  
- 8 . -  . .  . :  . . - . .  . . . . . . .  . . . . . . . . .  



. . . . 
We show i n  Fig.  2 s c a t t e r i n g  from UAs.  To f i t  t h e  d a t a  w e  have 

separa ted  t h e  nuc l ea r  and magnetic p a r t s  by t h e  Q dependence ( for ,  
,example, a t  each temperature  s cans  werc 'donc a t  bo th  t h e  [I101 
.[330] zone c e n t e r s )  and then  uszd t h e  express ion  de r ived  from Eqs. 
3  - 5 S imi l a r  cu rves  f o r  Q = [001] a r e  shown i n  F ig .  3 .  

Without going i n t o  g r e a t  l e n g t h ,  we can n o t e  t h e  fo l lowing:  

(a )  The magnetic s c a t t e r i n g  i s  v e r y  s t rong .  The incohe ren t  phonon ' 
c o n t r i b u t i o n  i s  smal l  (<20%),  a s  a l s o  i s  t h e  i n s t rumen ta l  background 

. . .  
of ~ 4 0  coun t3  on t h i s  sca l ,e ,  and whic; ha s  n o t  y e t  been s u b t r a c t e d .  

. ' (b) S ince  x(Q = [0011) = 2 xXX and x ( Q  = [ l o o ] )  = xXX + x Z Z ,  then 
we can roughly deduce t h a t  xZZ % 2% xXX. 

, ( c l A b o v e T N  (= 1 2 7 K )  t h e  s p e c t r a l n o t  shown) i n d i c a t e a d r o p  i n .  . 

" x(Q) bu t  r a t h e r  l i t t l e  change i n  r (Q) .  Th i s  i s  e x a c t l y  what i s  ex- 
pected i f  w e  b e l i e v e  t h e  response  f u n c t i o n  i s  a  measure of t h e  f l u c -  
t u a t  ion t i m e ,  and .  t he re f  ~ r e ~ i n s e n s i t i v e  t o  o rde r ing ,  whereas t h e  

- s taggered  s u s c e p t i b i l i t y  x(Q) must be  g r e a t e r  i n  t h e  ordered  s t a t e .  
(d) I n  t h e  [I101 scans  t h e  c o l l e . c t i v e  e x c i t a t i o n  p o s s i b l y  begins  

' 

t o  'coalescg a t  Q2.1 THz ( t h i s  sma l l  peak has  been a l s o  seen  wi th  
kf = 3.36 A-l) bu t  l ine-broadening e f f e c t s  p revent  i t s  obse rva t ion  
away from t h i s  p o i n t .  

. . ,  

UAs (0011 

1500 

0 '1 

ENERGY (THzI . ,  

0 

Fig.  3. Experimental s cans  (kf = 3 . 6  A-l )  and p re l imina ry  f i t s  a t  
t h e  [001] p o i n t  i n  U A s .  The s o l i d  curves  a r e  a s  i n  F ig .  2  

* .  . , except  t h a t  x (001) = 400 and r (001) = 1 . 6  THz. The phonon ' 

. . 
. . f u n c t i o n ,  a g a i n  shown f o r  T  = 80 K,  is  t h e  same a s  i n  

. . .  
Fig .  2 .  .- : .' ! . . . . . . . . . . . . . . . . . .  ... .- . .- 



Fig.  4. The d i s p e r s i o n  
cu rves  f o r  USb; energy 
p l o t t e d  a  a i n s t  wave-vector 
t r a n s f e r  8 ( i n  u n i t s  of . . 
27r/a). The dashed l i n e s  . ' , 

r e p r e s e n t  t h e  phonons. The 
magnetic modes a r e  r ep re sen t ed  
by s o l i d  squa re s  ( t h e  
c o l l e c t i v e  e x c i t a t i o n )  and 
t h e .  hatched a r e a  ( e x c i t o n i c  

. . 
l e v e l ) .  

- . ( i i i )  Measurements on USb . -. 

0 

. . Uranium ant imonide (NaC1 s t r u c t u r e ,  a  = 6.20 A) o r d e r s  w i t h  

t h e  type  I s t r u c t u r e  a t  240 K.  The o rde re8  moment is  2.8 p~ a t  
. . 

. 0  K.  I n  c o n t r a s t  t o  t h e  r a t h e r  f e a t u r e l e s s  s p e c t r a  d i s cus sed  above 
f o r  UN and U A s ,  t h e  , e x c i t a t i o n  s p e c t r a  f o r  USb has  a  number of most 
, i n t r i g u i n g  f e a t u r e s  . 25 

The d i s p e r s i o n  curves  a r e  shown i n  Fig.  4.  The most important  
. p o i n t  of t h e  USb experiment concerns t h e  obse rva t ion  of a  longi tud-  

i n a l l y  po l a r i zed  magnetic e x c i t a t i o n ,  cen t e r ed  a t  t h e  X-point, w i t h  
s t e e p l y  r i s i n g  branches.  A s  t h e  tempera ture  i s  r a i s e d  t h e  i n t en -  
s i t y  of t h i s  c o l l e c t i v e  mode d e c r e a s e s  so  t h a t  by 'TN/2 i t  .is unob- 
s e rvab le .  Second, w e  s e e  a  d i s p e r s i o n l e s s  e x c i t o n  (cf l e v e l )  a t  
%6% THz. Thi rd ,  w e  observe  a  broad response  f u n c t i o n  which i s  
cen te red  on ze ro  energy and (exper imenta l ly )  appears  t o  i n c r e a s e  

. . . . .  = i n  i n t e n s i t y  a s  t h e  tempera ture  i s  r a i s e d .  
. . . . . . . . .  . . . . . .  ..... . . 



. . . . . . . . 
. . ,  T,et 11s examine t h e s e  i l l  Llle c o n t e x t  of t h e  UN and UAS exper i -  . . 

ments. The broad response  f u n c t i o n  i s  c l e a r l y  similar t o  t h a t  
shown, i n  F igs .  2  and 3 and exper imenta l ly  i n  USb w e  a l s o  f i n d  a  . . 

.. much s t r o n g e r  s i g n a l  a t  [110] than [OOl] . Thc cf l e v e l  i n  USb a t  
. . THz i s  i n  e x c e l l l g t  agreement w i t h  p r e d i c t i o n s  based on form- 

' f a c t o r  measurements, so  t h a t  t h i s  can be  reasonably  ass igned  . t o  
: a  t r a n s i t i o n  between s t a t e s  of d i f f e r e n t  symmetry. I f  t h e  s p l i t t i n g  

AE i s  p r o p o r t i o n a l  t o  a,-', a s  expected from cf c o n s i d e r a t i o n s , ,  then 
AE % 9 THZ i n  U A s  and % 21 THz i n  UN. Both v a l u e s  a r e  r a t h e r  l a r g e .  

. . f o r  neu t ron  spec t roscopy  and might w e l l  b e  missed,  e s p e c i a l l y  a s  

. . t h e  ma t r ix  e lement  i n  USb i s  smal l .  F i n a l l y ,  we come t o  t h e  c o l l e c -  
. t i v e  l o n g i t u d i n a l  mode. Where has  t h i s  gone i n  UN and UAs? We . . 

cannot ,  of course ,  answer t h i s  q u e s t i o n  unambiguously. It seems 
- highly  probably though t h a t  t h e  response  i s  s t r o n g l y  overdamped i n  

UN and U A s ,  b u t  would l i k e  t o  appear  a t  approximately t h e  a c o u s t i c  
phonon X-point f requency ,  which i s  what happens i n  USb ( s e e  F ig .  4 ) .  
The most p l a u s i b l e  sugges t ion  i s  t h a t  t h e  s t r o n g  i n d i r e c t  5f-5f 
i n t e r a c t i o n  through t h e  an ions  and/or  conduct ion e l e c t r o n s  l e a d s  
t o  suppress ion  of t h e  l o n g i t u d i n a l  f l u c t u a t i o n .  W e  might expect  
t h i s  t o  be  a  f u n c t i o n  of l a t t i c e  parameter ,  and i t s  absence i n  t hose  

. .  m a t e r i a l s  w i t h  small. U s epa ra t i on  i 3  a t  leasi l  c o n s i s t e n t  w i th  t h i s .  
view. . . 

.( CONCLUSIONS . . . . 
.. 

. . 
. I  - .  

. . We have d i scus sed  a t  some l e n g t h  t h e  neut ron  c r o s s  s e c t i o n  t o  . . 
draw a t t e n t i o n  t o  t h e  f a c t  t h a t  more t han  j u s t  cf l e v e l s  can  be 
seen w i t h  neut ron  spectroscopy.  P rog re s s  s ince . .  197614 h a s  been 

: . s u b s t a n t i a l  -- a t  l e a s t  from an  exper imenta l  view, bu t  i t  i s  'a'lso 
- c l e a r  t h a t  w e  have a  long way t o  go b e f o r e  we can  c l a i m . a n  under- 

s tanding .  We have shown t h a t  t h e  broad magnetj-c r e sponse  f u n c t i o n  
seen i n  i n t e rmed ia t e  v a l e n c e  4f compounds is  a l s o  p r e s e n t  i n  many 

-' . U compounds, independent of whether they order '  o r  n o t .  I n  one 
m a t e r i a l ,  USb, . a n  unusua l  l o n g i t u d i n a l  e x c i t a t i o n  has  been observed. 
This  corresponds t o  a  c o r r e l a t e d  f l u c t u a t i o n  i n  t h e  magnitude of 

- .<Jz>, and one might t h e r e f o r e  s p e c u l a t e  t h a t  i t  i s  a  c o l l e c t i v e  
. valence  f l u c t u a t i o n ,  a l though such a  h igh ly  p rovoca t ive  s ta tement  

. . i s  n o t  y e t  supported by q u a n t i t a t i v e  theory .  The convent iona l  
spin-wave ( t r a n s v e r s e )  response  i n ' t h e s e  m a t e r i a l s  i s  c l e a r l y  a t  . '  

. very  h igh  e n e r g i e s ,  a s  a  consequence of t h e  u n i a x i a l  an i so t ropy ,  2  2 

and has  no t  been seen  w i t h  neu'tron experiments .  The i n a b i l i t y  of 
t h e  neut rons  t o  s e e  t h e  l o n g i t u d i n a l  mode i n  UN and U A s  i s  probably . 

because of l i f e t i m e  broadening'  e f f e c t s ,  a r i s i n g  from i n t e r a c t i o n  
wi th  t h e  conduct ion  e l e c t r o n s ,  o r  a  widening of t h e  5f band width 
i f  we choose t o  cons ider  a  band s t r u c t u r e  approach. 

. . 

I n  t h i s  paper I have suggested t h a t  t h e  d i f f i c u l t i e s  and 
, cha l lenge  of neu t ron  spec t roscopy  i n  U compounds.is because many . . 

.'. of them show c h a r a c t e r i s t i c s  of i n t e rmed ia t e  va l ence .  S ince  t h e  
.. . . ., ... 



two ground s t a t e s ,  5f2 and 5f3,  may b o t h  s u p p o r t  magne t ic  o r d e r i n g ,  
t h e s e  sys tems  may w e l l  t u r n  o u t  t o  b e  as  i n t e r e s t i n g  as  TmSe, a 
compound of much c u r r e n t  i n t e r e s t .  The next few y e a r s  w i l l  show 
t u  what e x t e n t  t h e s e  s u g g e s t i o n s  are  v a l i d .  
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