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An unusual l i n e a r  dependence of t h e  nuc lear  r e l a x a t i o n  
rate upon the  magnetic f i e l d  is  observed i n  t h e  in- 
commensurate l i n e a r  cha in  compound Hg3-RAsF6. It is 
shown t h a t  t h e  unique two-dimensional c aracter of t he  
conduction e l ec t rons  motion i n  t h i s  metal enhances 
the  r e l axa t ion  rate i n  s t rong  magnetic f i e l d s .  The 
incommensurate la t t ice  s t r u c t u r e  g ives  rise to  very  
h igh  cyc lo t ron  frequency i n  these  f i e l d s  and makes it 
poss ib l e  t o  observe the  enhancement. 

INTRODUCTION 

Nuclear sp in  l a t t i ce  r e l axa t ion  s t u d i e s  have proved t o  be a 
very use fu l  t o o l  f o r  i nves t iga t ing  t!ie low frequency elec- 
t r o n  s i n  dynamics i n  low dimensional ( 1 D  o r  2D) conduc- 
t o r .  '" The LrequeEfy dependence of t h e  nuc lear  s p i n  
r e l axa t ion  rate (T 
a l i t y ;  namely, i n  ID T~ a oe -' and i n  2D T aLnw -' where 
w i s  the  e l e c t r o n  s p i n  Larmor frequency. 
ferequency dependencies arise from t h e  long time behavior of 
d i f fus ion  processes  i n  1 D  and 2D. Thus, the  above charac- 
terist ics are r e a l i z e d  i n  conductors where t h e  e l e c t r o n  

) if char  c ter is t ic  of t e dime sion- -P 
he typ'fcal 
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motion is governed by d i f fus ion  processes. 
underwhich the  e l ec t ron ic  s u s c e p t i b i l i t y  x(q,w) behaves 
diffusively are WT << qR << 1 where R and T are the  mean 
free path and the momentum relaxat ion t i m e ,  respect ively.  
Indeed, f o r  almost a l l  of the low dimensional conductors 
investigated so far, W ~ T  << 1 and thus the re  is  a f i n i t e  
range of !mall q values f o r  which x(q,we) is diffusive.  
Since T - is  d i r e c t l y  r e l a t ed  t o  ImX(q,we) and the  low q 
values are important especial ly  i n  1 D  and a l s o  i n  2D, t he  
dimensionality of the system is re f l ec t ed  through the 
nuclear re laxat ion measurements. On the  o the r  hand, f o r  
good metals f o r  which w T is not much smaller than I, there  
is no range of small q-$alues f o r  which X(q,we) behaves 
diffusively.  A s  a r e s u l t ,  the diffusion process is not 
e f f ec t ive  and the nuclear re laxat ion probes the "coherent" 
non-diffusive suscep t ib i l i t y .  Here we deal with the case 
of 2D metals f o r  which u ~ T - . ~  and show tha t  the planar 
cyclotron motion of the conduction e l ec t rons  i n  high mag- 
n e t i c  f i e l d s  g€vec rise t o  an enhancement of the suscepti-  
b i l i t y  (and T;') which v a r i e s  l i n e a r l y  with the magnetic 
f i e l d .  

The l i n e a r  chain incommensurate mercury compound 
Hg3-6ASF is  a unique low dimensional metal. Its s t r u c t u r e  
of interpenetrat ing perpendicular sets of r e l a t i v e l y  weakly 
coupled l i n e a r  mercury cha ns r e s u l t s  i n  an unusual two- 
dimensional Fermi s r f ace  , i 9 5  de Haas-vanAlphen5 s 6  and 
m a g n e t o r e ~ i s t a n c e ~  9' s tud ie s  showe8 t h a t  i n  t h i s  metal 
W ~ T  > 1 i n  relatively small external  f i e l d  (wc is the -1 
cyclotron frequency). 
observed in  Hg -6AsF6 can be accounted f o r  by the mechanism 
mentioned abov2. 
s t ruc tu re  of t h i s  material plays a c r u c i a l  r o l e  i n  the 
observation of t h i s  e f f e c t .  

E. EHRENFREUND, A. RON and M. WEGER 

The condikions 

1 

6 

We show t h a t  t h e  enhancement of 'I 

We fur the r  show t h a t  t he  incommensurate 

SPIN CORRELATION FUNCTION IN A MAGNETIC FIELD 

The nuclear spin relaxat ion rate i s  given by the Fourier 
transform o the Jocal spin-spin co r re l a t ion  function 
G(t) = < S (  f ,t)S(R,O) > as 

-1. 2m 2 T1 = a o/ cos w o ~  G(t)dt a J ( w o )  

where a is the electron-nucleus in t e rac t ion  constant ( i n  
frequency uni ts)  and w is the resonant frequency. I n  
metals, the  co r re l a t iox  time f o r  which G(t) has an appre- 
c i ab le  value is usually very sho r t  and is  determined by 
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NEW NUCLEAR SPIN RELAXATION PROCESS IN 2D [1917]/177 

. h / ~ ~  where EF is t h e  Fermi energy (Fig. 1 ) .  

4 

n 

t 
U 

(3 

L 

\ B=O 

FIGURE 1 Temporal behavior of G ( t )  i n  zero m g n e t i c  f i e l d  
(schematic). 

The r e s u l t i n g  r e l axa t ion  rate is given by t h e  w e l l  known 
Korringa r e l a t i o n  and i t  is f i e l d  independent. 

f i e l d  the  e l e c t r o n s  are loca l i zed  on closed cyc lo t ron  
o r b i t s .  (There is no component of t h e  v e l o c i t y  a long  t h e  
f i e l d  d i r ec t ion ) .  Thus t h e  l o c a l  c o r r e l a t i o n  func t ion  G(t)  
def ined above is pe r iod ic  i.n t i m e  wi th  per iod determined 
by the  cyclotron motion. Allowing f o r  f i n i t e  e l e c t r o n i c  
r e l axa t ion  t i m e  T ,  t he  c o r r e l a t i o n  func t ion  G(t) is 

I n  a p lanar  pure metal i n  a perpendicular  magnetic 

n 
t 
Y 

c3 

00 
G(t)  =nEo Go(t - 2~ n/wc) exp (-27Tn/wc~) 

0 2 4 6 

t (units of 27r/uC) 

Figure 2 Temporal behavior of G( t )  i n  s t rong  magnetic 
f i e l d s ,  w c ~ > >  1. 
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1784 19181 E. EHRENFREUND, A. RON and M. WEGER 

where G ( t )  is  the  c o r r e l a t i o n  func t ion  i n  zero  f i e l d .  
G(t) isoshown schematical ly  i n  Fig. 2. 

The kurier t ransform of  eq. (2) gives  the  s p e c t r a l  
func t ion  J(wo) f o r  a 2D metal, 

where Jo(w) i s  the  s p e c t r a l  func t ion  i n  t h e  absence of t h e  
f i e l d .  
t he  usual  zero f i e l d  J (w) ,  and (b)  wken w T >> 1 t h e  SJ& 
s p e c t r a l  func t ion  J(w 7 h a s  a s p e c i a l  f i e18  dependence 
r e s u l t i n g  from t h e  o r g i t a l  motion of t h e  e l ec t rons .  Also, 
the  phase f a c t o r  exp ( i 2 m  /wc) p l ays  a c r u c i a l  r o l e  i n  t h e  
behavior of  J(wo). I n  f a c t ,  only when the  phase f a c t o r  is 
very c l o s e  to u n i t y  the  o r b i t a l  e f f e c t s  could be observed. 

Eq. (3) shows t h a t  (a) when w T < 1 J(w) reduces t o  

Nuclear Spin Relaxation Behavior 

Using eqs. (1)  and (3) t h e  expression f o r  t h e  nuclear  
r e l axa t ion  rate becomes 

1 = 1- exp (-X) cos y (4) T 

1 + exp (-2x1 - 2 exp (-X) cos y 
(T1-lIo 

-1 where y a 21Tw0/wc X = 27r/wc~ and (T1 
metallic nuclear  r e l a x a t i o n  ate.-lFor small phase para- 
meters y << 1, the  r a t i o  T1-'/(T 
1 a t  low f i e l d s  t o  a maximum value  of approximately (2y) 
at  X x y, and then decreases  a t  very  s t r o n g  f i e l d s .  
behavior is shown f o r  y = 1/16 i n  Fig. 3. 

-1 It is seen t h a t  T1 e x h i b i t s  a nea r ly  l i n e a r  i nc rease  with 
the  f i e l d  f o r  1 < wC-r/2.rr < y-'. 

I n  experiments where t h e  e x t e r n a l  magnetic f i e l d  is not  
perpendicular  t o  the  metallic plane t h e  t r a j e c t o r y  of t he  
e l ec t rons  is s t i l l  planar  and it  i s  determined by t h e  com- 
ponent of t h e  f i e l d  perpendicular  t o  t h e  the  plane. 
fore ,  t o  ob ta in  the  - expression f o r  t h e  angular  dependent 
r e l axa t ion  rate, (e), wc i n  eq. (4) is t o  be rep laced  

t o  t6e plane. I n  a a l e  composed of many randomly 
o r i en ted  g ra ins ,  T (8) i s  t o  be averaged over  a l l  poss- 
i b l e  d i r e c t i o n s ,  t hus  

) o  is the  usua l  

) i nc reases  f i r s t  f r o  

This 

1 -Y 

There- 

by w cos 8 where is t h e  angle  between B and the  normal 

-s mP 
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0 

1 -  

n 
c 

I- 
Y 

\ 

I '  
c 

I- 

FIGURE 3 Normalized relaxat ion rate as a function of w , 
f o r  y = 1/16 (see eq. (4)). 
perpendicular t o  the plane. 

Solid l i n e  - pagnetic f ie12 
Broken l i n e  - powder. 

( 5 )  
-1 T,. (powder) = /'I2 T;'(€I) s i n  e d e 

0 
-1 

1 The broken l i n e  i n  Fig. 3 shows the va r i a t ion  of T 
(powder) vs wC. The general behavior ii similar to t h a t  of 
eq.  ( 4 ) ,  although the enhancement of TI 'is less pronounced 

EFFECT OF OUT-OF-PLANE MOTION 

We consider now a material composed of a large number of 
parallel  planes with small, but f i n i t e ,  i n t e rp l ane  in t e r -  
act ion.  There are two main cases t o  discuss:  incoherent 
(or d i f fus ive )  vs coherent interpjane motion. The e f f e c t  
of d i f fus ive  interplane hops is  t o  shorten the  e f f e c t i v e  
e l ec t ron ic  t i m e  T .  Thus i n  eq. (2) l / T  is to  be replaced 
by 1 / ~  + l / ~  where l/T is the c h a r a c t e r i s t i c  hopping 
rate between adjacent plgnes. The e f f e c t  of a coherent 
interplane motion, on the o the r  hand, is t o  chan e the 
phase f ac to r  y i n  eq. (3). Detailed calculation' of t h i s  
e f f e c t  shows t h a t  i n  order t o  account f o r  t he  change i n  
k i n e t i c  energy of the electrons,  y is to be changed t o  

P '  
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750 

500 

250 

Y = 2Tr/Wc(W0 + V / / / C )  

c 
0 

- 
0 

0 - 
0 

- 
00 - 

I I I 

where v is an average v e l o c i t y  perpendicular  t o  t h e  planes 
and c is 'the in t e rp l ane  separa t ion .  

Thus, i n  e i t h e r  t he  coherent o r  incoherent  out-of-plane 
motion i ts  e f f e c t  is t o  des t roy  the  "o rb i t a l "  enhancement 
pred ic ted  for the  nuc lear  r e l axa t ion  rate,  s i n c e  t h e  per i -  
od ic  na ture  of t he  l o c a l  c o r r e l a t i o n  func t ion  G(t)  is l o s t .  

COMPARISON WITH EXPERIMENT 

Mercury sp in  lat t ice re l axa t ion  rates w e r e  measured i n  a 
powder sample of t h e  2D metallic Hg 
of the  magnetic f i e l d  a t  4.2K(Fig. &. 6AsF6, as a func t ion  

n 

0 a 
v) 
\ 
c 

W 

FIGURE 4 Mercury s p i n  r e l a x a t i o n  rate a s  a func t ion  of 
the  f i e l d  i n  Hg3 gAsF 

It is  seen t h a t  t he  rate increases l i n e a r l y  wi th  t h e  f i e l d  
i n  the  range 4 t o  20 kOe. 

The mechanism discussed above p r e d i c t s  such a behavior  
under t h e  following c nd i t ions :  (a) y << 1 

the  Fermi surf ace c o n s i s t s  
square c ross  s e c t i o n  i n  t h e  k -k plane.  The incomensu- 
r a b i l i t y  of t h e  mercury c h a i n x l d t i c e  wi th  t h e  t e t r agona l  
la t t ice  of t h i s  compound imposes s u p e r l a t t i c e  s t r u c t u r e  

powder a t  4.2K. - 6  

(b) 1 < wc'1/2a < y -P and5(c) V /c < wc. I n  Hg AsF6 of s t k i g h t  cyclinders3&h 
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which r e s u l t s  i n  an a b i t r a r y  s m a l l  c ros s  s e c t i o n a l  a r e a s  
i n  t h e  k -k  lane.^,^ Cyclotron o r b i t s  i n  an e x t e r n a l  
f i e l d  w i f l  ,'however , be f i n i t e  due t o  magnetic breakdown 
e f f e c t s .  A s  a r e su l t ,  t h e  corresponding cyc lo t ron  frequen- 
cies w i l l  be l a r g e  but  f i n i t e .  de Haas-van Alphen e f f e c t  
s t u d i e s  i n  the  f i e l d  range 25 t o  55 kOe s h  wed indeed a 
l a r g e  number - at  least e i g h t  - of o r b i t s . g  The e s t i m a t e d  
cyc lo t ron  frequencies  are i n  the  range of 8 t o  50 t i m e s  t h e  
f r e e  e l e c t r o n s  cyc lo t ron  frequency (which is equal  t o  (J ). 
I n  lower f i e l d s  wc/w f i u s ,  
us ing  f o r  t he  hyperfzne i n t e r a c t i o n  w 
we have f o r  t he  phase f a c t o r  y < 0 .1  f o r  t he  sma l l e s t  o r b i t  
observed a t  25 kOe. The observa t ion  of a s t r a i g h t  cy l inde r  
Fermi su r face  i n  the  de-Haas-van Alphen experiment , ind i -  
cates r e l a t i v e l y  small  va lues  f o r  v . Furthermore, t he  
anisotropy of 100 observed i n  t h e  cbhduct iv i ty  sugges ts  
a l s o  a r e l a t i v e l y  small v It seems the re fo re  t h a t  t he  
condi t ions  ( a ) ,  (b) ,  an_dl(c) above are f u l f i l l e d  and t h e  
observed behavior of T1 
"o rb i t a l "  enhancement e f f e c t .  

is expected t o  be even l a r g e r .  
=-ae i n  eq. ( 4 ) ,  

5 

i n  Hg3_&AsF6 is  the  r e s u l t  of t h e  
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