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W e  h a v e  m e a s u r e d  t h e  m a g n e t o r e s i s t a n c e ,  H a l l  
e f f e c t  a n d  t h e  n o n l i n e a r  c o n d u c t i v i t y  c h a r a c t e r i s t i c s  
i n  p u r e  a n d  r a d i a t i o n  d a m a g e d  (TMTSF)  PF We f i n d  
t h a t  t h e  m a t e r i a l  b e l o w  t h e  m e t $ l - i k * s u l a t o r  
t r a n s i t i o n  t e m p e r a t u r e  i s  b e s t  d e s c r i b e d  a s  
q u y i - $ w o - d i m e n s i o n a l  w i t h  a v e r y  h i g h  m o b i l i t y  
(10 cm / v o l t - s e c ) ,  T h e  n o n l i n e a r  c o n d u c t i v i t y  is 
s u p p r e s s e d  b y  t h e  a p p l i c a t i o n  of a m a g n e t i c  f i e l d  
a n d  b y  r a d i a t i o n  d a m a g e ,  T h e  m a g n e t o r e s i s t a n c e ,  
m e t a l - i n s u l a t o r  t r a n s i t i o n  t e m p e r a t u r e  a n d  t h e  
s u p e r c o n d u c t i n g  t r a n s i t i o n  t e m p e r a t u r e  a r e  a l s o  
r e d u c e d  b y  r a d i a t i o n  d a m a g e  of o r d e r  1000 p p m  f o r  
t h e  latter a n d  100 ppm f o r  t h e  f o r m e r ,  

A s i z a b l e  f r a c t i o n  o f  t h i s  c o n f e r e n c e  is d e v o t e d  t o  t h e  
p r o p e r t i e s  o f  t h e  salt5 o f  TMTSF, T h e  w i d e  v a r i e t y  o f  t h e  
l o w  t e m p e  a u r e  s t a t e s  o f  t h e s e  m a t e r i a l s  i s  
extroadinary'- '+ W e  w i l l  c o n c e n t r a t e  i n  t h i s  p a p e r  o n  t h e  
s p i n  d e n s i t y  w a v e  s t a t e  (SDW) i n  ( T M T S F )  PF6 a n d  i n  
p a r t i c u l a r  o n  i t s  s imi l a r i t i e s  a n d  d i f f e r e z c e s  w i t h  t h e  
c h a r g e  d e n s i t y  w a v e  (CDW) s t a t e  p r e v i o u s l y  f o u n d  t o  b e  
u b i q u i t o u s  i n  t h e s e  m a t e r i a l s ,  We a r e  p r t i c u l a r l y  
i n t e r e s t e d  in t h e  h i g h l y  n o n l i n e a r  conduc t iv i ty ' t 6  a n d  
* R e s e a r c h  a t  U C L A  p a r t i a l l y  s u p p o r t e d  b y  N S F  D M R  
79-08560 
R e s e a r c h  at IBM p a r t i a l l y  s u p p o r t e d  b y  ONR,  

[435]/79 
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80/[436] 

w h e t h e r  i t  i s  s i m i l a r  t o  t h e  d e p i n n e d  C D W  m o t i o n 7  
observed i n  t h e  m t a l  chalcogenides,  o r  t o  t h e  b e h a v i o r  
seen i n  TTF-TCNQ , I n  t h e s e  s t u d i e s  we have p e r f o r m e d  
m a g n e t o t r a n s p o r t  measurements i n  t h e  l i n e a r  and t h e  
nonlinear regime and have s tud ied t h e  e f f e c t  o f  r a d i a t i o n  
induced defects  on b o t h  t h e  t r a n s p o r t  p r o p e r t i e s  and on 
t h e  m e t a l - i n s u l a t o r  t r a n s i t i o n  a s  w e l l  a s  t h e  
superconducting t r a n s i t i o n  seen under pressure, 

To sum up the main p o i n t s  t h a t  we wish t o  make: 1 )  The 
magnetotransport ind icates t h a t  below the SDW t r a n s i t i o n  
(TMTSFl2 PF i s  a quasi=two-dimensional conductor w i t h  a 
high mobi l i t f ,  2) The non l i nea r  c h a r a c t e r i s t i c s  a r e  q u i t e  
d i f f e r e n t  f rom those observed i n  NbSe i n  the  scal ing w i t h  
t h e  f requency  dependent  c o n d u c t i v i q y ,  s e n s i t i v i t y  t o  
defects and magnet ic  f i e l d s ,  and absence o f  a t h r e s h o l d  
field, They are however, s im i l a r  t o  what has been observed 
i n  TTF-TCNQ, 3 )  The e f f e c t s  o f  r a d i a t i o n  dam ge a r e  
qu i te  s im i la r  t o  what i s  observed i n  CDW systems’as f a r  
as the  t r a n s i t i o n  i s  concerned and t h e  e f f e c t s  a re  those t o  
be expected f o r  a t w o  d im s i o n a l  band s t r u c t u r e  r a t h e r  
than  i n  i s o l a t e d  c h a i n s f 8 a s  f a r  a s  t h e  t r a n s p o r t  i s  
conce rned ,  4 )  T h e  s u p e r c o n d u c t i n g  s t a t e  is e a s i l y  
d e s t r o y e d  b y  a s m a l l  a m o u n t  o f  d a m a g e ,  p r o b a b l y  
i n d i c a t i n g  t h a t  t h e  d e f e c t s  a r e  a t  l e a s t  p a r t i a l l y  s p i n  
d e f e c t s ,  r a t h e r  t h a n  t h e  p r e s e n c e  o f  t r i p l e t  
superconductivi ty t 

The o r i g i n a l  repo r t  o f  t h e  nonl inear e f f e c t s  suggested 
t h a t  the e f f e c t s  were associated w i t h  t h e  dep inn ing  o f  a 
spin densi ty  wave i n  an logy w i t h  t h e  phenomena found  i n  
the CDW s y s t e m  NbSe3’, The l o w  v a l u e s  o f  t h e  e l e c t r i c  
f i e l d  which r a i s e  t h e  c o n d u c t i v i t y  s u g g e s t e d  t h a t  t h e  
pinning was weak, as might  be  expected f o r  a SDW, b u t  t h e  
main ev idence f o r  a SDW r a t h e r  t h a n  a CDW t r a n s i t i o n  
c a m e  f r a m  h e  d i f f e r e n c e s  o b s e r v e d  i n  s t a t i c  
suscep t ib i l i t y  and ESR measurements and more r e c e n t l y  
f rom t h e  a n i s o t r o p y  o f  t h e  s t a t i c  s u s c e p t i b i l i t y  and  
i n d i c a t i o n  o f  a s p i n - f l o p  t r a n s i t i o n ’ ,  F u r t h e r  
i nves t i ga t i ons  however ind icated t h a t  t he  nonl inear e f f e c t  
i s  q u i t e  d i f f e ren t  f rom t h a t  observed i n  N b S e  ’, I n  f i g ,  1 
we show the  res is tance o f  a sample of ( T M T S d  pF6 t aken  
a t  l t l K  as a f u n c t i o n  o f  a p p l i e d  v o l t a g e  w h i k  has been 
expressed as an e l e c t r i c  f i e l d  u s i n g  t h e  measured l e n g t h  
o f  t h e  sample, The  m e a s u r e m e n t  i s  t a k e n  w i t h  an  AC 
resistance br idge i n  the  presence o f  a DC b i a s  v o l t a g e  s o  
t h a t  t h e  dynamic r e s i s t a n c e  ( d v / d i )  i s  r e c o r d e d ,  T h e  
res is tance cha rac te r i s t i c  i s  q u i t e  smooth,  i n d i c a t i n g  t h e  
absence o f  any threshold behavior, The f i g u r e  a lso shows a 
blow-up o f  t he  f i e l d  reg ion near zero where i t  can be  seen 

P. M. CHAIKIN rt 01. 
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MAGNETOTRANSPORT AND NONLINEAR EFFECTS IN (TMTSF)zPFs [437]/8 1 

t h a t  t he  behavior i s  non-ohmic down t o  f i e l d s  be low 0 , l  
mV/cm, For con t ras t  we have a lso shown the  res is tance v s 4  
f i e l d  dependence for  NbSe taken on t h e  same r e s i s t a n c e  
br idge a t  51K+ For  the  la tger  ma te r ia l  t he  c o n d u c t i v i t y  i s  
perfectly l i nea r  up u n t i l  an onset f i e ld .  

Resistance 
(orbmits) 1 I 

1 I 1 I I 1 I 
-300 -200 -100 0 loo 200 300 

E (mV/cm I 
NbSe3 T=51K --+- 

-600 -400 -200 0 ZOO 400 600 

F I G U R E  1 Dynamic r e s i s t a n c e  ( d V / d I )  as  a f u n c t i o n  o f  
e lect r ic  f i e l d  showing t h e  absence (a) and presence (b) o f  a 
threshold f ie ld ,  

Wh i le  i t  may b e  a r g u e d  t h a t  we h a v e  n o t  gone  t o  
su f f i c i en t l y  smal l  f i e l d s  t o  obse rve  ohmic behav io r ,  t h e  
character is t ic  f i e l d  f o r  depinning o f  a dens i t y  wave should 
be r e l a t e d  t o  the  pinning f o r c e  which i s  m e a s u r e 1  Py t h e  
f r e q u e n c y  d e p e n d e n c e  o f  t h e  c o n d u c t i v i t y  + T h e  
character ist ic frequency fo r  (TMTSFI2 PF i s  2- orders o f  
magnitude greater  than t h a t  found i n  Nb8e36'1', whereas 
t h e  t h r e s h o l d  f i e l d  f o r  NbSeg i s  2 o r d e r s  o f  magn i tude  
higher than our minimum f i e l d  measurements f o r  (TMTSF12 
P F  + P r e v i o u s  m e a s u r e m e n t 5  h a v e  r e v e a l e d  o t h e r  
d i h e r e n c e s  be tween  t h e  b a h a v i o r  o f  t h e  t w o  s y s t e m s ,  
T h e r e  h a s  b e e n  no  o b s e r v a t i o n  o f  p e r i o d i c  " n o i s e "  
associated w i t h  t h e  nonl inear c o n d u c t i v i t y  i n  NbSeg, and 
the  frequency dependence o f  t he  c o n d u c t i v i t y  i n d i c a t e s  a 
s t ronger  pinning i n  the case o f  (TMTSF) PF t h a n  would 
be expected f o r  a SDW, although the  f r e d e n c b  dependence 
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82/[438] P. M. CHAIKIN et d. 

is still at  a lower characteristic frequency than can easily 
be explained i n  terms o single particle behavior involving 
excitations above a gap * 

I n  order to  be t te r  understand the  ground s t a t e  of 
(TMTSF) PF6 w i t h  respect t o  both the linear and nonlinear 
transpoh we have investigated the magnetoresistance a n d  
Hall e f f e c t  which a r e  t h e  c l a s s i c  measurements  f o r  
analysing the conductivity* The magnetores i s tance  o f  
(TMTSF) PF has previously been measured b y  Jacobsen 
e t  a d 4  $ho$ound a large positive magnetoresistance i n  
the metallic s ta te ,  which increased considerably below the  
metal-insulator t rans i t ion ,  Our measurements  o f  t h e  
resis tance i n  t h e  absence of a magnet ic  f i e l d  and i n  
8OkGauss is shown i n  f i g ,  2 f o r  t h e  f i e l d  a l i g n e d  
approximately parallel  t o  t h e  c axis, t h e  d i rec t ion  of 
lowest conductivity+ T se r e s u l t s  a r e  qui te  similar t o  
those reported i n  However, their  measurements 
indicated that the magnetoresistance was nearly isotropic 
i n  t h e  b-c p lane ,  T o  t h e  c o n t r a r y  we f i n d  t h a t  t h e  
magnetoresistance along b is too small t o  measure, ( I n  
t h i s  discussion w e  will not b e  concerned w i t h  a rigorous 
alignment w i t h  the crystallographic axis,  ra ther  when we 
refer  to  the b axis we mean t h e  a x i s  along which t h e  
measured magnetoresistance is a minimum, T h i s  is w i t h i n  
about 5 degrees of parallel  t o  the c rys ta l  p la te le t  face 
which from X-ray analysis is w i t h i n  about 5 degrees of the 
crystallographic b axis ,  When we re fer  t o  the c axis we 
mean the axis 90 degrees rotated from the b axis  a s  we 
have defined it aboven We take  t h e  b-c  p lane as  being 
perpendicular to the needle axis  of the c rys ta l r )  T h i s  is 
illustrated i n  f ig .  2 where we s h o w  the res i s tance  change 
as  a function of magnetic field for low fields at 4,2K, The 
da ta  were taken i n  a r o t a t a b l e  N M R  magnet w i t h  t h e  
samples aligned so t h a t  their  needle axis  was along t h e  
ax i5  of r o t a t i o n ,  The magnet was r o t a t e d  u n t i l  t h e  
observed resistance change was m i n i m u m ,  A magnetic field 
sweep was then done, the magnet was rotated 90 degrees 
and another sweep taken, A t  low f ie lds  the  r a t i o  o f  the  
magnetoresistance i n  these  two directions was between 
200 a n d  1OOOn For h i g h  field data samples were mounted so 
t h a t  t h e  p l a t e l e t  f a c e s  w e r e  e i t h e r  p a r a l l e l  o r  
perpendicular t o  t h e  f ie ld  o f  a superconducting magnetn 
Although the alignment i n  t h i s  case is cr i t ical  we have 
observed anisotropies at 80kG of u p  t o  Z O O *  Similarly we 
f i n d  an anisotropy of greater t h a n  200 between the a and c 
axis', 

There a r e  s e v e r a l  p o i n t s  t o  be made a b o u t  t h e  
magnetoresistance before w e  procede i n  our analysis.  The 
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MAGNETOTRANSPORT AND NONLINEAR EFFECTS IN (TMTSF)zPFs [439]/83 

fact t ha t  the magnetoresistance i s  anisot rop ic  i n  the  plane 
perpendicular t o  the h i g h l y  conduc t ing  a x i s  i m p l i e s  t h a t  
a l l  measurements which c la im t o  measure the  c o n d u c t i v i t y  
or t r a n s f e r  i n t e g r a l  an isot ropy f rom measurements o f  t h e  
cr i t ica l  f ie ld  i n  the  d i rec t i ons  p a r a l l e l  and perpendicular 

T = 4.2K 
Om3t 

Q 0.21 Hull c / 
" 

1 I 1 I I I 

0 2 4 6 8 

I 1  I I 1 1 
14 10 6 5 4,2 . 

FIGURE 2a) Magnetoresistance w i t h  the  f i e l d  al igned along 
t h e  b and c a x i s ,  b 1 T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  
res i s t i v i t y  w i t h  and wi thout  an appl ied f i e ld ,  

t o  t h e  h i g h l y  c o n d u c t i n g  a x i s  a r e  u n r e l i a b l e  i n  t h e i r  
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84/[440] P. M. CHAIKIN er d. 

c o n c l u s i o n s  a b o u t  t h e  d i m e n s i o n a l i t y  o f  t h e  t r a n s p o r t  
p r o c e s s e s r  I n  g e n e r a l ,  a n y  o r b i t a l  p h e n o m e n a  assoc ia ted  
w i t h  t h e  m a g n e t i c  f i e l d  c a n  b e  e x p e c t e d  t o  d i f f e r  
s i g n i f i c a n t l y  i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  a ax i s  f o r  
the c o m p o u n d s  i n  t h i s  f a m i l y *  T h i s  is c e r t a i n l y  t h e  case 
f o r  t h e  c r i t i c a l  f i e l d  o f  t h e  C 1 0 4  s a l t  b e l o w  i t s  
s u p e r c o n d u c t i n g  t r a n s i t i o n  w h e r e  t h e  b - c  ax i s  c r i t i c a l  
f i e l d  a n i s o t r o p y  is g r e a t e r  t h a n  t h e  a-b axis a n i s o t r o p y l 4 .  

T h e  l a r g e  p o s i t i v e  m a g n e t o r e s i s t a n c e  o b s e r v e d  i n  
(TMTSFl2 PF6 is q u i t e  d i f f e r e n t  f r o m  the b e h a v i o r  s e e n  i n  
CDW o r g a n i c  c o n d u c t o r s  s u c h  as  T T F - T C N Q  wh  e a v e r y  
s m a l l  n e g a t i v e  m a g n e t o r e s i s t a n c e  wa5 observed"*  T h i s  is 
r e l a t e d  t o  t h e  f a c t  t h a t  i n  t h e  p r e s e n t  s y s t e m  t h e  
p r e s e n c e  o f  a n  8 0 k G  m a g n e t i c  
f i e l d  has v i r t u a l l y  n o  e f f e c t  o n  t h e  t r a n s i t i o n  t e m p e r a t u r e  
(as  m e a s u r e d  r e s i s t i v e l y  i t  s h i f t s  b y  l e s s  t h a n  O * l K )  
i n d i c a t i n g  t h a t  t h e  c h a n g e  i n  s u s c e p t i b i l i t y  t h r o u g h  t h e  
t r a n s i t i o n  is v e r y  small  so  t h a t  t h e  m a g n e t i c  f i e l d  does  
n o t  f a v o r  o n e  s ta te  o v e r  the o t h e r c  For TTF-TCNQ t h e r e  is 
a s m a l l  s h i f t  s i n c e  t h e  CDW has a s h a r p  d r o p  i n  its s p i n  
s u s c e p t i b i l i t y  a t  TMI-I w h i l e  t h e  ( h i g h  f i e l d )  s u s c e p t i b i l i t y  
o f  t S D W  is e s s e n t i a l l y  t h e  same a s  t h e  m e t a l l i c  
stat)', A large p o s i t i v e  m e t o r e s i s t a n c e  h a 5  l so  b e e n  
r e p o r t e d  fo r  HMTSF-TCNQ" a n d  f o r  TTT2-131'+ I n  t h e  
f o r m e r  case t h e  r e s u l t s  are s i m i l a r  i n  o r i g i n  t o  t h o s e  t h a t  
we r e p o r t  he rec  For t h e  l a t t e r  m a t e r i a l  t h e  s y s t e m  i 5  
d i s o r d e r e d  a n d  t h e  e f f e c t  is c o m p l e t e l y  i s o t r o p i c  a n d  t h u s  
a s p i n  effect* 

w h e r e  t h e  m a t e r i a l  is s e m i c o n d u c t i n g  we 
e x p e c t  t ha t%- lwo  carrier d e s c r i p t i o n  of t h e  t r a n s p o r t  m a y  
b e  a g o o d  f i r s t  a t t e m p t ,  T h e  h i g h  f i e l d  l i m i t  f o r  t h e  
m a g n e t o r e s i s t a n c e  is t h e n  g i v e n  b y  

B e l o w  T 

(1) 

where Ue a n d  u a r e  t h e  e l e c t r o n  a n d  h o l e  m o b i l i t i e s ,  If 
we take t h i s  e t u a t i o n  a t  face v a l u e ,  t h e n  t h e  m a g n i t u d e  of 
t h e  e f f e c t s  t h a t  w e  o b s e r v e  a t  4,2K c o r r e s p o n d  t o  a 
cha rac t e r i s t i c  m o b i l i t y  o f  l o 4  c m 2 / v o l t - s e c  w h i c h  is 
s i m i l a r  t o  w h a t  is o b s e r v e d  i n  t h e  p u r i s t  s m a l  e f f e c t i v e  
mass c o n v e n t i o n a l  s e m i c o n d u c t o  s u c h  as I n S b t 8  or  i n  t h e  
s e m i - m e  t a1 H M T S F  - T C  N Q" , A s  s u m  i n  g t h a t  t h e  
a n i s o t r o p i e s  a r e  t h e  s a m e  f o r  t h e  e l e c t r o n  a n d  t h e  h o l e  
b a n d s  ( s i n c e  b e f o r e  t h e  o p e n i n g  o f  t h e  S D W  g a p  t h e y  
b e l o n g e d  t o  t h e  s a m e  b a n d )  we c a n  u s e  e q u a t i o n  1 t o  f i n d  
t h e  b-c e f f e c t i v e  mass a n i s o t r o p y ,  

(R(H)-RIO))/R(0)=ueuhH 2 2  / C  

* 9 1 1 2  mHb= (ma mc 1 (2)  
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MAGNETOTRANSPORT AND NONLINEAR EFFECTS IN (TMTSF)zPFs [441]/85 

Where % i s  t h e  cyc lo t ron  mass and t h e  o t h e r  m a s s e s  a r e  
e f f e c t i v e  masses f r o m  t h e  band  s t r u c t u r e ,  T h e  m e a s u r e d  
a n i s o t r o p y  i n  t h e  m a s s e s  f r o m  t h e  o p t i c a l  p l a s m a  
f r e q u e n c y  m e a s u r e m e n t s  i s  o n l y  1 0  w h i l e  t h e  
magnetores is tance wou fd  y i e l d  a v a l u e  o f  2 0 0 -  1000, The  
magnetores is tance w i t h  H a long b i s  t h e r e f o r e  w e l l  b e l o w  
what  would be expected f r o m  band m o t i o n  and we t a k e  t h i s  
as  ev idence f o r  d i f f u s i v e  mo t ion  r a t h e r  t h a n  band  m o t i o n  
i n  t h e  c d i r e c t i o n  , T h e  h i g h  v a l u e  o f  t h e  
magnetores is tance w i t h  H i n  t h e  c d i r e c t i o n  i m p l i e s  t h a t  
e lec t rons  exper ience coherent  mo t ions  and c losed o r b i t s  i n  
t h e  a-b plane, Aga in  n o t e  tha t  f r o m  e q u a t i o n s  2 and  3 i t  
w o u l d  b e  n e c e s s a r y  t o  m e a s u r e  t h e  a n i s o t r o p i c  
magnetores is tance a long t h e  b and a d i r e c t i o n s  i n  o rde r  t o  
o b t a i n  i n f o r m a t i o n  about  t h e  mass  r a t i o  b e t w e e n  t h e  t w o  
h ighes t  conduc t ing  d i r e c t i o n s ,  S ince  b o t h  a r e  e x t r e m e l y  
s m a l l  and i n v o l v e  c los ing  t h e  o r b i t s  t h rough  t h e  d i f f u s i v e  
c d i r e c t i o n  t h i s  c o m p a r i s o n  i s  n o t  p o s s i b l e ,  A l m o s t  
c e r t a i n l y ,  p r e v i o u s  a n i s o t r o p y  m e a s u r e m e n t s  f r o m  
m a g n e t o t r a n s p o r t  i n  m o s t  o f  t h e s e  o n e  d i m e n s i o n a l  
c o n d u c t o r s  m e r e l y  i n v o l v e d  s o m e  c o m p o n e n t  o f  t h e  
magnet ic  f i e l d  be ing  non-zero a l o n g  a p l a n e  w h e r e  o r b i t s  
c o u l d  b e  e s t a b l i s h e d  and t h e  a n i s o t r o p y  m e a s u r e d  was 
t h e r e f o r e  more a f u n c t i o n  o f  t h e  c r y s t a l  a l i g n m e n t  t h a n  
any p roper t y  o f  t h e  ma te r ia l s ,  

A more conven t iona l  d e t e r m i n a t i o n  o f  t h e  m o b i l i t y  may 
b e  o b t a i n e d  f r o m  H a l l  e f f e c t  m e a s u r e m e n t s ,  U s i n g  a 
s t a n d a r d  f i v e  p r o b e  t e c h n i q u e  w i t h  t h e  m a g n e t i c  f i e l d  
a l i g n e d  p a r a l l e l  t o  t h e  b a x i s  t o  r e d u c e  t h e  
magnetore s tance,  we measured t h e  Hal l  c o e f f i c i e n t  f r o m  
1 O K  t O  PKiibt A t  2K t h e  number o f  c a r r i e r s  wh' h we w o u l d  
c a l c u l a t e  i n  a s i m p l e  one band  m o d e l  i s  lo*', T h e  H a l l  
m o b i l i t y  (uH) i s  t h e  q u a n t i t y  we a re  r e a l l y  a f t e r  a n d  i t  i s  
shown i n  f i g ,  3 as a f u n c t i o n  o f  t e m p e r a t u r e ,  D e f i n e d  a5 
t h e  p r o d u c t  o f  t h e  H a l l  c o e f f i c i e n t  ( R  ) a n d  t h e  
conductivi ty ( ) i t  i s  g iven  i n  a t w o  band model  $: 

%=RH =Uh-U ( 4 )  

The s ign  o f  t h e  H a l l  c o e f f i c i e n t  i s  p o s i t i v e  i n d i c a t i n g  ho le  
c a r r i e r s  dominate, I f  we t a k e  e q u a t i  n s  4 and 5 l i t e r a l l y  
t h e n  w s  f i n d  m o b i l i t i e s  o f  lt2x10 f o r  t h e  h a l e s  a n d  
Ot24x10 f o r  t h e  e lec t rons ,  

The mean f r e e  p a t h  f o r  t hese  c a r r i e r s  depends on t h e i r  
e f f e c t i v e  mass, I f  we t a k e  t h e  e f f e c t i v e  m a s s  a s  t h a t  of 

9 
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86/[442] P. M. CHAIKIN er ul. 

f r ee  electrons (which eurpr iz ing ly  i s  t h e  appropr ia te value 
f r o m  a b e r  o f  m e a s u r e m e n t s  i n  t h e  m e t a l l i c  
s t a t e ) ,  1 3 y b t t h e n  we f i n d  a mean f r e e  p a t h  o f  5 0 0 0  
Angstroms* However, we would expect t h a t  t h e  opening o f  
a gap a t  t h e  Fermi  sur face would increase t h e  curvature o f  
t he  bands and produce a smal ler  e f f e c t i v e  masst  I n  e i t h e r  
a t i g h t  b i n d i n g  o r  a f r e e  e l e c t r o n  m o d e l  t h e  
p r e t r a n s i t i o n a l  m a s s  i s  r e d u c e d  b y  a f a c t o r  o f  t h e  
bandwidth devided by t h e  energy  gap t  F o r  (TMTSF) PF 
t h i s  amounts t o  a factor  o f  200+ With a mass t h a t  i s  7 1 2 0 6  
o f  an electron mass, we would on ly  need a mean f r e e  p a t h  
o f  300 Angs t roms  t o  e x p l a i n  t h e  m o b i l i t y *  T h e  s m a l l  
e f fec t i ve  mass a t  the bo t tom o f  t h e  band edges may a l s o  
help explain some o f  t h e  t e m p e r a t u r e  dependence o f  t h e  
m o b i l i t y *  A t  low temperature o n l y  t h e  s m a l l  mass s t a t e s  
are occupied, whi le a t  higher t e m p e r a t u r e s  t h e  e l e c t r o n s  
sense the much heavier mass s t a t e s *  

FIGURE 3 Temperature dependence o f  t he  Hal l  mob i l i t y ,  

The smal l  mass below t h e  SDW t r a n s i t i o n  would n o t  
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MAGNETOTRANSPORT AND NONLINEAR EFFECTS IN (TMTSF)zPF6 [443]/87 

5.0 

4.0 

3.0 

2.0 

0 

h e l p  i n  t h e  e x p l a n a t i o n  o f  t h e  r e a s o n a b l y  l a r g e  
m a g n e t o r e s i s t a n c e  seen  a b o v e  t h e  t r a n s i t i o n  i n  t h e  
me ta l l i c  state,  nor the magnetoresistance observed i n  t h e  
me ta l l i c  s t a t e  under pressure 5hich i s  comparable t o  what  
we obse rve  i n  t h e  SDW s t a t e  However ,  i t  s h o u l d  b e  
noted t h a t  i n  the  present case, where the re  i s  no q u e s t i o n  
o f  f l u c t u a t i o n s  i n t o  t h e  s u p e r c o n d u c t i n g  s t a t e ,  t h e  
magnetoresistance i s  l a r g e  and p o s i t i v e ,  I t  i s  t h e r e f o r e  
poss ib le  t o  observe such e f f e c t s  r e s u l t i n g  e n t i r e l y  f r o m  
normal band t ranspor t  i n  systems w i t h  high mob i l i t y ,  

I I 
T= 2K - H=O 7 L310 : I 

I 
I 
I 
I 

- 

1 - 
1 

- 
/ - - 

/ /./ 
,-0- 

1.0-.---- - 
- -  - -  

10 100 low 

ui - 
b 

E (mv/cml 

FIGURE 4 N o n l i n e a r  c o n d u c t i v i t y  w i t h  and w i t h o u t  a 
transverse magnetic f i e ld ,  

We now t u r n  o u r  a t t e n t i o n  t o w a r d  t h e  n o n l i n e a r  
cha rac te r i s t i c  and i t s  magnetic f i e l d ,  Recent  w o r k  on t h e  
CDW s y s t e m  N b S e  h a v e  s h o w n  t h a t  t h e  n o n o h m i c  
c o n d u c t i v i t y  ‘ n o 2 e f f e c t e d  b y  t h e  a p p l i c a t i o n  o f  a 
magnetic field”, Th is  i s  due t o  the h igh ly  one dimensional  
mot ion o f  the depinned CDW, I f  t h e  depinned SDW i s  l i k e  
t h e  depinned C D W  i n  t h a t  b o t h  p r o p a g a t e  i n  o n l y  one  
d i rec t i on ,  we would expect  t h a t  t h e  c o n d u c t i v i t y  i n  t h e  
presence o f  bo th  an e l e c t r i c  and a magnetic f i e l d  cou ld  be  
wri t ten as the sum o f  two contr ibut ions:  

The f i r s t  term on the r i g h t  r e f e r s  t o  the  t r a n s p o r t  due t o  
the normal ca r r i e rs  which we have seen is h igh ly  dependent 
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88/[444] P. M. CHAIKIN er al. 

on the  magnetic f i e l d  b u t  which i n  t h i s  model  we t a k e  a s  
independent o f  t he  e l e c t r i c  f i e l d ,  The second t e r m  i s  t h e  
contr ibut ion o f  t he  depinned SDW which should be h i g h l y  E 
s e n s i t i v e  b u t  i n d e p e n d e n t  o f  H s i n c e  i t s  m o t i o n  i s  
presumably one d imens iona l ,  f f  t h i s  e q u a t i o n  i s  c o r r e c t  
then the e f f e c t  o f  a p p l y i n g  a magne t i c  f i e l d  would be  t o  
s h i f t  t h e  nonohmic c h a r a c t e r i s t i c  d o w n  b y  a c o n s t a n t  
amount , 

I n  f i g ,  4 we show t h e  r e s u l t s  o f  t h e  e x p e r i m e n t  i n  
which a magnetic f i e l d  is al igned along the  d i r e c t i o n  w i t h  
t h e  maximum m a g n e t o r e s i s t a n c e ,  I t  i s  c l e a r  t h a t  t h e  
m a g n e t i c  f i e l d  s t r o n g l y  s u p p r e s s e s  t h e  n o n l i n e a r  
c o n t r i b u t i o n ,  R a t h e r  t h a n  e x h i b i t i n g  t h e  b e h a v i o r  
suggested by equation b ,  the nonl inear contr ibut ion t o  t h e  
conduct iv i ty shows much t h e  same r e d u c t i o n  as does t h e  
n o r m a l  c o n t r i b u t i o n ,  T h i s  w o u l d  s u g g e s t  t h a t  t h e  
a d d i t i o n a l  c a r r i e r s  h a v e  s i m i l a r  m o b i l i t y  a n d  
dimensional i ty t o  t h e  n o r m a l  c a r r i e r s ,  I n  t h i s  r e g a r d  we 
point  out t h a t  one o f  t he  p r e r e q u i s i t e s  f o r  " h o t  e l e c t r o n  
e f f e c t s  s t h e  e x i s t e n c e  o f  a v e r y  h i g h  m o b i l i t y  
carriers'". I t  i s  u n l i k e l y  t h a t  c a r r i e r  h e a t i n g  e f f e c t s  
could account f o r  t he  e n t i r e  nonl inear character ist ic,  since 
the r e s t o r a t i o n  o f  t he  me ta l l i c  conduct iv i ty  would r e q u i r e  
exc i t ing a l l  o f  the ca r r i e rs  over the gap ( t h a t  is ,  i t  would 
requi re  dest roy ing t h e  gapII I t  shou ld  be  n o t e d  t h a t  t h e  
character is t ic  shown i n  f ig,4 does n o t  go t o  s u f f i c i e n t l y  
high e lec t r i c  f ie ld ,  f o r  t h i s  sample, t o  r e s t o r e  the  m e t a l l i c  
conduct iv i ty,  Therefore i t  i s  p o s s i b l e  t h a t  t h e  l o w  f i e l d  
e f f e c t s  a r e  r e l a t e d  t o  c a r r i e r  h e a t i n g  and  t h a t  o t h e r  
e f f e c t s  se t  i n  a t  higher e l e c t r i c  f i e l d s ,  The f a c t  t h a t  t h e  
nonlinear character is t ics  are so smooth on t h e  other hand, 
suggests t h a t  t h i s  i s  n o t  t he  case, 

Radiat ion Damage 

The rad ia t i on  damage study was undertaken i n  order t o  
compare t h e  e f f e c t  o f  d e f e c t s  on t h e  SDW t r a n s t i o n  a s  
compared t o  the prev ious measurements on CDW sys tems ,  
t o  s e e  t h e  e f f e c t  on s u p e r c o n d u c t i v i t y ,  t o  t e s t  o u r  
i n te rp re ta t i on  o f  t h e  h igh mob i l i t y  and two-dimensional i ty 
seen i n  the magne to t ranspor t  s tudy ,  and t o  see whe the r  
t h e  i n c r e a s e d  p i n n i n g  w o u l d  e f f e c t  t h e  n o n l i n e a r  
conductivity i n  the same way as i t  does i n  NbSe 

The r a d i a t i o n  damage was p e r f o r m e d  a t  &e Van de r  
Graaf acce le ra to r  a t  C a l  S t a t e  LIAI u s i n g  a beam o f  Z15 
MeV protons, As i s  usual  i n  rad ia t i on  damage experiments, 
the homogeniety o f  the damage and the  r e l a t i v e  amount o f  
damage between samples i s  known q u i t e  w e l l ,  b u t  t h e  
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MAGNETOTRANSPORT AND NONLINEAR EFFECTS IN (TbfTSF)zPFs [445]/89 

a b s o l u t e  v a l u e  o f  t h e  damage i s  o f t e n  d i f f i c u l t  t o  
e v a l u a t e ,  We found  t h a t  u s i n g  t h e  same d o s a g e s  t h a t  
produced negl ib le  e f fec t  on bo th  t e t rans i t i ons ,  t r a n s p o r t  
and nonl inear e f f e c t s  i n  NbSea2' we obse rved  enormous 
ef fects  i n  the (TMTSFJ2 PFbt This  suppor ts  t h T 6 o n c l u s i o n  
reached by t h e  group a t  Fontenay-aux-Rose who have 
found  t h a t  whereas R u t h e r f o r d  s c a t t e r i n g  i s  t h e  m a i n  
source o f  damage i n  t h e  m e t a l  chalcogenides,  where  t h e  
e lect ron ic  e x c i t i a t i o n s  caused b y  t h e  i r r a d i a t i o n  do  n o t  
con t r i bu te  t o  the  damage, i n  t h e  conducting organic char e 
t rans fe r  s a l t s  t he  e lect ron ic  exc i ta t i ons  do c o n t r i b u t e  * 
I n  t h e  c a s e  o f  ( T M T S F J 2  PF t h e  damage b y  d i r e c t  
sca t te r i ng  f rom the  nuc le i  c o n t r i b u t e s  o n l y  1/300 o f  t h e  
damage caused by the e lect ron ic  exc i ta t i ons t  

2% 

I00 400 
Damage (ppm) 

.08 

- 0  
lo0ppm damage- 

F I G U R E  5 D a m a g e  f r a c t i o n  d e p e n d e n c e  o f  ( a )  t h e  
magnetoresistance a t  l b a r  and (b) the res is tance r a t i o  a t  a 
pressure o f  11 kbart 

To c a l c u l a t e  t h e  amount o f  damage we c o m p u t e  t h e  
t o t a l  energy l o s s  o f  t h e  i n c i d e n t  p r o t o n s  i n  p a s s i n g  
through the c r y s t a l  and d i v i d e  t h i s  b y  t h e  a p p r o x i m a t e  
e n e r g y  p e r  d i s l o c a t i o n  a5 r e p o r t e d  i n  r e f ,  2 5  f o r  
TMTSF-DMTCNQ (7 KeV), The r e s u l t  o f  t h i s  computation is 
the re la t ionship:  

( 6 )  2 c= 1 I 0- "x (p r o t  on s / cm J 
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I n  order t o  verify these  values we have also performed 
in  s i t u  res is tance measurements during t h e  irradiationt We 
find that  the resis tance increases b y  a factor of 1+3 w i t h  a 
c a l c u l a t e d  d a m a g e  f r a c t i o n  o f  6 0 0  p p m t  We c a n  
i n d e p e n d e n t l y  obtain a value f o r  t h e  d a m a g e  f r ac t ion  (c)  
f rom t h e  o b s e r v e d  i n c r e a s e  i n  r e s i s t a n c e  and  t h e  
p r e v i o u s l y  m e a s u r e d  a n i s o t r o p y ,  I f  we t a k e  t h e  
conduct ivi ty  an i so t ropy  b e t w e e n  t h e  two  m u s t  h i g h l y  
conducting directions as 4001 for  (TMTSF) PF then t h e  
observed resis tance increase would corresJond $0  a damage 
fraction of 750 p p m ,  The agreement between the two values 
is quite s a t i s f a c t o r y ,  W e  w i l l  t h e r e f o r e  use  equat ion  6 
whenever we quote a va lue  for the amount of damage in the  
remainder of the t ex t ,  

We h a v e  measured t h e  magnetores i s tance  i n  t h e  SDW 
state a s  a function of t h e  amount of damage with the basic 
r e s u l t s  a t  4 , 4 K  s h o w n  i n  f i g ,5 ,  T h e  m a g n e t o r e s i s t a n c e  
decreases dras t ica l ly  w i t h  t h e  addi t ion of only 400 p p m  
defects l  If we assume t h a t  t h e  main effect  of the d e f e c t s  
is t o  inc rease  t h e  s c a t t e r i n g  r a t e ,  a5  we would f i n d  i n  
conventional th ree  dimensional metals or semiconductors ,  
then the  s c a t t e r i n g  r a t e  should b e  p ropor t iona l  t o  t h e  
number of defects,  According t o  equation 1, the sca t te r ing  
r a t e  (which goes as t h e  inverse of t h e  mobility) should be 
proportional to  the inve r se  s q u a r e  root  of t h e  measured 
magnetoresistance. T h i s  is t h e  quan t i ty  p lo t t ed  i n  f i g ,  5 
and indeed a linear dependence is foundt Note fur thermore 
t h a t  t h e  v a l u e  o f  d a m a g e  which  d o u b l e s  t h e  l o w  
temperature scattering ra te  is 100 p p m t  T h i s  impl ies  t h a t  
pure material is very pure w i t h  in t r insic  damage of about  
1 0 0  p p m .  A t  h i g h e r  v a l u e s  o f  d a m a g e  t h e  
magnetoresistance is too small t o  measure accurately,  b u t  
there  appears t o  be a small negative magnetoresistance a t  
1000 p p m t  

If the addi t ivi ty  of s c a t t e r i n g  r a t e s  is co r rec t  then 
t h i s  shou ld  a l s o  show u p  i n  t h e  r e s i s t i v i t y  r a t i o t  
Unfor tuna te ly  we f i n d  m a n y  r e s i s t a n c e  j u m p s  d u r i n g  
cooldown for  s a m p l e s  at ambient p r e s s u r e ,  However t h e  
experiment is e a s i l y  performed under p r e s s u r e  w i t h  t h e  
resu l t s  shown i n  f i g , 5 b l  A g a i n  the  s c a t t e r i n g  r a t e  obeys 
Matthiessen's rule a n d  t h e  damage which corresponds t o  a 
doubling of the r a t e  is 100 ppm.  

The  question of the applicability of Matthiessen's rule 
for t h e  case o f  quasi-one-dimensional conductor1 &,%been 
t reated at some l e n g t h  b y  a number of a u t h o r s  We 
would merely l i k e  t o  point out tha t  t h e  crossover between 
one dimensional a n d  two or t h r e e  dimensional behavior 
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m u s t  occu r  when  t h e  t i m e  i t  t a k e s  a n  e l e c t r o n  t o  
coherent ly t rans fe r  between chains becomes s h o r t e r  t h a n  
the t ime  between encounters o f  t h e  defects  which i n t e r u p t  
t h e  on c h a i n  m o t i o n ,  F o r  o u r  s a m p l e s  a t  4,2K t h e  
sca t te r i ng  i s  l a rge l y  dominated by t h e  defects  sa t h a t  t h e  
condi t ion f o r  one dimensional behavior i s  t h a t  t h e  number 
o f  unit ce l l s  between defects  i s  equal t o  t h e  anisot ropy i n  
the t rans fe r  in tegra ls ,  I n  order t o  be one d i m e n s i o n a l  we 
would therefore need something l i k e  3-10'1. defects, '7 50 

damage in 

0 0.05 0.1 0.15 0.2 

FIGURE 6 Temperature dependence o f  t h e  r e s i s t i v i t y  o f  
pure and rad iat ion damaged samples o f  (TMTSF) p ~ ~ ,  

I n  f ig ,  b we show t h e  e f f e c t s  o f  the darnag3on the  SDW 
t r ans i t i on ,  The absolute values o f  t h e  r e s i s t a n c e  i n  t h i s  
f i gu re  are t o  be ignored, They are scaled w i t h  one ano the r  
a t  20Kt assuming an e x t e n s i o n  of  M a t t h i e s s e n ' s  r u l e ,  i n  
the absence o f  da ta  on samples w i t h  no r e s i s t i v e  jumps i n  
the cooldown process, What we w i s h  t o  emphasize i s  t h e  
temperature dependences, The main efects  t h a t  we observe 
a r e  a r a i s i n g  o f  t h e  t e m p e r a t u r e  o f  t h e  r e s i s t i v i t y  
minimum, a smearing o f  t h e  m e t a l - i n s u l a t o r  t r a n s i t i o n ,  a 
l o w e r i n g  o f  t h e  t r a n s i t i o n  t e m p e r a t u r e ,  and  a l e s s  
a c t i v a t e d  b e h a v i o r  t o  t h e  c o n d u c t i v i t y  b e l o w  t h e  
t rans i t i on ,  A l l  o f  these e f f e c t s  have p rev ious l y  been seen 
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i n  CDW systems and p a r t i c u l a r l y  i n  TTF-TCNQ9, Wh i le  t h e  
f i r s t  approach t o  t h e  cause o f  t h e s e  e f f e c t s  m i g h t  be  t o  
evaluate the  p a i r b r e a k i n g  e f f e c  o f  t h e  d e f e c t s  on t h e  
mean f ie ld  t r a n s i t i o n  temperature t 

However, t he  broadening o f  t h e  t r a n s i t i o n  coupled w i t h  
many p r e v i o u s  o b s e r v a t i o n s  s u g g e s t s  t h a t  t h e  p r i m a r y  
e f f e c t  o f  t he  d e f e c t s  i s  t o  p i n  t h e  phase a f  t h e  d e n s i t y  
wave on each p a r t i c u l a r  c h a i n  so  t h a t  t h e  i n t e r c h a i n  
i n t e r a c t i o n s  a r e  decreased and t h e  t h r e e  d i m e n s i o n a l  
order ing i s  suppressed, Since t h e  SDW s t a t e  has no charge 
densi ty v a r i a t i o n  t o  couple w i t h  t h e  d e f e c t  p o t e n t i a l  i t  
had been expected t h a t  t he  e f f e c t  o f  t he  rad ia t i on  induced 
d e f e c t s  would be c o n s i d e r a b l y  l e s s  i m p o r t a n t  f o r  t h e  
(TMTSF) PF than f o r  systems such as TTF-TCNQ. On t h e  
c o n t r a r q w e g i n d  t h a t  t h e  r a t e  o f  t h e  d e p r e s s i o n  o f  t h e  
T f o r  ( T M T S F )  PF i s  dTM-d/dc = 4 0 K / % d e f e c t  
wkk&as f o r  TT - T C b  t k e  measure /dc = 
150K/lbdefects', The two  numbers a r e  comparab%;khi le 
we expect t h a t  a good f rac t i on  o f  the d e f e c t s  c r e a t e d  a r e  
spin defects we would s t i l l  expect l e s s  exchange coup l i ng  
e n e r g y  b e t w e e n  d e f e c t  a n d  S D W  t h a n  p o t e n t i a l  
electrostat ic coupling energy between a defect  and a CDW, 

An evaluat ion o f  the number o f  sp in  d e f e c t s  and t h e i r  
exchange coupling is also requi red i n  order  t o  u n d e r s t a n d  
t h e  d e s t r u c t i o n  o f  t h e  s u p e r c o n d u c t i n g  s t a t e  w i t h  
i r rad ia t i on ,  We have found t h a t  t he  PF s a l t  i s  n o  l o n g e r  
superconducting down t o  20mK under 1 h b a r  pressure when 
i t  has been damaged t o  100 ppm o r  above, S i m i l a r l y  t h e  
C10 s a l t  i s  no t  superconducting a t  ambient pressure down 
t o  2 h n K  w i t h  a dosage o f  100 ppm, The d e s t r u c t i o n  o f  t h e  
superconduc t i v i t y  by  such a l o w  l e v e l  o f  p r e d o m i n a n t l y  
p o t e n t i a l  sca t te r i ng  s i t e s  might  be taken  as  ev idence f o r  
t r i p le t  superconduct iv i tyt  However, we have recent ly  found 
t h a t  the c r i t i c a l  f i e l d  o f  the C104 s a l t  i s  P a u l i  l i m i t e d  so 
t h a t  t h e  s u p e r c o n d u c t i v i t y  m u s t  b e  t h e  u s u a l  s i n g l e t  
variety'', 

A qu i te  caval ier  approach would suggest t h a t  since t h e  
SDW s t a t e  a t  12K i s  sup ressed  by  1000 ppm o f  d e f e c t s ,  
t h r o u g h  t h e i r  e x c h a n g e  c o u p l i n g  w i t h  t h e  c o n d u c t i o n  
electrons, 100 ppm should suppress t h e  s u p e r c o n d u c t i v i t y  
a t  112K, aga in  a r e s u l t  o f  t h e  e x c h a n g e  c o u p l i n g ,  T h e  
problem i s  t h a t  f o r  t h e  SDW t h e  e f f e c t  o f  t h e  exchange 
coupling i s  t o  p i n  t h e  SDW on each chain, The e f f e c t  w e  
c o n s i d e r  on t h e  s u p e r c o n d u c t i v i t y  i s  a m e a n  f i e l d  
pairbreaking e f fec t ,  Nonetheless, bo th  e f f e c t s  do serve as 
a measure o f  t he  exchange coupling, 

F i n a l l y  we note t h a t  i f  the  d e f e c t s  p i n  t h e  SDW's and 
smear the t rans i t ion then they should a lso act  t o  p in  the 

17 

va lue  i s  dT 
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SDW's against  displacement by  an e l e c t r i c  f i e l d  and t h i s  
should decrease the nonohmic conduct iv i ty,  I n  t h e  c e o f  
NbSeg the d c t s  a lso increased the  threshold field", We 
have found "that t he  defects  i n  (TMTSFl2 PF reduce t h e  
nonl inear e f f e c t s  b u t  do n o t  produce a threshoqd f i e l d ,  t h e  
c o n d u c t i v i t y  i s  s t i l l  s l i g h t l y  n o n o h m i c  a t  a l l  f i e l d s ,  
Al though t h i s  may be re la ted  t o  a pinning phenomena ( w i t h  
a d i s t r i b u t i o n  o f  p inning s t rengths) ,  i t  i s  a l s o  c o n s i s t e n t  
w i t h  an i n t e r p r e t a t i o n  i n  terms o f  " h o t  e l e c t r o n  e f f e c t s "  
which would decrease as the mob i l i t y  decreased, 

I n  conclusion the  magnetot ranspor t  and t h e  r a d i a t i o n  
damage s t u d i e s  i n d i c a t e  t h a t  ( T M T S F )  PF 
d i m e n s i o n a l  c o n d u c t o r  w i t h  a h i g h  m $ b i l i $ i s a ?  ::i 
tempera tu re ,  The n o n l i n e a r  e f f e c t s  a r e  q u i t e  d i f f e r e n t  
t h a n  w h a t  o n e  o b s e r v e s  i n  N b S e 3  i p  t h a t  t h e y  a r e  
suppressed s t r o n g l y  by a m a g n e t i c  f i e l d ,  t h e r e  i s  n o  
t h r e s h o l d  f i e l d  and t h e  f r e q u e n c y  and e l e c t r i c  f i e l d  
e f f e c t s  do n o t  sca le,  The r a d i a t i o n  damage smears and 
lowers the t r a n s i t i o n  t e m p e r a t u r e  o f  t h e  SDW s y s t e m  i n  
m u c h  t h e  s a m e  w a y  a s  i t  d o e s  t h e  C D W  s y s t e m s ,  
S u p e r c o n d u c t i v i t y  under p r e s s u r e  i s  suppressed  b y  t h e  
addi t ion o f  very few defects  (100 ppm), bu t  the defects  are 
a t  l e a s t  p a r t i a l l y  spin defects  w i t h  an exchange c o u p l i n g  
t o  t h e  conduc t ion  e l e c t r o n s  which a l s o  shows up  i n  t h e  
ef fects o f  the SDW a t  ambient pressure, 
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