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LOW FREQUENCY PHONONS I N  SINTERED COPPER 

B. F r i sken ,  F. Gui l lon,  J.P. Harr ison and J . H .  Page 

Physics Department, Queen's University, Kingston, Ontario, Canada, K7L 3N6 

Abs t rac t .  - Measurements of Young's Modulus and sound v e l o c i t y  of a  range of 
s i n t e r e d  copper powder samples have demonstrated t h e  e x i s t e n c e  of  low f r e -  
quency s o f t  phonon modes t h a t  could  e x p l a i n  t h e  low temperature  anomaly i n  t h e  
Kapi tza  r e s i s t a n c e  between l i q u i d  3 ~ e  and s i n t e r e d  me ta l  h e a t  exchangers 
below 10 mK. 

In t roduc t ion .  A l l  measurements of  the  Kapi tza  r e s i s t a n c e ,  o r  thermal  boundary 

r e s i s t a n c e ,  between l i q u i d  3 ~ e  and s o l i d s  i n  t h e  r eg ion  o f  1 mK have been anomalously 

sma l l  when compared wi th  t h e  p r e d i c t i o n s  of  a c o u s t i c  theory.  I n  a d d i t i o n ,  t he  

measured r e s i s t a n c e s  have g e n e r a l l y  been p r o p o r t i o n a l  t o  T - ~  r a t h e r  than T - ~  a s  

g iven by a c o u s t i c  theory").  Th i s  i s  a  low temperature  e f f e c t  s i n c e  t h e  a c o u s t i c  

theory seems t o  d e s c r i b e  exper imenta l  r e s u l t s  q u i t e  w e l l  i n  the  30-100 mK tempera- 

t u r e  range. E i t h e r  t h e r e  is  an  e x t r a  channel  f o r  h e a t  f low a c r o s s  t h e  boundary o r  

t h e r e  is a  problem w i t h  the  a c o u s t i c  theory when T 6 10 mK. It has  been argued by 

o t h e r s  t h a t  magnetic coupl ing is t h e  e x t r a  channel.  However, t h i s  i s  u n l i k e l y  s i n c e  

t h e  anomalous r e s i s t a n c e  is  independent of magnetic f i e l d ,  3 ~ e  p r e s s u r e ,  phase of 

t h e  3 ~ e  (A, B o r  normal) o r  magnetic impuri ty  con ten t  of t h e  s o l i d .  We a r e  i n s t e a d  

pursuing the  p o s s i b i l i t y  t h a t  t h e  u s u a l  a c o u s t i c  mismatch theory is  i n a p p r o p r i a t e  a t  

t h e  lowest  temperatures  f o r  t h e  s o l i d s  t h a t  have been i n v e s t i g a t e d ;  a l l  exper iments  

have been made w i t h  s o l i d s  t h a t  were e i t h e r  s i n t e r e d  me ta l  powders o r  powdered 

cerium magnesium n i t r a t e .  I n  a l l  ca ses  the  powder d iameter  (d) was sma l l e r  than o r  

comparable wi th  t h e  dominant phonon wavelength a t  1 mK (% 30 ilm i n  bu lk  s o l i d s ) .  

The re fo re  the  u s u a l  Debye spectrum has  a  long wavelength cut-off a t  X % d ,  w i th  a  
Ph 

consequent low energy cut-off a t  E/kg 2. hvD/kBd (2. 100 mK when d  = 1 um) where kB is  

Boltzmann's cons tan t  and vD is  t h e  Debye sound v e l o c i t y .  A consequence is t h a t  

e s s e n t i a l l y  no bu lk  phonons a r e  e x c i t e d  a t  1 mK. I n s t e a d  t h e r e  should  be new normal 

modes a s s o c i a t e d  wi th  t h e  powder p a r t i c l e s  a s  lumped masses and t h e  necks between 

p a r t i c l e s  a s  weak s p r i n g s .  We p resen t  h e r e  t h e  r e s u l t s  of an  i n v e s t i g a t i o n  of t h e s e  

new modes. 

Sample P r e p a r a t i o n .  A v a r i e t y  of copper and s i l v e r  powder d i ame te r s ,  packing f a c t o r s  

and s i n t e r i n g  p rocesses  have been used by va r ious  groups i n  the  pas t") .  This  work 

was done wi th  700 61, copper powde;(2) and w i t h  a  range of packing f a c t o r s  and s i n t e r -  

i n g  temperatures .  The powder was f i r s t  c leaned i n  t r i c h l o r o e t h y l e n e  and then i n  
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acetone (10 minutes i n  an u l t r a s o n i c  ba th ) .  The powder was d r i e d ,  placed loose ly  i n  

aluminum f o i l  boa t s  i n  a furnace tube and t h e  tube evacuated. When the  p ressure  had 

dropped t o  t o r r  the  furnace was switched on and brought up t o  its working temp- 

e r a t u r e  (usual ly  2 0 0 ~ ~ ) .  Then hydrogen was allowed t o  stream through the  tube f o r  

15 minutes a t  which t i m e  t h e  furnace tube was quickly cooled. A s  soon a s  poss ib le  

the  pre-s intered powder was packed i n t o  a c lean  mold. Apart from varying t h e  s i n t e r  

temperature t h e  s i n t e r  process  was t h e  same a s  the  p re - s in te r  process  descr ibed 

above. The f i n a l  samples were i n  the  form of 2 mm t h i c k  d i s c s  o r  beams 70 mm x 5 mm 

x 2 mm. 

Method and Resul ts .  I n  o rder  t o  i n v e s t i g a t e  the  low frequency modes, measurements 

were made of t h e  Young's modulus (ze ro  frequency) and the  v e l o c i t y  of long i tud ina l  

sound (15 MHz) . 
( i )  Young's Modulus. The s i n t e r s  a r e  q u i t e  s t i f f  and t o  ob ta in  a measurable dis-  

t o r t i o n  wi th  reasonable loads  t h e  s i n t e r  was formed i n t o  long t h i n  beams t h a t  were 

supported a t  t h e  ends and loaded i n  the  cen t re .  The beams were loaded i n  2 gm 

increments t o  about 40 gm and then unloaded i n  increments while t h e  deformations 

were measured with  a t r a v e l l i n g  microscope. Young's Modulus (Y) was determined from 

a deformation versus  load p l o t .  The r e s u l t s  a r e  shown i n  f i g u r e  1, p l o t t e d  a s  

Y/Ycu where Y is the  Young's modulus of copper (12.5 x 1 0 ~ ~ ~ m - ~ ) .  
cu 

( i i )  Sound Veloci ty .  The u l t r a s o n i c  v e l o c i t y  was measured i n  the  frequency range 

12-20 MHz on t h i n  disc-shaped samples. The s i n t e r s  were dry pol ished f l a t  and 

p a r a l l e l  us ing f i n e  s i l i c o n  carbide paper. The samples were then placed between two 

quar tz  delay rods and the v e l o c i t y  was measured from t h e  time delay between a 

r e f l e c t e d  pu l se ,  which has t r a v e l l e d  up and down t h e  quar tz  rod only, and a t rans-  

mi t t ed  pu l se ,  which has passed through t h e  specimen and each quar tz  rod. The t rans-  

mi t t ed  s i g n a l s  were genera l ly  weak and o f t e n  broad, i n  p a r t  due t o  i n t e r f e r e n c e  

e f f e c t s  caused by inhomogeneities i n  the  s i n t e r s ,  and consequently t h e  leading edge 

of t h e  pu l ses  was used i n  a l l  measurements. To prevent bonding f l u i d  from pene t ra t -  

ing  the  pores  of the  s i n t e r  t h i n  l a t e x  membranes were i n s e r t e d  between the s i n t e r  

and the quar tz  rod, wi th  a l a y e r  of Nonaq stopcock g rease  o r  g l y c e r o l  between t h e  

quar tz  and the  membrane but  no t  between the  membrane and the s i n t e r .  A measured 

cor rec t ion  of 0.07 u s  was appl ied f o r  the  delay i n  t h e  membranes. The technique 

worked w e l l  f o r  both Ag and Cu s i n t e r s  over a range of pack.ing f a c t o r s  f ;  f o r  a Ag 

s i n t e r  wi th  f = 55%, we ob ta in  the  v e l o c i t y  vE = (1.73 + .05) x 103ms-' and f o r  Cu 

s i n t e r s  wi th  f = 48% and 42% we measure vE = (1.6 ?r . l )  and (1.2 + .2) x 103ms-I 

r espec t ive ly .  Measurements were a l s o  made on a Cu s i n t e r  of 33% f i l l i n g  f a c t o r ,  but  

even w i t h  t h e  sample thickness  reduced t o  0.53 mm, t h e  u l t r a s o n i c  a t t enua t ion  was s o  

g r e a t  t h a t  t h e  membranes had t o  be removed f o r  a t r ansmi t t ed  s i g n a l  t o  be observed; 

i n  t h i s  case ,  t h e  bond was made with  Nonaq which is  s u f f i c i e n t l y  viscous t o  cause 

minimal contamination i n  t h e  s i n t e r .  For t h i s  sample vE = 0.75 ( 2  . 2 )  x 10~rns-~. 

The r e s u l t s  f o r  these  samples have been converted t o  a reduced e l a s t i c  modulus 

pvQ2/(PvL2)bulk where bulk r e f e r s  t o  bulk copper o r  s i l v e r .  
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Discuss ion of R e s u l t s .  F i r s t  of a l l  t he  s i n t e r s  a r e  e l a s t i c  and cons ide rab ly  s o f t e r  

than b u l k  copper.  There is  a  marked, b u t  n o t  u n e ~ p e c t e d ' ~ ) ,  dependence upon packing 
(4) f a c t o r .  Th i s  has  been confirmed i n  more r ecen t  work on bo th  copper and s i l v e r  . 

The sound v e l o c i t y  and e l a s t i c  modulus measurements a r e  i n  s a t i s f a c t o r y  agreement;  

t h e  agreement is b e t t e r  i n  t h e  more r e c e n t  work i n  which sample p r e p a r a t i o n  was more 

c o n s i s t e n t .  

For t h e s e  s o f t  modes t o  be  s i g n i f i c a n t  i n  h e a t  t r a n s f e r  a t  < 1 0  mK t hey  would 

have t o  e x i s t  t o  v > loW2(kg/h)  o r  200 MHz. T h e i r  upper l i m i t  can i n  f a c t  be estim- 

a t e d  by app ly ing  Debye theory .  With N / V  2. 1018m-3(4) we f i n d  v % 500 MHz. There- D 
f o r e  t hese  modes should  complete ly  dominate t h e  phonon spect rum below 1 0  mK. They 

a r e  s o f t e r  modes and have a  d e n s i t y  of s t a t e s  up by % 50 when compared t o  bu lk  

copper and i t  is n o t  s u r p r i s i n g  t h e r e f o r e  t h a t  a c o u s t i c  mismatch theo ry  wi th  bu lk  

copper parameters  f a i l s  t o  a g r e e  wi th  expe r imen ta l  r e s u l t s .  

I n  conc lus ion  i t  is  emphasised t h a t  t h e s e  a r e  continuum modes of t h e  s i n t e r  

p l u s  whatever  occupies  t h e  po res  ( u s u a l l y  l i q u i d  hel ium).  For  a  f u l l  unders tanding 

of h e a t  t r a n s f e r  below 10 mK a  s t u d y  is now requ i r ed  of t h e  coup l ing  of t hese  modes 

t o  t h e  e l e c t r o n  g a s  i n  t h e  me ta l  and t o  t h e  q u a s i p a r t i c l e  e x c i t a t i o n s  i n  t h e  l i q u i d  

3 ~ e  o r  3 ~ e / 4 ~ e  mix tu re s .  
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F igu re  1. C i r c l e s  a r e  t h e  beam 
bending r e s u l t s  w i t h  s i n t e r i n g  
t empera tu re s  a s  fo l lows:  

Open c i r c l e s ,  175OC 
Half-open c i r c l e s ,  2 0 0 ' ~  
Closed c i r c l e s ,  225OC. 

T r i a n g l e s  a r e  t h e  sound v e l o c i t y  
r e s u l t s  wf th  a  s i n t e r i n g  tempera- 
t u r e  of 200°C. The 55% r e s u l t  is  
f o r  s i l v e r .  
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