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The Characteristic Temperature of Silver from X-ray Reflections* 
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The integrated intensity of diffraction lines (111) and (422) from a silver wire was measured a t  
6 different temperatures between 81 °K. and 774 °K. which were determined from the angular 
shift of diffraction line (422). :By applying the formula of the usual Debye theory to each neigh- 
bouring pair of temperatures a value of O was obtained for the middle of the temperature interval. 
The following results were obtained, with an error in O of 3°-20°: 

Temperature °K. 138 243 405 592 726 
Characteristic temperature 203 233 200 178 121 

The results, showing a decrease of O with increasing temperature,  do not coincide with those of 
Andriessen. His measurements gave a constant value of O = 218 up to 670 °K. Neither extinction 
nor oxidation can account for the low O-values found from the present measurements. 

Introduction 

The hea t  vibrat ions in solids can be invest igated from 
the loss of intensi ty  of the X- ray  diffraction lines upon 
heating.  By  measur ing the  intensi ty  a t  different tem- 
pera tures  the characterist ic t empera tu re  O is obtained.  
Such measurements  have been carried out in the  pas t  
on a number  of elements. The resulting values of O 
do not  coincide with those obtained from measure- 
ments  of specific heat ,  so t h a t  an invest igat ion of a 
larger number  of elements was advisable.  

The present  paper  describes measurements  on silver. 

Theoretical part 

The tempera ture  dependence of the intensi ty  of X - r a y  
powder reflections is given by the formula  

P = P0 exp ( - 2 M ) ,  (1) 

where P and P0 are the integrated intensities of a line 
diffracted a t  t empera ture  T respectively in absence 
of any  oscillation of the atoms.  

The exponent  2M is given by:  

2 M  = mk----O" 22 + ' 

where 
0 l lX ~d~ x=~,  ¢(x)=- 

e ¢ -  1 x o 

and  m the mass of the atom. The other  symbols  have 
the  usual  meaning.  Fo rmula  (1) can also be wr i t ten:  

In P = In P o - m k O "  ,~2 + (2) 
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From this we can calculate the rat io  of the  inten- 
sities P~ and P~ of a given diffraction line a t  two 
tcmpera tures  T, and T~. We obta in:  

ln p----~ =mk------~" 29" L x2 xl A" 

Hence  by  measur ing the intensities of a given 
diffraction line a t  two tempera tu res  we can directly 
find O. 

In  the  light of the  modern theory  of hea t  vibrat ions 
O is not  a constant  but  shows a slow change with 
tempera ture .  In  order to measure  0 for a given tem- 
perature ,  the  intensi ty  mus t  be measured a t  two tem- 
peratures  sufficiently near  to each other  so t h a t  0 
can be considered to remain constant  in the  tempera-  
ture in terval  considered. On the  other  hand  the  
t empera tu re  interval  mus t  not  be choosen too small  
otherwise the  method  becomes inaccurate.  Thus by  
measuring P a t  a number  of tempera tures  and applying 
formula  (3) to each consecutive pair  of measurements  
the  change of @ with t empera ture  can be determined.  
As f luctuat ions of the p r imary  in tensi ty  and of the  
efficiency of the counting appa ra tus  could not  be 
avoided, it was safer to measure the intensities of two 
diffraction lines a t  each t empera tu re  and  use their  
ratio.  I f  we call this rat io P~el formula  (2) can be 
wri t ten : 

P0 12h' s i n ~ 0 - s i n ~ 0 ' [ C ( x X  ) 1] 
In Prel = In P-o mkO ~2 q-.~ , (4) 

where the  unpr imed and pr imed symbols designate 
each of the two diffraction lines. Applying formul~ (4) 
a t  two tempera tures  T 1 and T 2 which are sufficiently 
close to neglect the  changes of the diffraction angles, 
we obtain:  
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in - -  

T H E  C H A R A C T E R I S T I C  T E M P E R A T U R E  OF S I L V E R  

Prel~"x 12h ~" sin 2 O-s in  20' [~(X2) ~)(Xl) 1 (5) 
Prel~, 2 m]cO ~9 L xs xl  J" 

E x p e r i m e n t s  and conc lus ions  

The experiments  were carried out with filtered copper 
radia t ion (32 pkV.,  10 mA.). The X - r a y  tube with 
the necessary system of slits was fixed to an accurate  
goniometer.  The scat ter ing sample was a silver wire 
of 0-8 mm.  diameter .  Before use it was tested on a 
s t andard  Debye-Scher re r  camera in order to check 
t h a t  it  was sufficiently microcrystall ine and  tha t  it  
had  no fibre texture  due to drawing. A Geiger counter 
with an appropr ia te  system of slits was fixed to the 

Table 1 (b). High temperature measurements of  intensities 

1st Run 2nd Run 

Tok P(,~) P(~m Tok P(,2~) P(m) 
304 624 344 305 710 400 
496 387 300 505 431 360 
678 232 284 685 301 325 
770 158 289 772 167 303 

3rd Run 4th Run 

Tok P(4~s)  P(111) Tok P(422) P(111) 
304 631 348 304 626 360 
518 419 329 511 444 339 
678 284 307 671 256 322 
777 142 255 778 158 289 

turn ing  a rm of the goniometer.  The measurements  
were carried out  on the diffraction lines (422) and (111). 
The intensi ty  was measured point  by point  every 15 
resp. 5 minutes  of arc. The results were plotted and 
planimetered and the resulting areas were used as a 
measure  of the corresponding bl tegrated intensities P.  
The scat ter ing sample was heated  above room tem- 
pera ture  by  blowing a vertical  s t ream of hot  air onto 
the  wire. For  cooling below room tempera tu re  the  
wire was fixed to the  bot tom of a vacuum cryostat .  

The t empera tu re  of each measurement  was deter- 
mined from the angular  shift of line (422) by  using 
formula  

It = lo [1 + 18.72 x 10-et+7.393 × 10-9t~+7.381 × 10-12ta] 

in the  region of high temperatures ,  and formula :  

l~ -- lo[1 ÷ (17"79066t+0.0034641t~ 

÷ 0.0459343t 3 + 0"0635754t4). 10-6]* 

in the region of low tempera tures  ( temperature  t in °C.). 
Under  the experimental  conditions line ( 4 2 2 ) h a d  

a half  width of approx.  1-5 degrees of arc and the  
position of each peak could be determined with an 
accuracy of about  3 to 4 minutes of arc. Thus the error 
in t empera ture  of each high tempera ture  measure- 
ment ,  amounts  to about  10 °. In  the low tempera tu re  
measurements  the cryostat  had  the same t empera tu re  
a t  every  run. Therefore the mean value of all the runs 
could be taken.  

In  Tables l(a) and (b) the experimental  d a t a  for six 
independent  runs a t  low tempera tu re  and four  inde- 
pendent  runs a high tempera ture  respectively are listed. 
O for each tempera ture  in terval  can now be obtained 
from formula (5), by using the da t a  of each consecutive 
pair  of temperatures .  The results are given in Table 2 
separa te ly  for every  t empera tu re  interval  and every  
run. The mean  values of O have  been plot ted in Fig. 1 
(full points) against  the t empera ture  of the center of 
the interval.  The vert ical  lines indicate the mean error. 
The full curve gives the general t rend  of the results. 
The errrors do not  allow the determinat ion of the form 
of the left pa r t  of the  curve e.g. if it  is horizontal  or 
goes through a max imum at  normal  tempera tures .  
On the  other  hand  the  decrease of 0 with increasing 
tempera ture  is definite. 

For  reasons of comparison the values of O found by  
other  invest igators  are shown in the  same figure. 
The individual points give the values found from spe- 
cific heat  measurements  (Meads, Forsy the  & Giauque 
(1941) and Eucken,  Clusius & Woit inek (1931)). This 
method is good for tempera tures  lower t han  O and 
hence reliable O values can be obtained only up to 
about  200 °K. The only determinat ion of O at  higher 
tempera tures  is due to Andriessen (1935). His method  
was similar to the one described in the  present  paper.  
The X-rays  were diffracted on a powder of silver 
particles adhering to a quar tz  fibre. The particles had  
dimensions between 4 and 8 ~, thus  pract ical ly  elimi- 

Table l(a). .Low temperature measurements of intensities 

1st Run 2nd Run 3rd Run 

T0k P(t22) Z~(111) TOk ZP(42~) ff(111) T0~ IP(422) ~(111) 

292 905 550 289 983 558 289 978 572 
195 1112 571 195 1082 567 195 1055 546 
81 1365 578 81 1322 575 81 1295 566 

4th Run 5th Run 6th Run 

To~ P(,2~) P(,11) Tok P(,~) e(m) Tok e(,~) P(m) 
291 907 545 292 896 550 292 988 546 
195 1074 554 195 1119 584 195 1143 592 
81 1261 553 81 1366 605 81 1350 592 

* Landol~-BSrnstein. Phys.-Chem. Tabellen. 5th ed. Eg l ib 
and IIIc. § 247a. 
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Fig. 1. Characteristic temperature of silver versus Kelvin 
temperature. O Meads-Forsythe-Giauque. A Eucken- 
Clusius-Woitinek. • and × present work. 
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Temperature 
interval 

1st 

2nd 

3rd 

Table 2. The characteristic temperature of silver from X-ray reflections 
Centre of Mean v~ue 

Rtm T 1 T 2 temp. interval PrelT1 PrelT2 log PrelT1/PrelT2 0 of O 

2 8I 195 2.299 1.908 0.0810 196 
3 81 195 138 2.288 1.932 0.0733 2 0 5 . 5  203.2~2.8 
4 81 195 2.280 1-939 0.0704 209.5 
5 81 195 2.258 1.916 0-0712 208 
6 81 195 2.280 1.931 0.0723 207 

1 195 292 1.947 1.645 0.0731 193 ] 
2 195 289 1-908 1.762 0.0346 274 / 1.932 1.710 0.0531 223 3 195 289 243 233"2±19.6 
4 195 291 1.939 1.664 0.0663 202 
5 195 292 1.916 1.629 0.0704 197 
6 195 292 1.931 1.810 0.0282 310 

1 304 496 ~ 1.814 1.290 0.1480 194.o 
1.775 1.197 0-1711 184.5 2 305 505 405 200.4~7.7 

3 304 518 1.813 1"273 0.1536 201.5 
4 304 511 1.739 1.310 0.1230 221 

4th 1 496 678 ~ 1.290 0.817 0.1984 163.5 
2 505 685 / " 1.197 0.926 0.1115 217 
3 518 678 592 177.5~15.1 1.273 0-925 0.1387 183 
4 511 671 1.310 0.795 0-2169 146.5 

5th 1 678 770 ] 0.817 0.546 0-1750 124 
2 685 772 / 726 0.926 0-551 0-2254 106 / 120.6±6.9 
3 678 777 0.925 0.557 0.2202 114.5 
4 671 778 0.795 0.546 0.1632 138 

ha t ing  effects due to extinct ion.  The in tens i ty  of the 
diffracted rays was determined from the  blackening 
of a photographic  film. The results which were ob- 
t a ined  from several diffraction lines, gave a constant  
value of O = 218 °K. from room tempera ture  up to 
400 °C. F rom t h a t  tempera ture  on, i t  showed a gradual  
decrease. 

Andriessen's  results differ considerably from our 
own. We will a t t emp t  to discuss the  possible reasons. 
An impor t an t  source of errors in X- ray  diffraction 
invest igat ions is the  change of ext inc t ion  effects t h a t  
occurs when the  crystall i tes change ei ther  their  dimen- 
sions or their  degree of perfection. Tbe present  
measurements  were carried out  in four consecutive 
runs during which the  same scat tering sample was 
repeatedly  heated to 500 °C. and cooled. This treat-  
men t  might  change the  ext inct ion effects. As the dif- 
fract ion lines (111) and  (422) would not  be influenced 
by such effects to the  same degree their  rat io would 
change. Another  source of error might  be the oxida- 
t ion of the surface of the  scat tering material .  As silver 
is opaque to X-rays,  the  diffraction occurs main ly  on 
the surface of the wire. I t  is evident  t h a t  the  diffracted 
rays of line (422) have a shorter  pa th  in the oxide 
layer  t han  line ( l l  1) and thus the intensities will no t  
be diminished to the  same extent .  

However, the  effects described above could not  have 
influenced the  present  results. I f  the  effects (change 
of ext inct ion and oxidation) occurred gradual ly  during 
the course of the  measurements ,  the rat io for the  two 
lines (when measured at  the same temperature)  would 
have changed gradually.  No such change was found. 

If, a l ternat ively ,  the  effects occurred during the 
pre l iminary heatings,  the  rat io of the  two lines would 
not  have changed subsequent ly  and thus  no error in 
O would be introduced.  

As no explanat ion  could be found for the difference 
between the  present  results and those published by 
Andriessen, we decided to work out  our da ta  exact ly  
in the  same way as Andriessen did, in order to see if 
a different t rend  in O would appear. Ins tead  of using 
formula  (5) which contains the  intensit ies of two dif- 
fract ion lines, we applied the  da ta  of the  high index 
line (422) to the  formula (3). This method  might  have  
larger errors, produced by changes in in tens i ty  of the  
p r imary  X-ray  beam and by changes of efficiency in 
the  counter,  but  the  influence of ext inct ion would be 
smaller. The results are given in Table 3. 

Table 3. Center of temperature interval (°K.) and 
characteristic temperature (0) 

OK. 138 243 405 592 726 
O 207 227 191.5 172.1 119.2 

The results are shown in Fig. 1 in the form of crosses. 
We see t h a t  the  general form of the curve remains 
unchanged.  
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