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Determinat ion o f  the Fermi sur face o f  molybdenum 

0 
, u s i n g  the  de ~ a a s - v i n ~ l ~ h e n  e f f e c t  

James A l v i n  Hoekstra 

Under the  superv is ion .  of J. L.. Stanford  . . 

From the  . ~ e ~ a r . t m e n t  o f  Physics . . 

l owa S t a t e  U n i v e r s i t y  

The de Haas-van Alphen e f f e c t .  i n  molybdenum has been s tud ied  i n  . ' 

d e t a i l  us ing  l a r g e ' i m p u l s i v e  magnetic f i e l d s .  ~ i g i ' t a l  data recording, 

f as t -Fou r ie r  frequency ana lys i s  by computer, and dynamic c a l i b r a t i o n  o f  

the  e n t i r e  apparatus have been used t o  o b t a i n  the  de Haas-van Alphen 

frequencies t o ' a  h i g h  degree o f  accuracy. Several new frequency branches 

associated w i t h  the  e l e c t r o n  j ack  p i e c e ' o f  the, Fermi sur face are  reported. 

Frequency branches e x h i b i t i n g  h igh  angular accuracy and r e s o l u t i o n  are  

repo r ted  f o r  a l l  branches t h a t  have p r e v i o u s l y  been detected by o t t ie r  . 

de Hass-van Alphen i nves t i ga to rs .  A q u a n t i t a t i v e  description o f  a1 1 

sheets o f  t he  Fermi sur face .is presented, a long w i t h  comparisons w i t h  o the r  

Fermi. sur face r a d i i  ob ta ined by .use o f  t he  RFSE. The Muel le r  i nve rs ion  

technique f o r  o b t a i n i n g  Fermi sur face r a d i i  from the  de Haas-van Alphen 

area data was used whenever possib le.  The de Haas-van Alphen r e s u l t s  

presented a r e  cons i s ten t  w i t h  an es t imate  o f  2.5% o f  t h e  T l i  dimension f o r  

the s i z e  o f  the  gap  between the  j a c k  and the  octahedral  Fermi sur face 

pieces. Thus the  quest ion  about t he  s i z e  o f  t h i s  gap as r a i s e d  by 

d iscrepancies greater  than the combined experimental  e r r o r s  e x i s t i n g  i n  



current  RFSE data i s  resolved. The sp in-orb i t  parameter i s  not found t o  

be anomalously higher  than t h a t  . for  tungsten. 



(I;l=z> 

' LIST OF FIGURES 

F i g u r e  1. B r i l l o u i n  zone f o r  body-centered-cubic c r y s t a l  
l a t t i c e  

F igure .  2. A (100) cross sect  i on  f o r  the  Fermi sur face o f  
molybdenum as proposed by  Lomer (3) 

F igure  3. A (110) cross sec t i on  f o r  t he  Fermi sur face o f  
molybdenum as proposed by Lomer (3) . 

F igure  4. Block diagram o f  the  experimental  apparatus 

F igu re  5. Ro ta t i ng  sample holder .  The d r i v e  wheel 
assembly i s  f i t t e d  over the  d r i v e  s h a f t  and 
plugged i n t o  the Amphenol connector 

Page 

F igure  6. Va r ia t i ons  o f  . the  fundamental de Haas-van Alphen 
frequencies i n  molybdenum f o r  f i e l d  d i r e c t i o n s  i n  
the  (001) and (170) planes. The geometric axes 
f o r  t he  rod  shaped samples are: A, [ l l ~ ]  and o, 
L.0011 2 0 

F igu re  7. L inear  p l o t  o f  low frequency de Haas-van Alphen 
data f o r  f i e l d  d i r e c t i o n s  i n  the  (001) and (170) 
planes 

F igu re  8. L i  near p l o t  of medium frequency de Haas-van A1 phen 
data f o r  f i e l d  d i r e c t i o n s  i n  the  (001) and (170) 
p 1 anes 2 2 

F igure  9. L inear  p l o t  o f  h i g h  frequency de Haas-van Alphen 
data f o r  f i e1d"d i rec t i ons  i n  the  (001) and (170) 
planes 2 3 

F igu re  10. L inear  p l o t  o f  low and medium frequency1 de Haas- 
van ~ l p h e n '  data f o r  f i e l d  d i r e c t i o n s  i n  the  (171)  
plane. Note the  break i n  sca le  f o r  F(MG) 24 

F igure  11.  L inear  p l o t  o f  h igh  frequency de Haas-van Alphen 
data f o r  f i e l d  d i r e c t i o n s  i n  t he  (171)  p lane 25 

F igure  12. Comparison o f  th.e de Haas-van Alphen frequencies o f  
molybdenum and tungsten. The s o l i d  l i n e s  i n d i c a t e  
molybdenum data from t h i s  study. The dashed l i n e s  
i n d i c a t e  tungsten data from Reference 22 3 3 



F i g u r e  13. . P l o t s  o f  t h e  normal ized frequency d i f f e r e n c e  - (i n  percent)  AF = 100 (Fi rivers ion Fdata) / 

Fdata 
as a  f u n c t i o n  of  angle and t value 

F igu re  14. P l o t s  o f  t he  r a d i i  d i f f e rences  ( i n  percent)  

AR = loo (R& = 20, 22 o r  24-R& = 18)'Rt = 18 
as a  f u n c t i o n  o f  angle 

F igu re  15. Cross sec t ions  o f  the  ho le  octahedron ~ e r m i .  
sur face a t  H f o r  t he  (001) and (170) planes. 
The RFSE data o f  Boiko -- e t  a l .  (18) has been 
p l o t t e d  d i r e c t l y ,  w h i l e  the  R.FSE data o f  
Cleveland and s t a n f o r d  (20) has been m u l t i -  
p l i e d  by 1.05 before  p l o t t i n g  

F igu re  16. Cross sec t ions  o f  the  ho le  octahedron Fermi 
sur face a t  H f o r  the  (171)  and (112) planes 

F igu re  17. Cross sec t ions  o f  the ho le  e l l i p s o i d  Fermi 
sur face a t  N f o r  the  planes con ta in ing  the  
th ree  semiaxes. These d i r e c t i o n s  a re  NT, NH, 
and NP 

F igure  18. Cross s e c t i o n s . o f  the  e l e c t r o n  lens Fermi 
sur face a t  A assuming a  h igher  Dbh sYnimetrY. 
For the  n e a r l y  c i . r c u l a r  c ross 'sec t ion ,  the  plane 
has normal d i r e c t i o n  I'M, and 0' and 90' a re  
para1 l e l .  t o  ('100) d i r e c t i o n s  

Fi.gure 19. (170) p lan&'  cross sec t i on  f o i  the  e l e c t r o n  j a c k  
Fermi sur face a t  r. The s o l i d  and open c i r c l e  
data p o i n t s . a n d  t h e i r  l abe l s  a re  RFSE r e s u l t s  o f  
Boiko -- e t  a l .  (18). The + data p o i n t  a t  19' f rom ' 

[ O O l ]  and the  so l  i d  1 i'ne cons t ruc t i on  are  de- 
ser ibed i n  the t c x t  5 2 

Figure  20. (001) plane cross sec t i on  f o r  the  e l e c t r o n  jac'k 
Fermi sur face a t  T. The open c i r c l e  i s  a  data 
p o i n t  from Reference 18. The + data p o i n t s  and 
the  s o l i d  l i n e  c o n s t r u c t i o n  a r e  descr ibed i n  t he  
t e x t  5 4  

F igu re  21. A poss ib le  (171)  plane cross s e c t i o n  f o r  t he  
e l e c t r o n  j ack  Fermi sur face a t  T. The open 
c i r c l e s  are  data p o i n t s  from Reference 18 57 



F i g u r e  22. A  p l o t  o f  t y p i c a l  dHvA data. T h i s  'data was 
t.aken a t  28 .g0 f rom [010] i n  t h e  (001) p l ane  

F i g u r e  23. A  f i l t e r - p e r i o d o g r a m  f requency a n a l y s i s  o f  t h e  
dHvA da ta  shown i n  F i g u r e  22 

F i g u r e  24. A  f a s t - F o u r i e r  f requency a n a l y s i s  o f  t h e  dHvA da ta  
shown i n  F i g u r e  22. The fundamental f requenc ies  f rom 
t h i s  a n a l y s i s  a r e  p l o t t e d  and l a b e l l e d  i n  F i g u r e  6 
a t  28.g0 f rom [010] i n  t h e  (001) p lane  69 



LIST OF TABLES 

Table 1. ~x~erimental values for the ~ H V A  frkquencies. 
(in megagauss) corresponding to extremal cross- 
sectional areas of the Fermi surface of Mo 

Table 2.' Radi i for the hole octahedra in units of (2~r/a) 

Table 3. Values i n  i-' for the semi -axes of the hole 
ell ipsoids at N 

Table 4. Values ini-l for the radii of the electron 
, 1 enses' at A 

Page 



I *  INTRODUCTION 

The Fermi sur face (FS) and the  e l e c t r o n i c  s t r u c t u r e  o f  molybdenum 

have been the sub jec ts  o f  several  dx tens i ve  i n v e s t i g a t i o n s  over the  past 

few years. Most o f  the  r e s u l t s  have been i n t e r p r e t e d  i n  terms o f  re -  

v i s i o n s  o f  a  model f o r  the  chromium group metals  (C r ,  Mo, W) f i r s t  

proposed by Lomer (I), who used the  energy bands f o r  Fe as c a l c u l a t e d  by 

Wood (2). The i n i t i a l  model was l a t e r  cor rec ted  f o r  t he  p a r t i c u l a r  case 

o f  molybdenum (3). Theore t i ca l  augmented-plane-wave (APW) c a l c u l a t i o n s  

f o r  Mo done by Loucks (4) e x h i b i t  qua1 i t a t i v e  agreement w i t h  the Lomer 

model, bu t  the  q u a n t i t a t i v e  r e s u l t s  a re  sub jec t  t o  numerical  e r r o r s  due 

t o  an i nco r rec t  s i z e  f o r  the  u n i t  c e l l  used i n  determin ing the  p o t e n t i a l  

app l i ed  i n  the  c a l c u l a t i o n  (5). 

The rhombic dodecahedron which de f ines  the  B r i l l o u i n  zone, shown i n  

F igure  1, i s  l a b e l l e d  i n  accordance w i t h  the  standard n o t a t i o n  (6). As 

can be seen from the  Lomer mode.1 i n . F i g u r e s  2  and 3, t h e  FS cons i s t s  o f  

several  d i s t i n c t  pieces. The l a r g e s t  two are  the  ho le  fioctahedronlg 

s i t u a t e d  a t  the symmetry p o i n t  H and the e l e c t r o n  " jack f f  loca ted  a t  r. 

The " jackf i  cons i .s ts  o f  an oc.tahedral1 y-shaped "bodyfi w i  t h  a  "ba l l I i  p ro-  

t r u d i n g  from each o f  the  s i x  corners of  the  fEbody." The narrow reg ion  

connect ing the  "body" . w i t h  one o f  t he  l ibal 1s" i s  r e f e r r e d  t o  as a  "neck." 

A ho le  "e l  1 ipsoidl '  i s  loca ted  a t  each o f  the  symnetry p o i n t s  N. S i x  

smal l  e l e c t r o n  "lensesif a re  s i t u a t e d  a long the  l i n e s  lli i n  the  "neckfi 

regions o f  t he  "jack." I n  t he  remainder o f  t h i s  paper the  terms used t o  

descr ibe these FS pieces w i l l  no ' longer  be enclosed i n  quo ta t i on  marks. 



Figure 1. Brillouin zone for body-centered-cubic crystal lattice 



F i g u r e  2. A (100) c ross  s e c t i o n  f o r  t h e  Fermi su r f ace  o f  molybdenum as proposed by  Lomer (3 )  



- 

F igu re  3. A (110) cross s e c t i o n . f o r  t h e  Fermi sur face of molybdenum as proposed by Lomer (3)  



On the'experimental side, the magnetores'istance measurements of 

~awcett (7), of ~awcett and Reed (8), and of ' ~ l  ekieevski:, Egorov, 

Karstens, and Kazak (9) have shown that Mo is a compensated metal having 

equal numbers of electrons and ho1.e~. This means that the volume of the 

electron and the hole portions of the FS will be equal. Fawcett and Reed 

- 4 have shown there can be no more than about 10 open orbits per atom in 

Mo, which means that all sheets of the FS are simply-connected. 

The anomalous skin effect measurements of Fawcett and Griffiths (10) , -  

were able to show that the FS area for a member of' the Cr group transi- 

tion met'als is much less than the area of a sphere containing s'ix elec- 

trons per atom. This suggests that the free electron model is a poor 

approximation to the Fermi surfaces of these metals. 

Caliper dimensions along or near major symmetry directions were 

est imated by Jones and Rayne (1 1) and by ~ezugl~y, Zhevago, and 
I 

~en.i senko (1 2) in thei r magnetoacoust ic effect investigations. Herrmann 

(13) has obtained the effective masses of several orbits in Mo and W 

through the use of cyclotron resonance experiments. His results in- 

dicating a rather spherically shaped surface at H disagree with the hole 

octahedron found at H by other investigators. 

The first de Haas-van Alphen (~HVA) frequency results obtained by. 

using the torsion method with fields up to 18 kG on the Cr group metals 

were reported 'by Brandt and Rayne (14, 15). Thei r data for Mo came from 

orbits associated with the electron lenses. Sparlin and Marcus (16) 

presented ~ H V A  torsion' measurements on MO and w in fields up to 34 k ~ .  

Their data included information about the electron lenses, the hole 
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e l l i p s o i d s ,  and p a r t i a l  in fo rmat ion  on the ho le  octahedra and the  necks 

o f  the  e l e c t r o n  jack. No osc i  1 l a t i o n s  r e l a t e d  t o  the  body o f  the j ack  

were observed.  he pu l  sed-f i e l d  dHvA r e s u l t s  o f  .Leaver and Myers (1 7) 

p rov ide  a d d i t i o n a l  in fo rmat ion  about the  j a c k  and octahedron pieces, bu t  

t h e i r  data e x h i b i t s  a  s i g n i f i c a n t  amount o f  sca t te r .  

The recent  radio-frequency s i z e  e f f e c t  (RFSE) measurements o f  Boiko, 

Gasparov, and G v e r d t s i t e l i  (18), o f  Cleveland (19), and Cleveland and 

Stanford  (20) p rov ide  many c a l i p e r  dimensions o f  the  FS bu t  t he  data 

presented i n  these two i n v e s t i g a t i o n s  d i f f e r  by 6"/, a discrepancy which 

i s  g rea ter  than the combined experimental  e r r o r s  claimed by the  i n v e s t i -  

gators. The RFSE data i s  most h e l p f u l  i n  d e f i n i n g  the  shapes o f  the  

l a rge r  FS pieces, bu t  i s  hard t o  o b t a i n  and i n t e r p r e t  f o r  the e l l i p s o i d s  

and lenses, where the  RFSE s igna ls  l i e  c lose  together  i n  magnetic f i e l d  

value, and are d i f f i c u l t  t o  separate and f o l l o w  as a  f u n c t i o n  o f  angle. 

The separa t ion  o r  gap between the  j a c k  and the octahedral  FS pieces i s  
. . 

est imated by Boiko -- e t  a l .  as 2.5% o f  t he  r H  dimension, w h i l e  Cleveland's  

est imate f o r  t he  gap i s  7%. The l a r g e r ' g a p  was expla ined by choosing a  

value o f  t he  s p i n - o r b i t  parameter f o r  Mo l a r g e r  than t h a t  p r e d i c t e d  by 

Mat the iss  (21) f o r  W. The e f f e c t s  o f  s p i n - o r b i t  coup l ing  should be more 

pronounced i n  W, where the gap i s  5% (22), than i n  Mo. 

Th is  i n v e s t i g a t i o n  o f  Mo was undertaken t o  p rov ide  complete and ac- 

cu ra te  data concerning the extremal areas associated w i th 'each  o f  the  

p ieces o f  the  FS us ing  the  p u l s e d - f i e l d  dHvA technique. The data w i l 1 , b e  

used t o  o b t a i n  the FS r a d i  i and thus c l a r i f y  the  discrepancy e x i s t i n g  i n  

the c u r r e n t  RFSE data, and t o . r e s o l v e  the  quest ion  about t he  s i z e  o f  the  



gap between the  j ack  and the octahedron caused by the  s p i n - o r b i t  i n t e r -  

a c t  ion. 



II. EXPERIMENT 

A. Impuls ive F i e l d  Method 

The de Haas-van Alphen e f f e c t  i s  observed as o s c i l l a t i o n s  i n  the 

magnet izat ion o f  pure metal s i n g l e - c r y s t a l  specimens a t  l iqu id -He tem- 

peratures i n  s t rong  magnetic f i e l d s .  Onsager (23) worked out  a  simple 

theory  g i v i n g  the  frequency o f  dHvA o s c i l l a t i o n s  by app ly ing  the  Bohr- 

Sommerfeld quan t i za t i on  r u l e s  t o  the  motions o f  e lec t rons  i n  an app l i ed  

magnetic f i e l d .  The motion o f  e lec t rons  i n  - k-space normal t o  the  app l i ed  

magnetic f i e l d  i s  quant ized i n t o  o r b i t s  which enclose areas p r o p o r t i o n a l  

t o  the f i e l d .  As the  f i e l d  i s  increased, these o r b i t s  cross the  Fermi 

surface, depopulate, and the re fo re  induce o s c i l l a t i o n s  i n  the  f r e e  energy 

and the 'magnet ic  moment o f  the  system. The frequency F f o r  these dHvA 

osci  1 l a t i o n s  i s  

where A o ( ~ F )  i s  an extremal c ross-sec t iona l  area o f  t he  Fermi sur face 

normal t o  t h e  appl  ied. f i e l d .  Experimental observat ions have shown ' that  

t he  dHvA o s c i l l a t i o n s  are  a c t u a l l y  p e r i o d i c  i n  1/B ra the r  than 1/H. 

Since the  r e a l  space e l e c t r o n  o rb i ' t s  have diameters extending over hun- 

dreds o f  l a t t i c e  spacings, i t  i s  reasonable t h a t  the  e lec t rons  should see 

an' average f i e l d  i n s i d e  the sample r a t h e r  than the  ex te rna l  l y  appl i e d  

f i e l d  - H. 

A d e t a i l e d  c a l c u l a t i o n  o f  the  ampl i tude dependence .of the  dHvA 

e f f e c t  was made by L i f s h i t z  and Kosevich (24), who a p p l i e d  s t a t i s t i c a l  



mech'anics to a' system of independent electrons in an applied magnetic' 

field. Dingle (25) has shown that if the effect of electron scattering 

due to collisionsis included, the rth harmonic term is multiplied by a 
factor K which is 

where TD is an effective temperature, the Dingle temperature, related to 

the width of the Landau levels. This term is very important in drasti- 

cally reducing the total signal strength of the dHvA effect in samples 

which are not pure or of good crystal perfection. Such is not the case 

' with our samples. 

The effect of conducting a dHvA experiment at a finite temperature is 

to cause thermal damping of the oscillations. This thermal damping factor 

' r is given for the rth harmonic by 
r = 2xr e -X r '25- I = [l + e + .  . .] r sinh Xr 

where, 

X 3r for free electrons in a field of 50 kG and at a temperature of r 

1 K. A recent article by Gold (26) includes this expression and provides 

a comprehensive review of the theoretical aspects of the dHvA effect and 

the additional experimental techniques possible. 

In this study dHvA oscillations in Mo were observed using the im- 

pulsive field method developed by Shoenberg (27) in 1957. Since the basic 



impu ls ive  f i e l d  apparatus was e s s e n t i a l l y  the same as t h a t  used by 

Anderson (28), and Panousis (29), o n l y  a  b r i e f  summary w i l l  be inc luded 

here. 

A s  i ng le -c rys ta l  specimen o f  h i  gh-puri t y  mate; ial ,  was' immersed i n  a  

dewar o f  1 i q u i d  He, which was designed so. t h a t  t he  sample was s i t u a t e d  in -  

s ide  the  center  o f  a  solenoid. This  e n t i r e  assembly was c o n t a i n e d . i n  a  

dewar o f  l i q u i d  N2 f o r  cool ing.  A b lock  diagram o f  t he  experimental  

c i r c u i t r y  i s  shown i n  F igure  4. A bank o f  capac i to rs  w i t h  5040 mfd 

t o t a l  capacitance was charged t o  a  maximum o f  2400 v o l t s .  Discharging 

these capac i to rs  through the  so leno id  produced a  peak f i e l d  o f  about 180 

kG w i t h  a  pu lse  t ime o f  21 ms. Th is  t ime-vary ing  magnetic f i e l d  induced 

a  vo l tage p r o p o r t i o n a l  t o  dM/dt = ( d ~ / d ~ ) ~ ( d ~ / d t )  i n  a  p ickup c o i l  

surround'i ng the  sample. The magnetic f i e l d  values were determined from 

the vo l tage readings across a  0.01 fi standard r e s i s t o r .  Both the  f i e l d  

values and the p ickup c o i l  vo l tage were sometimes monitored through the  

u s e . o f  a  dual-beam osc i l l oscope  and Po la ro id  p i c t u r e s  taken o f  t h i s  

ou tpu t  for ,  permanent p i c t o r i a l  data storage. The p ickup c o i l ' v o l t a g e  was 

a l s o  d isp layed on a  Hughes Model 104 Memo-scope storage osc i l l oscope  as 

a  mon i to r  o f  s i gna l  q u a l i t y  and s t reng th  f o r  each pulse. Both the  p ickup 

c o i l  vo l tage and the  vo l tage from the  standard r e s i s t o r  were a p p r o p r i a t e l y  

ampl i f ied,  converted from analog t o  d i g i t a l  s i gna ls  and s tored i n  a  smal l  

memory f o r  l a t e r  readout on to  punched paper tape. 

The p ickup c o i l  cons is ted  o f  2000 tu rns  o f  No. 50 i nsu la ted  copper 

w i r e  fo l lowed by 1* layers  o f  c i g a r e t t e  paper and about 860 tu rns  wound 

i n  a  reverse manner. The f i n a l  number o f  reverse tu rns  was ad jus ted  so 



F igu re  4. Block diagram o f  t h e  exper imenta l  apparatus 
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t h a t  the "bucked" c o i l  would not  be ab le  t o  de tec t  the bni'form f i e l d  . 

produced by the .pulse solenoid, bu t  would be ab le  t o  p i c k  up the changes 

i n  the maghet izat ion o f  the sample r e s i d i n g  ins ide.  S i n c e ' , i t  i s  d i f f i c u l t  

t o  determine the exac,t number o f  t u rns  necessary t o  complete ly  "buck" the 

un i fo rm t ime-vary ing f i e l d ,  a  few tu rns  o f  w i r e  connected t o  an addi -  

t i o n a l  p a i r  o f  leads from the  top  o f  the  sample ho lder  prov ided a  s igna l  

which could be used t o  e l im ina te  most o f  the  remaining 24 Hz s igna l  from 

the  .main f i e l d .  These tu rns  w i l l  be r e f e r r e d  t o  l a t e r  as the  "bucking 

c o i l . ' '  Otherwise the  dHvA s igna l  appears as a  r i p p l e  r i d i n g  on an 

approximate one-half  s i ne  wave'pulse coming from the  solenoid. 

B. Sample Prepara t ion  

The s i n g l e - c r y s t a l  samples used i n  t h i s  i n v e s t i g a t i o n  were spark-cut . 

from the same s i n g l e - c r y s t a l  rod  o f  Mo from which Cleveland obta ined 

samples f o r  h i s .  RFSE experiment (19). The rod, purchased. from West inghouse 

Lamp Div is ion ,  has a  res idua l  res i s tance  r a t i o  ( R ~ ~ ~ ~ / R ~ .  2 ~ )  o f  5000 as 

determined by  use o f  the  eddy-current decay method (30). Two samples f o r  

t h i s  inves ' t iga t ion  were cu t  i n  t he  form o f  long, t h i n  square bars -- 
one w i t h  a  (100) c r y s t a l l o g r a p h i c  a x i s  para1 l e l  t o  the  l eng th  o f  the  bar  

and the  o ther  w i t h  a  ( 1  10) d i r e c t  i on  as the  long ax is .  These samples were 

e lec t ro -po l i shed  t o  a  diameter o f  0.5 mm and a  length  o f  5 mm, u s i n g  a  6% 

s o l u t i o n  o f  p e r c h l o r i c  a c i d  i n  methanol coo1ed .w i th .a  m ix tu re  o f  d ry  i c e  

and acetone. 

A sample was mounted i n  a  p ickup c o i l  housed i n  the  d r i v e  wheel o f  

t he  sample holder  designed by Panousis and shown i n  F igure  5. The d r i v e -  

wheel assenibly was detached from the  d r i  ve-shaft  a'ssembl by d i  sconnect i ng 
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F igure  5. Ro ta t i ng  sample holder .  The d r i v e  whee.1 assembly i s  f i t t e d  
over the d r i v e  s h a f t  and plugged i n t o  the  Amphenol connector 



t h e  8-p in  Amphenol connectors and was mounted i n  a  j i g  capable o f  keeping 

the plane o f  r o t a t i o n  o f  the  d r i v e  wheel p a r a l l e l  t o  a  Po la ro id  x-ray 

camera used f o r  checking the  o r i e n t a t i o n  o f  the sample. The x-ray beam 

entered a ' s m a l l  ho le  i n  the wheel p a r a l l e l  t o  i t s  ax le  and s t r u c k  the  t i p  

o f  the sample which s l i g h t l y  p ro t ruded out  o f  t he  end o f  the p ickup c o i l .  

The Laue back-scat ter  d i f f r a c t i o n  p a t t e r n  obta ined enabled us t o  determine 

0 
the plane o f  r o t a t i o n  o f  the sample t o  w i t h i n  1 o f  a  chosen c r y s t a l l o -  

graphic d i r e c t i o n .  

C. Method o f  Ob ta in ing  Data 

To o b t a i n  a l l  o f  the  frequency data poss ib le  from the  sample, one 

would ' l i ke  t o  have some way o f  being ab le  t o  d i s c r i m i n a t e  against  some f r e -  
. . 

quencies w h i l e  enhancing others.  Then a  h igher  ampl i tude s igna l  from a  

g iven se t  o f  f requencies would enable a  more accurate de terminat ion  o f  the  

frequencies involved. Such d i s c r i m i n a t i o n  i s  poss ib le  by e x p l o i t i n g  the  

e f f e c t s  o f  the  thermal damping term expressed i n  Equation 3. One data 

run  f o r  each o r i e n t a t i o n  plane w i t h  a  g iven sample was made a t  a  tempera- 
. . 

t u r e  o f  4.2 K us ing  a  p e a k , f i e l d  o f  90 kG. Th is  mode o f  ope ra t i on  enhanced 

the  ampli tudes o f  frequencies a r i s i n g  f rom the  lenses and the  e l l i p s o i d s .  

A second data run f o r  each p lane and sample was made a t . 1 . 2  K us ing  a  peak 

f i e l d  o f  170.kG. A t  t h i s  temperature and.h igher  f i e l d  the  frequencies 

associated w i t h  the l a r g e r  and/or h igher  e f f e c t i v e  mass o r b i t s  a r i s i n g  

from the  e l e c t r o n  j ack  and the  ho le  octahedron were brought out. 

To contr , ibute t o  the  dHvA e f fec t ,  e lec t rons  must complete one o r  

several  o r b i t s  i n  t he  r e a l  space o f  the c r y s t a l  l a t t i c e .  The s i z e  o f  the 

o r b i t  i s  i n v e r s e l y  r e i a t e d  t o  the  magnetic f i e l d  s t rength .  As the 



magnetic f i e l d  increases, more poss ib le  o r b i t s  begin having pa th  lengths 

on the  order  o f  the  mean f r e e  path A, which i s  d i c t a t e d  by the  sample 

p u r i t y  as w e l l  as the  temperature. E lec t rons  which can complete an 

o r b i t  c o n t r i b u t e  t'o the  dHvA e f f e c t  r a t h e r  than being randomly scat tered.  

The s i z e  o f  the o r b i t  a l s o  depends upon the  poss ib le  momentum s ta tes  ' f o r  

the  g i v e n - e l e c t r o n  as d i c t a t e d  by i t s  p o s i t i o n  very near the FS i n  momen- 

tum space, and the  d i r e c t i o n  o f  the app l i ed  magnetic f i e l d .  Increased 

tdmperature .causes the  FS t o  become less  sharp ly  def i ned and increases the  

p r o b a b i l i t y  t h a t  the e l e c t r o n  w i l l  be sca t te red  onto a  new path. The 

e f f e c t i v e  mass i s  a  measure o f  the curva ture  o f  t he  p a r t i c u l a r  o r b i t ,  and 

t e l l s  how e a s i l y  the  e l e c t r o n  w i l l  be ab le  t o  t rave rse  the  path t h a t  i t  i s  

p rescr ibed t o  fo l l ow .  ~emperat'ure, e f f e c t i v e  mass and f i e l d  s t reng th  a l l  

appear i n  the thermal damping term. 

A t  4.2 K and 90 kG peak f i e l d  the  t o t a l  s i gna l  s t reng th  from the  

p ickup c o i l  was such t h a t  a  ga in  o f  around 500 was needed t o  p r o v i d e ' t h e  

+ 5 v o l t s  maximum s i g n a l  t o  t he  ana log- to -d ig i  t a l  conver ter  (ADC). A - 
so l i d -s ta . te  a m p l i f i e r  b u i l t  by the  Ames Laboratory Ins t rumenta t ion  Group 

e s p e c i a l l y  f o r  the  dHvA i n v e s t i g a t i o n  i n  l u t e t i u m  by t h i s  author  was 

s a t i s f a c t o r y  f o r  t h i s  s' ignal l eve l .  This  amp l i f i e r ,  g i v i n g  l i n e a r  re -  

sponse from 1 kHz-100 l < ~ z ,  prov ided a  low-noise ou tput  except near i t s  

maximum ga in  o f  50,000. A 1  though the amplifier was non-1 inear a t  24 Hz, 

the  s igna l  a t  t h i s  frequency due t o  the pu lse  so leno id  was r e j e c t e d  by 

us ing  the "bucking co i  1'' mentioned i n  Sect i o n  I l -A. The "bucking c o i  1" 

s i gna l  was reduced by a  Dekatran t ransformer  and^ f ed  t o  the f i r s t - s t a g e  

d i f f e r e n t i a l  a m p l i f i e r  i n  such a  manner as t o  sub t rac t  ou t  most o f  t he  



remaining ~ u l s e  so leno id  f i e l d  which was detec ted  a long w i t h  the des i red  

dHvA s igna l  by the  p ickup c o i l ,  which was the o ther  i npu t  t o  the  same 

d i f f e r e n t i a 1  a m p l i f i e r .  Through the  use of t h i s  complete ampl i . f ie r  we 

have prov ided a good wide-band dHvA.signa1 o f  . - + 5 v o l t s  maximum as input  

t o  the ADC w i thou t  u s i n g  any e l e c t r o n i c  o r  s t a t i c  f i l t e r i n g  which could 

in t roduce noise. 

A t  1.2 K and the h igher  peak f i e l d  the  increased s igna l  s t reng th  

overloaded the  stages ahead o f  the  ga in  c o n t r o l  on the a m p l i f i e r  mentioned 

above, so an o l d e r  system was subs t i tu ted .  Here the  p ickup c o i l  s i gna l  

was the i npu t  t o  a Krohn-Hi t e  Model 315AR e l e c t r o n i c  f i 1 t e r  se t  w i t h  a 

.band-pass o f  5 kHz t o  100 kHz. The f i l t e r  was used t o  e l i m i n a t e  the  24 

Hz pulse f i e l d  s igna l  and the  associated " r i ng ing "  o f  the I n f r a r e d  Model 

603 a m p l i f i e r  which fo l l owed  the  f i l t e r  i n  the  c i r c u i t .  Th is  amp l i f i e r ,  

which had a poorer frequency response than the newer one, was s u f f i c i e n t  

t o  p rov ide  a ga in  o f  around 80 w i t h  a reasonably good s igna l  f o r  the ADC. 

For each p lane o f  o r i e n t a t i o n  o f  a g iven sample w i t h  respect  t o  the 

magnetic f i e l d ,  and the  temperature and peak f i e l d  combinations mentioned 

0 
above, data was obta ined a t  2 i n t e r v a l s  as i nd i ca ted  by a counter d i a l  

connected by  a se t  o f  gears t o  the  1/4" brass rod  a t  the top o f  the  sample 

ho!der shown i n  F igu re  5. .Backlash i n  the  gears was e l im ina ted  by always 

advancing the  counter t o  increas ing  angles from the  beginning o f  a p a r t i c -  

u l a r  data run. Although the approximate symmetry d i r e c t i o n  o f  t he  sample 

f o r  a c e r t a i n  d i a l  reading was known and used t o  determine t h e  angular 

i n t e r v a l  over which data was taken, the  f i n a l  choice o f  t he  symmetry 

d i r e c t i o n  was.made from the  symmetry o f  the  p l o t t e d  frequency in fo rmat ion  
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about some p a r t i c u l a r  angle. . . ' 

A t  each p a r t i c u l a r  angular  s e t t i n g  the  so leno id  was pulsed fou r  

t imes a t  3 min. i n t e r v a l s  f o r  low.peak f i e l d  o r  5 min. i n t e r v a l s  f o r  h igh  

peak f i e l d  t o  a l l o w  the  so leno id  t o  reach thermal equ i l i b r i um.  Dur ing  two 

o f  these pulses the t r i g g e r  delay was se t  so t h a t  t he  d i g i t a l  equipment 

\?iould sample 8  msec o f  data o c c u r r i n g  be fore  the  peak f i e l d  ( " r i s i n g  

' f i e l d " )  and du r ing  the  o ther  two pulses f o r  data o c c u r r i n g  a f t e r  the  peak 

f i e l d  ( " f a l l i n g  f i e l d " ) .  . Each such pu lse  produced a  se t  o f  2008 values 

f o r  the dHvA s igna l  and 20 p rec i se  values f o r  the  magnetic f i e l d  sampled , 

i n  equal  increments o f  t ime w i t h  a  f i e l d  value taken once every 1110 dHvA 

s igna l  samplings. The d i g i t a l  i n fo rma t ion  was dumped from a  smal l  memory 

on to  punched paper tape. This instrumentation is described i n  Reference 31. 

Each data se t  was analyzed over a  se r ies  o f  frequency ranges us ing  

t h e  fas t -Four ie r  t rans form program l i s t e d  and discussed i n  Appendix B. 

A t ime constant  T o f  40 bsec was found appropr ia te  t o  c o r r e c t  f o r  the t ime 

de lay  in t roduced by the  f i n i  t e  i nductance o f  the  "non-induct ive" s tandard 

res i s to r ,  f o r  eddy c u r r e n t  e f fec ts ,  and f o r  o ther  e f fec ts ,  i n c l u d i n g  

e lec t ron ics ,  capab le .o f  i n t roduc ing  a  t ime delay. The t r u e  f i e l d  H i s  

r e l a t e d  t o  the .apparent (measured) f i e l d  H '  (see Reference 31) by 

T h i s  c o r r e c t i o n  produced dHvA r e s u l t s  t h a t  were t.he same f o r  both " r i s i n g  

f i e l  dlt and " fa1 1 i ng f i e l d u  data. Corresponding f requencies from each o f  

the  fou r  data se ts  obta ined a t  a  g iven angle were averaged together  t o  

produce a  s i n g l e  value which cou ld  be p l o t t e d  on graphs o f  the  data. 



The number o f  degrees between symmetry p o i n t s  o f  the p l o t t e d  raw 

data disagreed s l i g h t l y  wi.th the d i a l  readings o f  the  sample holder .  
\ 

i i  nce the, synt'hane rod  o f  the sample holder  ( ~ i  gure 5) had a  14 t o d t h  

bevel gear which meshed i n t o  the  36 t e e t h  o f  the  d r i v e  wheel, the small 

number of t e e t h  (which e r e  c u t  as p r e c i s e l y  as poss ib le )  cou ld  be a  source 

o f  e r r o r  i n  knowing the  angle a t  which the  data was taken. To co r rec t  f o r  

t h i s  error ,  the  f o l l o w i n g  procedure was adopted. The pu lse  so leno id  was 

d r i v e n  by a  low-frequency o s c i l l a t o r  r u n  a t  maximum power. A l o c k - i n  

de tec tor .and d i g i t a l  vo l tmeter  measured the  p ickup c o i l  vo l tage as a  

f u n c t i o n  o f  angle determined by the  d i a l  reading. The r e s u l t i n g  cosine- 

l i k e  dependence o f  the  vo l tage o f  t he  p ickup c o i l  i n  a  un i fo rm magnetic 

f i e l d  was p l o t t e d  a long w i t h  a  p e r f e c t  cosine wave. The engaging o f  i n -  

d i v i d u a l  t e e t h  as the  angle was changed was v i s i b l e  on the  p l o t .  A t a b l e  

o f  ac tua l  angle f o r  a  g iven d i a l  reading was cons t ruc ted  and these angle 

c o r r e c t i o n s  app l i ed  t o  a l l  t he  data. Such co r rec t i ons  a re  meaningful  o n l y  

i f  the s h a f t  engaged the  wheel a t  the  same p lace f o r  a  g iven d i a l  s e t t i n g  

each t ime the  sample holderwas assembled, which was the  case f o r  t h i s  

e n t i r e  i nves t i  ga t  ion. 

Pulse so leno id  G, used f o r  a l l  o f  .the data presented here, was c a l i -  

b ra ted  us ing  the  dHvA e f f e c t  i t s e l f  t o  make a  dynamic c a l i b r a t i o n  o f  the 

e n t i r e  apparatus. The [I 1.11 frequency o f  t h e  v osc i  1 l a t  i on  i n  tungsten, 

determined by  O 'Su l l i van  and Sch i rber  (32) t o  be 98.8 + 0.2 MG w i t h  the  - 
a i d  o f  NMR measurements o f  quas i - s ta t  i c  f i e l d s ,  was used as the  frequency 

standard. The f i e l d  constant  determined i n  t h i s  way was 



Th is ' cons tan t  can be compared w i t h  one determined by Panousis (29) f o r  

the  same solenoid, u s i n g ' l e a d  as a  standard, t o  be K = 134.7 2 0.3 G/amp 

w i t h  a  systematic e r r o r  'o f  up t o  0.5% because o f  sample misalignment, and 

w i t h  t h e  s t a t i c  c a l i b r a t i o n  o f  the  e n t i  r e  apparatus made e a r l i e r  by 

~ ' h ' i  I 1 ips  (33) which y i e l d e d  a  constant  K =, 135.6 G/amp. The s t a t i c  c a l  i- 

b r a t i o n  and the  dynamic c a l i b r a t i o n  w i t h  tungsten agree w i t h i n  0.1%. The 

3/&, discrepancy quoted i n  Reference 22 seems t o  have been reso lved by 

t h i s  a d d i t i o n a l  c a l i b r a t i o n  run. 

The experimental  data which i s  presented i n  the  f o l l o w i n g  s e c t i o n  

was subjected t o  the  f o l l o w i n g  c r i t e r i a :  (1)  The frequency presented 

should be the average o f  corresponding frequencies found i n  the f o u r  data 

sets taken a t  t h a t  angle. (2) The frequency should be a  member o f  a  se t  

o f  f requencies which are  smoothly va ry ing  i n  value and ampli tude as a  

f u n c t i o n  o f  angle o f  observat ion. (3) Sets o f  f requencies which can be 

i d e n t i f i e d  as 2nd o r  3 rd  harmonics,, o r  sums and d i f f e rences  o f  o ther  re -  

por ted  frequencies are  omit ted.  

D. Frequency Resu l ts  

The angular dependence o f  the  fundamental dHvA f requencies co r re -  

sponding t o  extremal c ross-sec t iona l  areas o f  the  Fermi sur face o f  Mo are 

shown' in  F igures 6 through 11. I n  a l l  o f  these f i gu res  the  symbol (A) i s  

used t o  represent  data taken w i t h  the [ l l ~ ]  sample w h i l e  the symbol (0) i s  

. used f o r  t he  [ O O l ]  sample. The l abe ls  f o r  the  frequency branches are  

those used by Girvan -- e t  a l .  (22), except f o r  t he  p used f o r  lens frequen- 

ties, which do not  e x i s t  i n  W. 



F igu re  6. Va r ia t i ons  o f  the  fundamental de Haas-van Alphen f requencies 
i n  molybdenum f o r  f i e l d  d i r e c t i o n s  i n  the  (001) and (170) 
planes. The geometric axes f o r  the  rod  shaped samples are: 
A, [ l l O ]  and o, [001] 



F igu re  7.  ine ear-plot of  l o w  f requency de Haas-van Alphen da ta  f o r  f i e l d  d i r e c t i o n s  i n  t he  (001) 
and (1  10) p lanes 



F igu re  8. L i ~ e a r  p l o t  o f  medium frequency de Haas-van Alphen da ta  f o r  f i e l d  d i r e c t i o n s  i n  t h e  
(001) and (1 10) planes 



F i g u r e  3. L i n e a r  p l o t  o f  h i g h  f requency de ~ a a s - v &  Alphen d a t a  f o r  f i e l d  directions i n  t h e  
(001) and (170) p lanes 
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F igu re  10. L inear  p l o t  o f  low and medium frequency de Haas-van Alphen 
data  f o r  f i e l d  d i r e c t i o n s  i n  the (171 )  plane. Note the  
break i n  scale f o r  F (MG) 



Figure  11.  L inear  p l o t  o f  h igh  frequency de Haas-van Alphen data fo r  
f i e l d  d i r e c t i o n s  i n  t he  (171) plane 



The only correction applied to all of the data was that for angle 

calibration as described in Section Il-C. In Figures 6 through 9 a 

symmetry direction was chosen for .the corrected data taken over an 

0 
approximately 60 range with a given sample and plane of orientation, 

and this data was folded about the chosen symmetry direction. Wherever 
. . 

the density of data as a function of angle is greater than one set of 

frequencies per approximate two degree interval, this folding process has 

taken place. 

dHvA frequencies measured at a given symmetry direction should be 

identical, no matter which plane of orientation has been chosen or the 

sample being used. These frequencies, listed in Table 1 along.with values 

determined by other experimentalists, can be compared for a given symmetry 

direction. Any discrepancies found are the result of rr~isalignment of the 

sample in the plane of rotation, or the precision with which a given fre- 

quency can be determined (usually better than @A, except for around 1% for 

low frequencies). 

Figure 6 is a semi-1ogarithmi.c plot of all of the data obtained in 

the (001) and (110) planes. Figures 7, 8,' and 9 are linear plots of most 

of the data appearing in Figure 6. The precision with which the samples 

were oriented can be seen from several aspects of this data. The folded 

data shows very little scatter as a function of angle near the [llO] and 

[001] syrnr~e,Lr.y dit-ections. The scatter in the folded data  at [010) in 

the (001) plane is a function entirely of the choice o f  a symmetry 

direction at [110], since all,of the information reported in the plane 

comes from the [110] sample. The scatter in the data appearing near [111] 
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Tab le  1. Exper imenta l  values f o r  t h e  ~ H V A  f requenc ies  ( i n  megagauss,) cor respondi  ng t o  ext remal  
c ross - sec t i ona l  areas o f  t h e  Fermi su r f ace  o f  Mo 

(001) PLANE ( lT0)  PLANE (171) PLANE 

Frequency Other Other  Frequency Other  Other  Frequency Other  Other  
Label  t h i s  r e s u l t  r e s u l t  Label  t h i s  r e s u l t  r e s u l t  Label  t h i s  r e s u l t  r e s u l t  

s t udy  (15) (16) - s tudy  (15) ( 1  6 )  s tudy  (15) (16) 

[ I 1 0 1  d i r e c t i o n  1110) d i r e c t i o n  [l l o ]  d i r e c t i o n  



[ 112 ]  direction [ 1 2 1 ]  direction 

[ill] direction 



i n  the  (170) plane, where the data has come from both  samples, i s  a  

measure of our abi  1 i t y  (1) t o  p lace  each o f  the  two sanlples i n  the (170) 

p.lane, (2) t o  apply the  same angle co ' r rect  i o n  f o r  a  g iven d i a l  reading on 

the  sample holder,, and (3) t o  p i c k  a  symmetry d i rec t i 0 .n  - f o r  the fo lded  

data a t  0' and 90'. once these th ree  th ings  have been done, t he re  are  no 

a d d i t i o n a l  va r i ab les  a t  our  d isposal  t o  enable us t o  do a  b e t t e r  j o b '  o f  

making the  data from these two samples over lap.  

I n  F igure  6 the  frequency branches l abe l  l e d  p a r i s e  f r o m . o r b i  t s  

around the  6 e l e c t r o n  lenses s i t u a t e d  a t  each o f  t he  symmetry p o i n t s  A i n  

the  B r i  l l o u i n  zone. Tli'e p branches a r i s e  from the o r b i t s  associated w i t h  

t h e  1-2 e l l i p s o i d s  s i t u a t e d  a t  the  symmetry po. ints N. The s i n g l e  frequency 

branch v comes from o r b i t s  around the  6 equ iva len t  octahedra loca ted a t  

t he  p o i n t s  H. 

The r e s t  o f  the  o r b i t s  can be i d e n t i f i e d  w i t h  the  e l e c t r o n  j ack  a t  I' 

i n  the c e n t e r ' o f  the zone. The frequency branches fi and a correspond t o  

o r b i t s  around the  b a l l s  and necks respec t i ve l y .  The T frequency branch 
. . 

a r i ses  from a  c e n t r a l  o r b i t  around fou r  b a l l s  o f  the  jack. The m f r e -  

quency branch, due t o  a  non-central  o r b i t  con ta in ing  p a r t  o f  two adjacent 

b a l l s  and the  body between them, i s  shown i n  the  ( l i b )  p lane i n  F igures 6 

.and 9 and should a l s o  appear i n  the (001) plane a t  [110] and e x h i b i t  some 

angular dependence. Although t h i s  frequency branch probably e x i s t e d  i n  

the raw data, i t  cou ld  no t  be so r ted  out  from the  p a t t e r n  o f  2nd and 3rd 

harmonics a r i s i n g  from data i n  the  25-40 MG range, and was the re fo re  

0 
omit ted.  The two data p o i n t s  between 71 and 73' which look 1 i k e  they 

could be p a r t  o f  the  5 frequency branch a c t u a l l y  belong t o  the  end o f  the  



w frequency branch, as determined by comparison o f  t h e i r  ampl i tudes w i t h  

those o f  nearby data p o i n t s  i n  the two branches. Then the  un labe l l ed  

frequency branch which appears a t  angles between the  5 and (P frequency 

branches can be expla ined as a r i s i n g  from a non-cent.ra1 o r b i t  probably 

encompassing the  body and one b a l l  o f  the jack  as an in termediate between 

the  5 fr 'equencies com,ing from o r b i t s  around the body o f  the  jack, and the '  

(I frequencies ]coming from an 0 r b i . t  eticompassi ng two o f  t he  b a l l s  and the 

body between them. 

Data f o r  t he  (171)  plane i s  shown i n  l i n e a r  p l o t s  i n  F igures 10 and 

11. Note the break i n , t h e  frequency sca le  i n  F igu re  10. The r i g h t  h a l f  

o f  t h i s  f i g u r e  i s  miss ing  some data because data was taken over a sho r te r  

angular range a t  h igh  f i e l d  f o r  t h i s  plane. The angular sca le  shown w i t h  

0 
t i c k  marks every 10 was t h a t  used i n  determin ing a symmetry d i r e c t i o n  f o r  

three frequency branches chosen f o r  use i n  i nve rs ion  o f  e l l i p s o i d  and 

octahedron data (see Sect ions 111-8 and I 1 1 - c ) .  I t  i s  obvious t h a t  t h i s  

data does no t  have the symmetry which i t  should, and theref.ore, the  data 

has no t  been fo lded  about t he  symmetry d i r e c t i o n .  However, t h i s  plane i s  

ext remely s e n s i t i v e  t o  small misalignments o f  the  sample. I f  the sample 

0 
i s  o n l y  1 ou t  o f  the (171)  plane, the  f o u r  frequencies which should a l l  

cross a t  25.1 MG a t  e x a c t l y  [ 1  l o ]  w i  11  not  cross there, bu t  w i  1 1  be 

s h i f t e d .  The new cross ing  p o i n t  f o r  those frequency branches l y i n g  en- 

t i r e l y  between 24 and 27 MG i n  t h i s  plane can be greater  than 1.0' from . 

[110]. These th ree  frequency branches i n  the  data e x h i b i t  the  most devia- 

0 
t i o n  from the expected symmetry pa t te rn .  Not ice  a l so  the 2 u n c e r t a i n t y  

i n  the  exact p o s i t i o n  f o r  t he  [110] d i r e c t i o n .  A second attempt t o  



o r i e n t  the .sample i n  t h i s  plane r e s u l t e d  i n  data almost i d e n t i c a l  t o  

0 
t h a t  presented here. We est imate t h a t  an al ignment e r r o r  o f  less than 1 

can account f o r  the symmetry problems shown by th. is  plane, and use t h i s  

f a c t  a long w i t h  the success o f  o u r ' d a t a  i n  the o ther  two o r i e n t a t i o n  planes 

t o  determine the u n c e r t a i n t y  o f  the plane o f  o r i e n t a t i o n .  o f  a  sample w i t h  

0 
respect t o  the  magnetic f i e l d  as 1 o r  less. 



1 1 1 .  DISCUSSION O.F THE RESULTS 

A. General Considerat ions 

T.he experimental  in fo rmat ion  about t he  FS o f  a  me.tal obtaine'd 

through the  de tec t i on  o'f the dHvA f requencies i s  i n  terms o f  extremal 

c ross-sec t iona l  areas o f  the FS normal t o , t h e  app l i ed  magnetic f i e l d  

(€quat ion  1'). ' The FS' i n fo rma t ion  t h a t  one would r e a l l y  1 i k e  t o  see would 

be the  s p e c i f i c a t i o n  o f  the  rad ius  vector  t o  any p o i n t  t h a t  l i e s  on t h e  

surface. Such i n fo rma t ion  would c o n s t i t u t e  a  comp1et.e geometric de- 

s c r i p t i o n  o f  the  Fermi surface. 

A qu ick  q u a l i t a t i v e  comparison o f  t he  Fermi sur faces o f  W and Mo can 

be made through the  use o f  F igu re  12. The p l o t  e x h i b i t s  the Mo data from 

F igure  6 as s o l  i d  1 i nes and the  W data o f  G i rvan -- e t  a l .  (22) as. dashed 

l i n e s .  The band s t r u c t u r e s  f o r  these metals a re  s im i l a r ,  so q u a l i t a t i v e l y  

s i m i l a r  Fermi sur faces are  t o  be expected, except t h a t  W does not  have 

lenses. The octahedra o f  both metals compare r a t h e r  c l o s e l y  i n  s ize.  The 

e l e c t r o n  j a c k  o f  Mo i s  q u i t e  a  b i t  l a r g e r  i n  body, b a l l  and neck dimensions 

than i n  W. The lenses i n  Mo add a  smal l  c o n t r i b u t i o n  t o  the  volume o f  the  

t o t a l  e l e c t r o n  FS pieces. i h e  ho le  e l l i p s o i d s  are  much la rge r  i n  Mo than 

i n  W, which i s  t o  be expected i f  the  ho le  volume i s  t o  e x a c t l y  compensate 

f o r  the  increased e l e c t r o n  jack  volume and the  volume due t o  the  . lenses. 

 eme ember t h a t  f o r  each o f  these compensated metals  the  volumes o f  the  

e l e c t r o n  FS pieces must equal the  volumes o f  t he  ho le  FS pieces. 

There a re  a t  l e a s t  th ree  ways o f  r e l a t i n g  FS dimensions t o  the  dHvA 

data. (1 )  An accurate band s t r u c t u r e  c a l c u l a t i o n  f o r  Mo cou ld  be done 

from which FS r a d i i  can be obtained. The i n t e r s e c t i o n  o f  a  plane w i t h  



F i gure 12. Compar i son o f  the. de Haas-van ~l phen f requenci es o f  molybdenum 
and tungsten. The s o l  i d  l i n e s  i n d i c a t e  molybdenum data from 
t h i s  study. The dashed l i n e s  i n d i c a t e  tungsten data from 
Reference 22 



these r a d i i  can be i n teg ra ted  t o  determine the  ex'tremal areas one would 

expect t o  see i n  a dHvA experiment. ~ h e ' c a l c u l a t e d  areas can be compared 

w i t h . t h e  experimental  data and conclusions drawn about the accuracy of  the  

band s t r u c t u r e  c a l c u l a t i o n  and about how cons i s ten t  the data r e a l l y  i s .  

(2) The FS areas cou ld  be converted i n t o  FS r a d i i  by some inve rs ion  tech- 

nique. The ho le  e l l i p s o i d s  a t  N and the ho le  octahedron a t  H s a t i s f y  the 

requirements needed t o  i n v e r t  the dHvA data t o  o b t a i n  FS r a d i i  by us ing  

computer programs (34) imp1 ement i ng. t he  Muel l e r  i nvers ion scheme (35). 

These requirements f o r  a unique i nve rs ion  are t h a t  the sur face must: 

(a) be closed, (b) '  have a center  o f  i n v e r s i o n  symmetry, and (c) have a 

unique rad ius  vector  from t h a t  center.  The lenses and jack  f a i l  r equ i re -  

ments (b) and (c) respect ive ly .  (3) Simple o r  complex geometr ical  models 

can be devised a t  the  app rop r ia te  symmetry p o i n t  and used t o  p r e d i c t  ex- 

per imenta l  extremal c ross-sec t iona l  areas. Sometimes the  models can be 

rev ised u n t i l  the  des i red  accuracy o f  f i t  t o  the  data i s  obtained. 

An accurate band s t r u c t u r e  c a l c u l a t i o n  has not  ye t  been done nor  has 

anyone p red i c ted  the  dHvA frequencies as a f u n c t i o n  o f  magnetic f i e l d  

d i rec t i on ,  except f o r  symmetry d i rec t i ons .  The APW c a l c u l a t i o n s  o f .  

Loucks (4) show q u a l i t a t i v e  agreement w i t h  the Lomer model f o r  Mo, bu t  

the numerical r e s u l t s  a re  quest ionable (see Sect ion  I), so we w i  1 1  not  

compare our r e s u l t s  w i t h  t h e o r e t i c a l  numbers. 

The i nve rs ion  scheme programs (34) w i l l  be used f o r  the  octahedra 

and t h e  e l l i p s o i d s ,  bu t  can not he ~rserl on the  lenses and jack. The 

d i f f i c u l t i e s  encountered i n  app ly ing  the  i nve rs ion  scheme and th,e c r i t e r i a  

f o r  p i c k i n g  the  number o f  c o e f f i c i e n t s  t o  use i n  the  expansion w i l l  be 



discussed sho r t l y .  

The 1 1  parameters o f  the f a i r l y  complex geometr ica l  model f o r  the  W 

jack  (see Reference 22) were adjusted i n  an attempt t o  f i t  the Mo data. A 

program used t o  generate t h i s  model was obta ined from D r .  R. F. Gi rvan 

(36). Whi le a  few o f  t he  parameters cou ld  be success fu l l y  chosen ' to  f i t  

data 'coming from the body o f  t he  jack, no complete se t  was found t h a t  

would even come w i t h i n  5% o f  a l l  the  data p o i n t s  a v a i l a b l e  a t  h igh  symmetry 

d i r e c t i o n s .  The choosing o f  the parameters i s  done by hand, s ince the  

equat ion i s  h i g h l y  non- l inear  and t h e  da ta  are  compared t o  i n t e g r a l s  o f  

t he  equation. Th i s  i s  not t o  say t h a t  a  b e t t e r  .set o f  1 1  parameters does 

not  ex is t ,  bu t  the l i k e l i h o o d  o f  f i n d i n g  t h i s  b e t t e r  se t  i s  q u i t e  small. 

Therefore, we s h a l l  at tempt t o  use o n l y  very simple geometr ical  models t o  

determine the  dimensions o f  t he  j ack  and compare these w i t h  the r e s u l t s  o f  

o the r  experiments. 

A s i g n i f i c a n t  e r r o r  e x i s t s  i n  the  Appendix B o f  Reference 34 conta in -  

i n g  the  i nve rs ion  proqrams. The Kubic Harmonic Expansion Coef f i c ien ts ,  

necessary f o r  use w i t h ' t h e  0 group i nve rs ion  programs, has the  lead ing  
h  

two t o 1  umns o f  each page m i  ss i ng. These columns shou 1 d  c o n t i  i n  Ifis i gnu 

i n fo rma t ion  about several  o f  the  numbers i n  the  tab le .  The f i r s t  c o e f f i -  

c i e n t  i n  the t a b l e  a l s o  has .the d i g i t  "1" dropped, which i s  necessary t o  

o b t a i n  any r e s u l t s  a t  a l l  from programs us ing  t h i s  in fo rmat ion .  A p a r t i a l  

l i s t  o f  these c o e f f i c i e n t s  i n  Reference 37 was used i n  d e t e c t i n g  t h i s  e r r o r  

and the  complete l i s t  o f  c o r r e c t  values was l a t e r  obta ined from the  program 

0 
authors. One parameter, the  cone angle, must be se t  a t  o r  near 90.0 

0 
r a t h e r  than a t  0 , which one might  t r y  as a  f i r s t  guess, s ince  no f'usualll 



. .  

va lue i s  quoted t o  guide. the user o f  t h e  programs. 

The symmetry a t  N i s  such t h a t  e i g h t  frequency branches f o r  the  

e l  l i p s o i d s  a r e  ob ta ined f rom data taken i n  o n l y  the  (001) and (170) planes. 

The number o f  expansion c o e f f i c i e n t s  un ique ly  determined by the  data 

suppl ied t o  the  i n v e r s i o n  program i s  r e l a t e d  no t  o n l y  t o  the  number o f  . 

data points ,  bu t  a l so  t o  the angular p o s i t i o n  a t  which the p o i n t s  are 

taken. Choosing t o  take  data o n l y  i n  planes o f  h igh  symmetry does p lace 

a  l i m i t  on the  number o f  c o e f f i c i e n t s  which should be used f o r  invers ion.  

A general f e e l i n g  f,or t h i s  l i m i t  develops as attempts are made t o  de ter -  
I 

mine inc reas ing l y  l a r g e r  number o f  c o e f f i c i e n t s .  For the  octahedron a t  

H, the  f u l l  cub ic  symmetry Oh appl ied. Here data taken i n  o n l y  the (001) 

and ( l i 0 )  planes can n o t  y i e l d  unique c o e f f i c i e n t s  whose 4, value i s  

g rea ter  than 18 ( 1  1-terms) (see Reference 37). l nc lud i  ng addi t i ona l  data 

f r o m . t h e . ( l T l )  p lane should increase t h i s  number o f  terms somewhat. The 

number o f  c o e f f i c i e n t s  used i n  the  f i n a l  f i t  f o r  each sur face was de te r -  

mined by the lesser  o f  the  maximum number ob ta inab le  and the  p o i n t  a t  which 

a d d i t i o n  o f  more c o e f f i c i e n t s  would y i e l d  no f u r t h e r  reduc t i on  i n  the 

standard d e v i a t i o n  o f  the  data from t h a t  p red i c ted  by the i nve rs ion  scheme. 

. . 

0. Hole Octahedron a t '  H 

The data r e ' l a t i n g  t o  the  octahedron, l a b e l l e d  v i n  F igu re  6, from a1 1 

th ree  planes was used w i t h  the  i nve rs ion  scheme f o r  the  0  symmetry group h 

t o  o b t a i n  the  FS r a d i i  f o r  t h i s  p iece  o f  t he  t o t a l  surface. The symmetry 

d i rec t i on ' s  chosen f o r  t he  . ( l i 1 )  p lane are  those which a re  shown i n  F igure  

10. 

A p l o t  o f  t he  normal ized frequency d i f f e r e n c e  ( i n  pet-cent) 



as a  f u n c t i o n  o f  angle and 4. value i s '  shown i n  F igure  13. The frequencies 

from the dHvA'data we're i n t e r p o l a t e d  t o  i n tege r  angles f o r  comparison w i t h  

the  in teger  angle ou tput  o f  i n v e r s i o n  frequencies. The i nve rs ion  scheme 

f i t  a l l  o f  the  data w i th i ' n  0.8"k'and most o f  .the s t r u c t u r e  i n  t h i s  curve 

can probably be a t t r i b u t e d  t o  the s c a t t e r  i n  the  input  dHvA frequencies, 

r a t h e r  than t o  the e r r o r s  i n  f i t t i n g  by the .  i nve rs ion  program. 

As i nd i ca ted  i n  Sect ion  I 11-14, 4, = 18 w i t h  1 1  c o e f f i c i e n t s  i s  the 

h ighes t  unique f i t  f o r  data from o n l y  the  (001) and (1.10) planes. Using 

the  r a d i i -  determined from an t = 18 f i t  us ing  data from a1 1 t h ree  planes 

as a  standard, we compare the  r a d i i  obta ined f o r  h igher  values o f  t. A 

p l o t  o f  these r a d i  i d i f f e rences  ( i n  percent) 

as a  f u n c t i o n  o f  angle i s  shown i n  F igu re  14. We n o t i c e  t h a t  none o f  the 

r a d i i  have changed by more than - + 2% as the  t value has been increased. 

From the number of peaks and v a l l e y s  i n  t he  4, = 24 curve, we gather ' t h a t  

' t he  f i t  i s  probably s e n s i t i v e  t o  l a r g e  changes i n  r a d i i  (surfaces o f  h igh  

curva ture)  onJy f o r  changes occu r r i ng  over angular i n t e r v a l s  o f  approxi -  

mate ly  10' o r  more. 

The cross sec t ions  o f  t he  octahedron pieces o f  t he  FS f o r  the  (OO l ) ,  

(lie), (171 )  and (172) planes are  shown i n  F igures 15 and 16 f o r  the  

4. = 24 f i t  i n v o l v i n g  19 c o e f f i c i e n t s .  The 19 c o e f f i c i e n t s  a re  l i s t e d  i n  

Appendix A. The 4, = 24 f i t  was chosen as the c u t - o f f  p o i n t  where us ing  



F igu re  13. P l o t s  o f  t h e  normal ized frequency d i f f e r e n c e  ( i n  percen t )  AF = 100 (F 1 / i n v e r s i o n -  Fdata . 

Fdata 
as a f u n c t i o n  o f  ang le  a n d 4  va lue - 



F igu re  14. P l o t s  o f  t he  r a d i i  d i f f e rences  ( i n  percent) 
/R' AR = l o o  (RC = 20, 22 o r  24- RC = 18) C = 1 8  as a f u n c t i o n  

o f  angle 



loo 11 (1T.o) PLANE 

+ .CLEVELAND 
and STANFORD 

- THIS STUDY 

F i g u r e  1 5  Cross sec t i ons  o f  t h e  ho le  octahedron Fermi su r f ace  a t  t i  f o r  t he  (001) and ( 1 7 0 )  pl.anes. 
The RFSE da ta  o f  Bo iko  e t  a l .  (18) has been . p l o t t e d  d i r e c t l y ,  w h i l e  t he  RFSE da ta  of -- 
Cleveland and S tan fo rd  (20) has been m u T t i p l i e d  by 1.05 b e f o r e ' p l o t t i n g  



F i g u r e  16. Cross sec t i ons  o f  t h e  h o l e  octahedron Fermi su r f ace  a t  ti f o r  t h e  (lil) and (172) p lanes 



a d d i t i o n a l  c o e f f i c i e n t s  would n o t  f u r t h e r  reduce the standard d e v i a t i o n  

o f  the  i npu t  data from t h a t  p r e d i c t e d  by the  i nve rs ion  scheme. I n  the 

(170) p l a n e ' i n  F igure  15, the  RFSE c a l i p e r  dimensions o f  Boiko -- e t  a l .  (18) 

have been p i o t t e d  d i r e c t l y ,  w h i l e  the dimensions o b t a i n e d ' b y  Cleveland 

(19) and Cleveland and Stanford  (20) have been m u l t i p l i e d  by 1.05 before  

p l o t t i n g .  I n  the (;TO) plane the RFSE c a l i p e r s  f o r  t h i s  p iece  o f  the  FS 

0 
are  a l s o  the  FS rad  i i, except f o r  angles near.  50 , where the  c a l  i pe rs  

would no t  be ab le  t o  measure the  s l i g h t  dimple i n  t he  sur face near these 

angles, and would, therefore,  y i e l d  l a r g e r  values than those o f  a  p l o t  o f  

r a d i i .  A t  the  [ O O l ]  d i r e c t i o n  the,RFSE measurement i s  probably more 

accurate than the  r a d i i  i nd i ca ted  by the  i nve rs ion  scheme, s ince  the  sur-  

face  has h igh  curva ture  near t h i s  d i r e c t i o n .  

Rad i i  obta ined from inve rs ion  o f  the dHvA data f o r  the octahedron 

are  tabu la ted  f o r  major symmetry d i r e c t i o n s  i n  Table 2. The volume 

Table 2. Radi i f o r  the: ho le  ,octahedra i n  u n i t s  o f  (2fi/a) 

D i  r e c t  ion  l nvers i o n  Others 
schcmc 

r a d i  i Boiko e t  a l .  Cleveland 
E Stan fo rd  

(18) (20) 



c a l c u l a t e d  .us ing the i nve rs ion  c o e f f i c i e n t s  i n  a  s u i t a b l e  program from 
, .  . 

0 -3  
Reference 34 was found t o  be 0.90 A . This cmpares with 0. S O ' A - ~  o b t a i  ned 

by ~ o i k o  -- e t  a l .  (18) and 0.95 i-3 estimated by S p a r l i n  and Marcus (16). 

From t h i s  comparison w i t h  RFSE data we would agree. w i t h  the measure- 

ments of octahedron r a d i i  by, Boiko -- e t  a l .  t o  w i t h i n  e r r o r s  o f  the  exper i -  

ments. Our p l o t s  of r a d i i  a re  probably accurate t o  - + I%, except near, the 

[001] d i rec t i on ,  where the  e r r o r s  ai-e 'probably c l o s e r  t o  +.2%. - 

The RFSE octahedron dimensions repor ted  by Cleveland and Stanford  (20) 

f o r  the (110) .plane were i n teg ra ted  by  computer and y i e l d e d . a n  area o f  

0.98 - + 0.02 When these dimensions were increased by 1.05, t h e  re -  

s u l t i n g  area matched the 1.083 - + . O 1  i-2 cross-sec t i ona l  area f o r  t h i s  

d i r e c t i o n  obta,ined i n  the  present  experiment. From the  manner i n  which 

these RFSE dimensions, p l o t t e d  i n  F igure  15 a f t e r  being m u l t i p l i e d  by 

1.05, compare w i t h  t h i s  study and w i t h  the RFSE c a l i p e r s  of Boiko e t .a l . ,  

i t would appear ' that  the  work o f  Cleveland and Stanford  was sub jec t  t o  a  

systemat ic  e r r o r  o f  5%. I n  Reference 20 they a r e  aware t h a t  t h e i r  r e s u l t s  

do n o t ,  agree w i  t h  those o f  o the r  i n v e s t i g a t o r s  and have considered i n  de- 

t a i l  the sources o f  e r r o r  i n  t h e i r  experiment. The i r  i n v e s t i g a t i o n  was 

thorough and does not  c o n t a i n  obvious weaknesses. Using samples cu t  from 

the  same s  i ng le -c rys ta l '  rod, we present experimental  data which d i  sagrees 

w i t h  t h e i r '  work, but  must conclude as they d i d  concerning t h e i r  work 

t h a t  " the reasons f o r  the disagreement a re  a t  present  unknown." (20). 

C. Hole ~ l l i p s o i d s  a t  N 

A l l  o f  the data l a b e l l e d  p i n  F igure  6 comes from the  ho le  e l l i p s o i d s  

a t  N. 'These frequency branches, f o u r  from the  (001) plane and four  from 



t h e  (-]TO) plane, were used as input  t o  the  i nve rs ion  scheme f o r  the  

Vh ( D ~ ~ )  symmetry group a  long w i  t h  the  t w o  frequency branches from the  ( l i l )  
i 

plane which a r e  the most i n s e n s i t i v e  t o  smal l  err0.r~ i n  sample o r i e n t a t i o n .  

These l a t t e r  two were the branches connect ing the  31.7 MG frequency a t  
. . 

the  (112) d i r e c t i o n s  w i t h  e i t h e r . t h e . 3 6 . 4  MG o r  25.0 MG f requencies a t  

the [110] d i r e c t i o n , a s  shown i n  Figure 10 w i t h  the choice o f  symmetry 

d i rec t ion i  as i nd i ca ted  on t h a t  f i g u r e .  

There are  .12 symmetry p o i n t s  N i n  the 6 r i l l o u i n . z o n e  i n  Fi.gure 1, 
. . 

, and genera l l y  s i x  frequency c o n t r i b u t i o n s  t o  .the dHvA e f f e c t  f o r  an 

a r b i t r a r y  magnetic f i e l d  d i r e c t i o n  from a  FS p iece a p p r o p r i a t e l y  s i t u a t e d  

a t  equ iva len t  p a i r i  o f  these points ,  bu t  we must concentrate on a . s i n g l e  ' 

p o i n t  N i n  o rder  t o  o b t a i n  r e s u l t s  from the  i nve rs ion  scheme. The pro-  

blem can be viewed as one i n  which we p lace an e l l i p s e  w i t h  axes a, b, and 

c  a long th ree  coord ina te  d i r e c t i o n s  k  k and k  w i t h  p o i n t  N a t  (0,0,0) 
x J  yJ z 

and ac t  as i f  the f o u r  frequency branches from the  (001) p,lane had a c t u a l l y  

come from f o u r  separate planes o f  observa t ion  on the  s i n g l e  e l l ipse ' ,  and 

s i m i l a r l y  f o r  any o the r  experimental  plane o f  observat ion.  As a  check on 

the  data assignments made, computed dHvA data  generated from a  p e r f e c t  

+ e l  1  ipsoi 'd ,were fed  i n t o  'the i n v e r s i o n  scheme and checked w i t h  the areas 

c a l c u l a t e d  by the  i nver.s.ion scheme. The appropria ' te choice o f  spher ica l  

mapping c o e f f i c i e n t s  cou ld  a l s o  be determined w i t h  t h i s  i dea l  data. 

The th ree  p r i n c i p a l  cross sec t ions  f o r  t he  e l l i p s o i d  pieces s i t u a t e d  

a t  symmetry p n i n t s  N are shown i n  F igure  17 w i t h  d i f f e r e n t  p l o t t i n g  symbols 

f o r  each o f  t he  cross sect ions.  The s o l i d  curves a r e  p l o t s  o f  p e r f e c t  

e l l i p s e s  having major and minor axes i d e n t i c a l  t o  those obta ined from the 



F igu re  17. Cross sec t ions  o f  the ho le  e l l i p s o i d  Fermi sur face a t  N f o r  
the  p lanes .con ta in ing  the th ree  semiaxes. These d i r e c t i o n s  
a r e  NI', NH, and NP 



i nve rs ion  scheme f o r  the  G = 16 f i t  i n v o l v i n g  45 c 0 e f f i c i e n . t ~ .  These 45 

c o e f f i c i e n t s  a long w i t h  the two spher i ca l  mapping parameters, ALPHA and 

GAMMA, a re  l i s t e d  i n  Appendix A. The G = 16 f i t  was the h ighes t -order  f i t  

t h a t  cou ld  be obta ined and was chosen because the  standard d e v i a t i o n  o f  

the input  data from t h a t  p red i c ted  by the i n v e r s i o n  scheme was lower than 

t h a t  o f  any o ther  f i t  obta ined f o r  a  lower 4, value. 

Values f o r  the  th ree  semi-axes o f  the e l l i p s o i d s  a t  N  as found w i t h  

the inve'rsion'scheme are  l i s t e d  i n  Table 3. Since i t  i s  impossible t o  

decide upon the  assignment o f  semi-axes t o  the  NH and NT d i r e c t i o n s  from 

the dHvA data, we assume t h a t  the  sho r tes t  semi-axis i s  a long NH, which 

i s  cons i s ten t  w i t h  the  FS c a l c u l a t i o n s  f o r '  Mo by ~ o u c k s  (4). The volume 

c a l c u l a t e d  us ing  the i n v e r s i o n . c o e f f i c i e n , t s  i n  a s u i t a b l e  program from 

Reference 34 was found t o  be 0.614 im3 f o r  6 ho le  e l  1 i pso ids .  This  com- 

pares w i t h  0.61 im3 obtained by Boiko -- e t  a l .  (18) and 0.71 H-3 obta ined by 

Spar1 i n  and Marcus (16). 

Tab le  3. Values i n  A- '  f o r  the  semi-axes o f  the ho le  e l l i p s o i d s  a t  N 

D i r e c t i o n  Inve rs ion  . Est imated Other i nves t i ga t i ons  
scheme from 

r a d i  i th ree  Boiko e t  a l .  Cleveland S p a r l i n  -- 
areas & Stanford & Marcus 

( 1  8) (20) (16) 

NP 0.365 0.358 0.38 0.35 0.39 - + . O 1  



The column l a b e l l e d  "est imated from th ree  a,reas" i n  Table 3 conta ins  

semi-axes as ca l cu la ted  from the  f.requencies (and corresponding areas) 

which e x h i b i t  the  c o n d i t i o n  t h a t  dF/de = 0  a t  (110) o r  (100) d i re.c t ions.  

These th ree  frequencies correspond t o  the extremal cross sec t ions  nab, 

nbc, lrac f o r  a  p e r f e c t  e l l i p s o i d  a t  N. The semi-axes a, b, and c  calcu-  

l a t e d  i n  t h i s  manner can o n l y  be as good as the approxima't ion t h a t  the  

ac tua l  sur face i s  a  pe r fec t  e l  1 ipse. As we can see from F igure  17, t h e  

l a r g e s t  cross s e c t i o n  has some places.which are  f l a t t e r  than the  p e r f e c t  

e l l i p s e  w i t h  same semi-axes, so we would expect .semi-axes est imated i n  

t h i s  manner t o  d i f f e r  from those determined-by the  i n v e r s i o n  scheme. The 

i nve rs ion  scheme r a d i i  f o r  t h i s  sur face should be accurate t o  abou't 1%. 

D. E l e c t r o n  Lenses a t  A 

Data r e l a t e d  t o  the  e l e c t r o n  lenses a t  symmetry p o i n t  A a long TW i n  

t he  B r i l l o u i n  zone cannot be i nve r ted  by M u e l l e r ' s  i nve rs ion  scheme, 

s ince t h i s  p o i n t  does no t  possess i nve rs ion  symmetry. The phys i ca l  

s i g n i f j c a n c e  o f  t h i s  f a c t  i s  t h a t  dHvA.experiments cannot p rov ide  e,nough 

in fo rma t ion  about t h i s  sur face t o  spec i f y  a  unique sur face cons i s ten t  w i t h  

the  r cqu i red  Chv symmetry. I f  an a d d i t i o n a l  c o n d i t i o n  i s  imposed t h a t  

t he  sur face has a  m i r ro r , . p lane  whose normal i s  p a r a l l e l  t o  Ill, the  p o i n t  

has:now been g iven the D symmetry, which s a t i s f i e s  i nve rs ion  theorem 
4h 

requirements, and enables use o f  the  Muel l e r  i n v e r s i o n  scheme o r  use o f  

a  geometr ical  model w i t h  the  a d d i t i o n a l  symmetry. However, we may on l y  

o b t a i n  a  poss ib le  s u b s t i t u t e  f o r  the  ac tua l  sur face when we impose t h i s  

a d d i t i o n a l  requirement t o  o b t a i n  a  unique f i t  t o  the data. I t  i s  poss i -  

ble, bu t  ra the r  u n l i k e l y ,  t h a t  the r e a l  FS e x h i b i t s  t h i s  m i r r o r  symmetry. 



 he c o n d i t i o n  o f  f o u r - f o l d  symmetry i n  a  p lane whose normal i s  

p a r a l l e l  t o  TH f o r  the p o i n t  A and the almost zero s lope o f  t he  lowest 

frequency branch o f  the  experimental  data f o r  the  (001) plane (see 

F igure  7) can be combined t o  suggest t h a t  the  lenses a re  very nea r l y  

c i r c u l a r  w i t h  rad ius  r i n  a  cross s e c t i o n  whose normal i s  p a r a l l e l  t o  Ili. 

The dHvA data about the lens '  cross s e c t i o n  having a  dimension d  a long 

TH as one a x i s  and the  l ens '  rad ius  r as the o ther  a x i s  i s  not  s u f f i c i e n t  

t o  s p e c i f y  the d is tance a between the  center  o f  the  plane o f  the c i r c u l a r  

cross s e c t i o n  and the  center  o f  the  Ili dimension.. I t  can be shown by 

s imple geometr ical  arguments t h a t  two d i f f e r e n t  cross sec t ions  w i t h  iden- 

t i c a l  values f o r  r and c ross-sec t iona l  areas, but  d i f f e r i n g  i n  values o f  

a and d  should be d i s t i n g u i s h a b l e  because o f  d i f f e r i n g  c a l i p e r  dimensions 

f o r  the  same angle o f  observat ion.  

This  e f f e c t  i s  probably o n l y  no t i ceab le  as a  4-5% d i f f e r e n c e  i n  

c a l  i p e r  dimensions, unless the  lenses a re  h i g h l y  asymmetrical. . I n  o ther  

words, the  RFSE might  be ab le  t o  d i s t i n g u i s h  between symmetrical and 

asymmetrical models.which cou ld  bo th  agree w i t h  the  dHvA r e s u l t s .  How- 

ever, unless the RFSE d a t a ' i s  very accurate, probably b e t t e r  than l%, the 

amount o f  asymmetry a long the r H  d i r e c t i o n  cou ld  no t  be determined 

q u a n t i t a t i v e l y .  Such accuracy can not  be expected from RFSE o r b i t s  

y i e l d i n g  smal l  c a l i p e r  dimensions, s ince  these resonances are  detected a t  

low magnetic f i e l d  strengths, where mcT i s  low and the  RFSE l i n e  shapes 

are  broad. Another r e s u l t  o f  the  geometr ical  arguments i s  t h a t  w h i l e  the  

d i s tance  a can vary q u i t e  widely, the  TH dimension f o r  the  lens remains 

reasonably constant, as does the  volume o f  the FS. 



For the  above reasons, we w i l l  use the f i v e  frequency branches f o r  

the (001) and ( l i 0 )  planes shown i n  F igu re  7 as i npu t  to . the '  i nve rs ion  

scheme f o r  the D4h symmetry group. As w i t h  the  e l l i p s o i d s  discussed i n  

Sect ion  I l I -C ,  we p i c k  one lens and p lace i t  a t  t he  o r i g i n  o f  our i n -  

ve rs ion  k-space and use a  11 - o f  the data as i f  i t  had been taken from f i v e  

d i f f e r e n t  planes ?f observat ion.  The program was checked w i t h  p e r f e c t  

e l l i p s o i d s  o f  r e v o l u t i o n  and the  spher i ca l  mapping parameter was a l s o  

determined from t h i s  i dea l  data. 

The two p r i n c i p a l  cross sec t ions  f o r  the  lens pieces s i t u a t e d  a t  

symmetry. p o i n t s  A a re  shown i n  F igu re  18, sub jec t  t o  the a d d i t i o n a l  

symmetry requirement necessary f o r  i nve rs ion  o f  the data. The r e s u l t s  

obta ined from the  i nve rs ion  scheme f o r  the  4, = 16 f i t  i n v o l v i n g  25 c o e f f i -  

c ients, which are  l i s t e d  a long w i t h  the  spher ica l  mapping parameter GAMMA 

i n  Appendix A, came from the h ighes t  order  f i t  t h a t  cou ld  be obtained. 
. . 

Values f o r  the r a d i i  as found w i t h  t h i s  f i t  a re  l i s t e d  i n  Table 4. 

Table 4. Values i n  L-' f o r  the  r a d i  i o f  the  e l e c t r o n  lenses a t  A 

D i cect i o n  l nvers i o n  
scheme 

Other i n v e s t i g a t i o n s  

r a d i  i Boiko e t  s. Brandt & Rayne 
( 1  8T- (1 5) 

For 7 c i  r c u l a r  
cross sec t ion :  

para1 lei t o  (100) . 162 

p a r a l l e l  t o  (110) - - - -  155 

T o t a l  rH dimension .222 



Figure 18. Cross sections of the electron lens Fermi surface at A assuming 
a higher Dbh symmetry. ,For the nearly circular cross section, 
the plane has normal direction IT, and o0 and 90' are parallel 
to (100) directions 



The volume c a l c u l a t e d  us ing  the. i nve rs ion  coe f f i i c i en ts  in. a  s u i t a b l e  pro-  

gram from deference 34 was found t o  b e  0.057 f o r  6 lenses. Th i s  com- 

pares w i t h  a  volume of 0.060 obta ined by Leaver and Myers (17). 

E. E lec t ron  Jack a t  J? 

An accurate model f o r  the  e l e c t r o n  jack  sur face i s  t he  most d i f f i c u l t  

t o  e x t r a c t  from the  dHvA data o f  extremal c ross-sec t iona l  areas. The data 

can not  be i nve r ted  by us ing  the  Mue l le r  i nve rs ion  scheme because some 

rad ius  vectors t o  p o i n t s  on the  sur face are mul t i -va lued.  There i s  no 

way t o  accu ra te l y  determine the  p o s i t i o n  o f  the center  o f  the  b a l l  

connected t o  the  body p o r t i o n  o f  t he  jack. I n  Sect ion  111-8 we have seen 

t h a t  the RFSE data o f  Boiko e t  -- a l ,  (18) agree q u i t e  c l o s e l y  w i t h  the  

r a d i i  obta ined from i n v e r s i o n  o f  the octahedron dHvA data. The i r  RFSE 

data w i l l '  be used t o  supply some very va luab le  j ack  r a d i i ,  bu t  o n l y  a t  

those angles where the re  i s  good reason t o  b e l i e v e  t h a t  the  c a l i p e r  

dimensions obta ined i n  t he  RFSE experiment a re  a c t u a l l y  ra 'd i i .  The c l a i m  

made by Boiko -- e t  a l .  (18) t h a t  "upon r o t a t i o n  o f  the magnetic f i e l d  r e l a -  

t i v e  t o  the c r y s t a l  lograph ic  d i r e c t i o n s  i n  the  ( 1  10) plane, the  1 ines o f  

the experimental  p o i n t s  from the  extremal o r b i t s  o f  t he  e l e c t r o n  ' j a c k '  

w i  1 1  g i ve  d i r e c t l y  the s e k t i o n  d f  t h i s  sur face w i t h  the  (1  10) plane" . i s  

no t  t r u e  f o r  t he  e n t i r e  j ack  cross sec t i on  i n  t h i s  plane. I n  p a r t i c u l a r  

the l i n e  i o f  t he  data o f  Boiko -- e t  a l .  (18), shown as p l o t t e d  p o i n t s  i n  

F igure  19, can be co inc iden t  w i t h  ~ t h e  ac tua l  rad ius  vector  o n l y  a t  the  

[001] d i r e c t i o n .  A t  any o the r  angular p o s i t i o n  f o r  t h i s  l ine,  t he  RFSE 

measures c a l i p e r  dimensions, and must be i n t e r p r e t e d  as such. I t  i s  easy 

t o  f a l l  i n t o  the  t r a p  o f  equat ing c a l i p e r  dimensions w i t h  r a d i i  f o r  



F igu re  

[oo 11 

19. (170) p lane cross s e c t i o n  f o r  t he  e l e c t r o n  j ack  Fermi sur face 
a t  r. The s o l i d  and open c i r c l e  data p o i n t s  and t h e i r  l abe l s  
a re  RFSE r e s u l t s  o f  Boiko e t  a l .  (18). The + data p o i n t  a t  -- 
19' from [001] and the  so l  i d  1  ine  c o n s t r u c t i o n  are  descr ibed 
i n  the t e x t  



sur faces  whose curva ture  and symmetry does no t  a l low.  such a  s'tatement 

t.o be t rue .  I n  general extreme care sho,uld be exerc ised when choosing 

the  RFSE c a l i p e r s  which a l so  have the. p roper ty  o f  being FS rad i  i. 

I n  the  f o l l o w i n g  paragraphs the  r a t i o n a l  f o r  the p a r t i c u l a r  (110) and 

(001) cross sec t ions  f o r  the e l e c t r o n  j ack  as shown i n  F igures 19 and 20 

w i l l '  be presented. F i r s t  some f a c t s  obta ined d i r e c t l y  from our data 

should be noted. I n  Sect ion  111-0 we saw t h a t  the  e l e c t r o n  lenses are 

very nea r l y  c i r c u l a r .  Since the  lenses l i e  i n  t h e  neck p o r t i o n  o f  the  

j a c k  and the  lens and neck cross sec t ions  are  comparable i n  size, i t  i s  

reasonable t o  assume t h a t  the necks a re  a l s o  very n e a r l y  c i r c u l a r .  From 

the value o f  11.7 MG a t  the (100) d i r e c t i o n s  f o r  the neck o r b i t  l a b e l l e d  

o i n  F igure  6, we o b t a i n  a  rad ius  o f  0.19 L-' f o r  a  c i r c u l a r  neck cross 

sect ion.  Looking a t  t he  ( l i 0 )  plane f o r  the.  ba l  l o r b i t  l a b e l l e d  n i n  

F igure  6, we see values o f  31.63 MG a t  [ O O l ] ,  33.4 MG a t  [110], and 35.4 

MG a t  [ I  111. We a l so  note,  t h a t  t he  neck cross sect  i o n  i s  32.4 MG a t  

[110]. Assuming a  r a t h e r  sphe r i ca l  shape f o r  the  b a l l ,  and a  c i r c u l a r  

cross sec t i on  f o r  the  [ O O l ]  d i rec t i on ,  we c a l c u l a t e  a  rad ius  o f  .310 Lml 

f o r  t he  b a l l .  The angles a t .  which the body o r b i t  l a b e l l e d  5 i n  F igu re  6 

disappear i n  the (110) pla,ne can h e l p  t o  de f i ne  the  neck dimensions. A t  
I 

0 
a  magnetic f i e l d  d i r e c t i o n  o f  19 2 $ from [110] the  neck i n t e r f e r e s  w i t h  

the  complet ion o f  the  body o r b i t ,  and the  o r b i t  i s  no longer possib le.  

0 
This corresponds t o  t h e  loss  o f  RFSE s i g n a l s  a t  21 - + 2  from a  (100) 

0 
d i r e c t i o n  repor ted  by Cleveland and Stanford  (20), and a t  21 - + 3 from a  

(100) d i r e c t i o n  repor ted,  by Boiko -- e t  a l .  (18). Note t h a t  RFSE data are  

p l o t t e d  as c a l i p e r  dimensions f o r  g iven d i r e c t i o n s  and a re  ob ta ined w i t h  



F i g u r e  20. (001) plane cross s e c t i o n  f o r  the  e l e c t r o n  jack  Fermi sur face 
a t  r. The open c i r c l e  i s . a  data p o i n t  from Reference 18. The 
+ data p o i n t s  and the  s o l i d  l i n e  cons t ruc t i on  are  descr ibed i n  
the  t e x t  



f i e l d s  app l i ed  perpendicular  t o  t h e . g i v e n  d i rec t ' i on  and t o  the  plane 6 f  

the  sample; A t  a  magnetic f i e l d  d i r e c t i o n  o f  27 - + 2' from [ loo] ,  the  

o r b i t  around the  body changes i n t o  an o r b i t  which encompasses a l l  f ou r  

b a l l s .  A loss o f  RFSE s igna ls  a t  29 - + 2' from a  (1'10) d i r k t i o n  yas re-  

po r ted  by  Cleveland and Stanford, and a t  24 - + 3' from a  ( 1  10) d i r e c t i o n  

by Boiko e t  a l .  

I n  F igure  19 f o r  t h e  ( l T ~ ) . p l a n e  we assume the RFSE c a l i p e r s  o f  

Boiko -- e t  a l .  a t  [ O O l ]  and [110] a re  r a d i  i, ,as we1 1 as those a r i s i n g  from 

the body o f  the  jack, l a b e l  l e d  g. The r a d i  i a r e  1'. 16 i-' a t  [ O O l ]  and 

.52 i-' a t  [110]. We ex t rapo la te  an a d d i t i o n a l  data p o i n t  + f o r  t he  body 

a t  19' from [001] which i s  i nd i ca ted  by our  d a t a .  This  p o i n t  a l s o  de- 

f i n e s  the  neck rad ius  a t  0.19 A-' f o r  a  c i r c u l a r  neck cross sect ion.  A 

complete ly  spher ica l  b a l l  i s  shown dashed i n  a long w i t h  a  s t r a i g h t  l i n e  

t o  connect the  neck t o  the  b a l l ,  and a  g e n t l y  curved s o l i d  l i n e  i s  drawn 

' 

connect ing the  body data' w i t h  the  data p o i n t  a t  [ l ib ] .  We s h a l l  r e t u r n  

t o  t h i s  f i g u r e  s h o r t l y .  

We cont inue t o  assume a  spher ica l  b a l l  w i t h  c i r c u l a r  neck and b a l l  

cross sec t ions  a t  (100). d i r e c t i o n s  f o r  t he  b a l l  and neck drawn i n  F igure  

20 f o r  t he  (-001) plane. The RFSE data p o i n t  a t  [ l l O ]  i s  inc luded and a  

s l i g h t l y  curved l i n e  i s  drawn t o  connect the  necks w i t h  t h i s  po in t .  The 

body i s  s l i g h t l y  concave a t  [110] i n  t h i s  plane, which agrees w i t h  the  

observa t ion  o f  two neck frequencies near 32.4 MG a t  smal l  angles away 

f rom [ I 1 0 1  i n  t he  (001) plane, as shown i n  Figure; 6  and 8. The area 

computed f o r  the model (001) plane i s  2.19 i-2 which compares very 

favo rab l y  w i t h  2.21 ie2 for the  dHvA experimental  area. 



An area i n t e g r a t i o n  o f  the  (170). p lane as we have cons t ruc ted  i t  

thus f a r  y i e l d s  1.45 A-2 t o  be compared w i  t h  t he  dHvA experi mental value 

o f  1.51 K - ~ .  We can improve t h e  value f o r  t h i s  area and a1 so c o r r e c t  the  

model so t h a t  bo th  a  minimum (neck) and maximum ( b a l l )  cross sec t i on  i s  

observable a t  the [ I 101  d i r e c t i o n  where the experimental  data shows 

values o f  32..4 MG and 33.4 MG by drawing the a d d i t i o n a l  (so l  i d )  1 ines f o r  

t he  b a l l .  The new area f o r  the (170) plane i s  1.49 A - ~ .  An i n t e g r a t i o n  

t o  check the  neck and b a l l  cross sec t ions  a t  [110] q u a n t i t a t i v e l y  i s  im-  

poss ib le  t o  do accu ra te l y ,  w i thou t  a  complete ana ' l y t i ca l  d e s c r i p t i o n  o f  the 

sur face t o  be analyzed. 

A poss ib le  cross sec t i on  f o r  t he  (171) p lane i s  shown i n  F igu re  21. 

The rad i  i a t  the  ( 1  10) and ( 1  12) d i  r e c t  ions are  the  same as i n d i c a t e d  f o r  

s imi  l a r  d i  r e c t  ions i n  F igures 19 and 20 .  The model. area o f  0.77 L - ~  can 

be compared w i t h  the  experimental  value o f  0.81 im2 f o r  the  [Ill] d i r e c -  

t ion. 

I t  i s  no t  poss ib le  t o  c a r r y  t h i s  simple geometr ical  model f u r t h e r  o r  

make a d d i t i o n a l  comparisons w i t h  the experimental  data s ince the  i n t e -  

g ra t i ons  o f  c ross -sec t i ona l ' a reas  which do no t  con ta in  the  center  o f  

symmetry f o r  t he  f i g u r e  and/or whose normal i s  no t  a  d i r e c t i o n  o f  h igh  

symmetry a r e  poss ib le  o n l y  w i t h  an a n a l y t i c a l  model s u i t a b l e  f o r  a  

computer. The assumption about f a i r l y  spher ica l  b a l l s  i s  a l s o  l i k e l y  t o  

break down somewhat as one ad jus ts  the  model f o r  a  more accurate f i t .  As 

mentioned i n  Sect ion  I l l -A, t he  a n a l y t i c a l  approach was t r i e d  w i  t h  no 

b e t t e r  r e s u l t s  than those presented above. 



Figure  21. A poss ib le  (171 )  plane cross s e c t i o n  f o r  the  e l e c t r o n  jack  
Fermi sur face a t  r. The open c i r c l e s  are data p o i n t s  from 
Reference 18 



. . . . 

. . I V - .  CONCLUS IONS 

We have presented dHvA data f o r  molybdenum which are accurate t o  

0 
w i t h i n  1% i n  frequency o r  1 i n  angle, whichever i s  the larger  error, 

f o r  the magnetic f i e l d  ro ta ted  i n  the (lie), (001) and (171) c r y s t a l l o -  
. . 

graphic planes. Two samples,, cu t  from the same s i ng le  c r y s t a l  rod as 

the 'sample used i n  the RFSE work. o f  Cleveland and Stanford (20), were 

used t o  ob ta in  the dHvA data. These data were shown t o  be consistent  i n  

frequency and angular determination a t  the appropr iate major symmetry 

d i  rec t  ions f o r  the above-ment ioned planes. The data were inver ted through 

the use o f  the Mueller invers ion theorem (35), when possible, t o  ob ta in  

FS radi  i, and'a simple geometrical model was developed f o r  the e lec t ron  

jack. The FS r a d i i  f o r  the (170) plane cross sect ion f o r  the hole octa- 

hedron obtained from the dHvA data were shown t o  be consistent  w i t h  the 

RFSE cal  i pe r  dimensions obtained by Boiko -- e t  a l .  (18) f o r  the same .plane. 

The geometrical mode.1 , fo r  the e lec t ron  jack cross sect ion i s  .consistent  

w i t h  the RFSE ca l i pe r  dimension a t  [ O O l ] .  Since the invers ion . rad i i  data 

f o r  the octahedron are most. subject  t o  e r ro r  a t  [OOl) ,  we be l ieve  t ha t  the : 

determination by Boiko e t  a l .  o f  the RFSE ca l ipe r  dimensions, which are 

r a d i i  a t  Cool], t o  be cor rect .  .These RFSE dimensions f o r  the (100) 

d i rec t ions  are 1.16 8- I  f o r  the jack and 0.79 8-I f o r  the octahedron w i t h  

the r H  dimens ion as 1.999 8-', so the gap between the jack and octahedral 

FS pieces i s  estimated as 2.5% o f  the TW dimension, thus resol 'ving the 

discrepancies ex is t i ' ng  i n  cur rent  RFSE data. 

The model presented f o r  the e lec t ron  jack could probably be improved 



upon by further calculations on a complicated analytical model. However, 

an accurate FS model based on band structure calculations for molybdenum 

would be more desirable. Such a calculation has yet to be completed by 

band theorists. 
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V I  1.6 A P P E N D I X  A 

I 

COEFF 1CIE.NTS FROM I N V E R S I O N  SCHEME' F I T S  

HOLE OCTAHEDRON 

# J RAD I U S * * 2  
C O E F F I C I E N T S  

ELECTRON L E N S  

# J R A D I U S * * 2  
C O E F F I C I E N T S  

GAMMA = 1.6078 



R A D I U S * * 2  
C O E F F I C I E N T S  

RAOIUS**2  
C O E F F I C I E N T S  

ALPHA = 1.3904 
GAMMA = 0 , 8 6 3 8  



V I I I :  APPENDIX B 

' ' ,  

FREQUENCY ANALYSIS PROGRAM LIST.ING AND DISCUSSION 

This appendix describes the computer programs used t o  t r a n s f e r  and .  
, . 

analyze the  dHvA data. Job A ~ ~ ~ T T T ,  "TAPE7 TO TAPE9," t rans fers  the data 

from a  7- t rack  magnetic tape produced from the  punched paper tape' ou tpu t  

created a t ' t h e  t ime the  experimental  equipment was being operated t o  a  

9 - t rack  tape f o r  data ana lys i s  and storage. Job B ~ ~ ~ F F T  i s  the  program 

respons ib le  f o r  the  data analys is .  Both o f  these l i s t i n g s  appear a f t e r  
. . 

t he  d iscuss ion  p a r t  o f  t h i s  appendix. 

I n  "TAPE7 TO TAPEgH the assembler language r o u t i n e  CHGTC takes the  

in te rmixed dHvA s igna l  and magnetic f i e l d  value ar rays  which are  input  as 

4096 characters I n  the  a r ray  Y, and maps these characters i n  a  .l: 1 fash ion  

t o  a  new character  s e t  which i s  i npu t  f o r  the  assembier language r o u t i n e  

TRANS. TRANS decodes the Y character  a r r a y  and re tu rns  an a r r a y  Y con- 

t a i n i n g  2008 da'ta p o i n t s  and an a r r a y  H con ta in ing  20 values f o r  the  

magnetic f i e l d .  The f i e l d  values are  then converted from in tege r  values 

.ranging from 0  t o  4095 t o  ac tua l  readings i n  megagauss through the  use o f  

the  constants s e t  a t  t he  t.ime the  experiment was conducted. A n . i d e n t i f i c a -  

t i o n  card, the  Y and H arrays, and the  experimental  constant  da ta  are  

recorded on 9- t rack  tape as p a i r s  o f  records f o r  each data se t  t o  be read 

l a t e r  hy the  data  ana lys i s  program. Appropr ia te  l abe l s  and i n fo rma t ion  

about t he  magnetic f i e l d  values a re  p r i n t e d  t o  enable one t o  determine 

whether the data se t  has been converted and s to red  c o r r e c t l y .  A p l o t  o f  

t y p i c a l  da ta  f o r  an angle o f  28.9' from [ O l O ]  i n  t he  (001) p lane i s  shown 

i n  F igu re  22. The Y a r r a y  o f  i n tege r  values (up t o  5 128) of t he  dHvA 



Figure 22. A p l o t  o f  t y p i c a l  
p lane  

dHvA data. Th i s  data was taken a t  from [010] i n  t he  



s igna l  Gas p l o t t e d ' v e r s u s  i n tege r  count o f  t ime i n  u n i t s  o f  4 psec. The 

H a r r a y  o f  f i e l d  values i s  i n  u n i t s  o f  megagauss for the same in tege r  

t ime count. 

The analys i s program B ~ ~ ~ F F T  used t h e  fas t -Four i  e r  subrout ine  RHARM 

from the I B M  S c i e n t i f i c  Subrout ine Package. Th is  ana lys i s  i s  10 - 60 

t imes fas te r  than the  f i l t e r - p e r i o d o g r a m  technique descr ibed by Panousis 

(29) w i t h  comparable frequency accuracy and reso lu t i on .  F i  gure 23 shows 

a f i l t e r - p e r  iodogram frequency ana lys i s  o f  dHvA data taken a t  28.9' from 

[010] i n  the  (001) plane and shown i n  F igure  22. F igure  24 shows the  

frequency ana lys i s  o f  the  same data  se t  by the fas t -Fou r ie r  technique. 

The peaks l a b e l l e d  p1, 82, 83 are p l o t t e d  as p o i n t s  l a b e l l e d  p f o r  f r e -  

quencies a t  28.9' from [ O ~ O ]  i n  the  (001) plane as shown i n  F igure  6. Peaks 

l a b e l l e d  w i t h  subsc r ip t s  i n  F igu re  24 (such as ( ~ 1 ) ~ )  are second harmonics, 

and peaks w i t h  two f requencies (such as y + n) are  sums and d i f f e rences  o f  - 
t h e  appropr ia te  fundamental terms. Only frequencies i d e n t i f i e d  as funda- 

mental were p l o t t e d  i n  F igure  6. I n  bo th  Figures 23 and 24 the  graphs. 

a re  composites o f  several  small-range frequency scans, s ince  each program 

.does i t s  best on frequency scans o f  one octave o r  less. For puCposes o f  

comparison the  frequency ranges and se lec ted  data ranges used were i d e n t i -  

c a l  f o r  bo th  analyses. The computer t ime used t o  o b t a i n  the  f i l t e r -  

periodogram frequency r e s u l t s  f o r  the  data se t  was around 35 minutes o f  

CPU time, w h i l e  the same frequency r e s u l t s  were obta ined by B ~ ~ ~ F F T  w i t h  

about 45 seconds o f  CPU time. From the  27 peaks i d e n t i f i e d  i n  F igure  24 

we get some f e e l i n g  o f  the  power o f  e i t h e r  ana lys i s  program t o  e x t r a c t  

many frequencies w i t h  h igh  accuracy and r e s o l u t i o n  from a s i n g l e  data set. 
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i n  t h e  (001) p lane 



The intensity scales o'n Figures 23 and 24 should not be compared for 

absolute intensity. 

B ~ ~ ~ F F T  was written with several options'to handle the most fre- 

quently desired modes of data input and analysis. It assumes that the 

data is identified by the same cards used with A ~ ~ ~ T T T  to create the 9- 

track data storage tape. Some named COMMON storage areas are.used to 

pass different variables at different stages in the calculation and/or 

used for work space to keep storage space to a minimum. The program will 

run in either a ( 1 6 0 ~ ~ 3 2 ~ ) .  region or (96~~96~) region of fast-core 

and bulk-core storage depending upon how the HIARCHY card is set up in 

the LKED step of the executed procedure FORTH. 

Al1,reading of tapes and cards is done in subroutine READIN. BPASS 

is equal to 0.0 for the first call of this subroutine for initialization 

of graph labels and program options. A set of frequency cards is read 

in and stored, a'blank card is detected, followed by the first data' 

identification (ID) card which is read. The appropriate.data set is ob- 

tained from a sequential tape and.contro1 is returned to MAIN. Each 

further call to READIN reads an ID card and provides an additional data 

set for analysis. If a blank card is encountered, a new set of frequen- 

cies, one blank card, and one ID card are again read in before control is 

returned to MA1 N. 

Subroutine BFIELD corrects for the time delay effects described by 

Equation.4. For all of this investigation T Z E R O = ~ ~  psec was found appro- 

priate to obtain approximately equal frequency results for both "rising 

fieldH and "falling field" data. Since molybdenum is not ferromagnetic, 



HZERO=O. 0 f o r  .th i s  work. 

Subrout ine FlTH i d e n t i f i e s  the  type o f  f i e l d  conta ined i n  the  data 

as L L r i s i n g "  and/or " f a l l i ng " ,  checks t h a t  the number o f  data p o i n t s  

associated w i t h  each i d e n t i f i c a t i o n  i s  acceptable, and re tu rns  the code 

o f  the  type o f  f i e l d  detected, t he  appropr ia te  c a l c u l a t e d  a r r a y  o f  up t o  

2008 f i e l d  valu,es, and the l i m i t s  on the array.  

Subrout ine RANGE takes i n t o  account t he  f a c t  t h a t  the a m p l i f i e r s  i n  

our apparatus are  capable o f  passing t ime frequencies i n  o n l y  a  c e r t a i n  

g iven range (-5 - 100 k ~ z ) ,  and t h a t  our dHvA d i g i t a l  equipment i s  capable 

o f  t.aking data a t  equal t ime i n t e r v a l s  o f  4 Msec minimum (i.e., o n l y  two 

p o i n t s  per c y c l e  a re  obta ined f o r  a  125 kHz s igna l ) .  Since dHvA o s c i l l a -  

t i o n s  a re  p e r i o d i c  i n  1/H r a t h e r  than i n  r e a l  time, f o r  a  g iven p a i r  o f  

data p o i n t s  there  i s  a  minimum and a  maximum value f o r  poss ib le  dHvA 

frequencies conta ined i n  the  data, as g iven by the. r e l a t i o n  

1 
A c i )  

t ime  freq. A IF 1 ~ H V A  f req.  

w i t h  AT and AH computed from t h i s  p a i r  o f  p o i n t s  and the  t ime frequency 

being one o f  the  a m p l i f i e r  frequency l i m i t s .  The Ilpper a m p l i f i e r  l i m i t  

assures us o f  t a k i n g  data a t  a  r a t e  o f  more than two p o i n t s  per cycle. 

We have found t h a t  when data i s  analyzed f o r  a  g iven dHvA frequency us ing  

o n l y  those data p o i n t s  which l i e  w i t h i n  the  t ime frequency l i m i t a t i o n s  

gi.ven above, we ob ta i  n  the  bes t .  ana lys is .  

Th i s  subrout ine works best  i f  the  des i red  frequency ranges a re  

i npu t  i n  inc reas ing  order, and computes s t a r t i n g  and stopping counts f o r  

ana lys i s  o f  the  data f o r  each o f  t he  frequency ranges i t  i s  given. The 



r o u t i n e  i s  bypassed by the MAIN program i f  the s t a r t i n g  and stopping count 

values are over r idden from data i npu t  cards. 

Subrout ine GENY conver ts  a  p o r t i o n  o f  the dHvA data a r r a y  Y1, taken 

i n  equal increments o f  time, t o  an expanded a r r a y  Y o f  16,384 data p o i n t s  

computed a t  equal increments o f  1/H, s ince  the  dHvA data i s  p e r i o d i c  i n  

1/H r a t h e r  than i n  time, by us ing  the  i nve r ted  f i e l d  values i n  the  H I  

ar ray.  The number o f  data p o i n t s  used i n  the conversion depends upon . 

NSTART(I) and NSTOP(I)  as u s u a l l y  determined by the  RANGE subrout ine fo r  

the I t h  frequency range. S t r a i g h t - l i n e  i n t e r p o l a t i o n  i s  used between data 

i n  bo th  the Y I  and H I  a r rays  and i s  genera l l y  a  good approximation. 

T r y i n g  t o  increase the  r e s o l u t i o n  i n  the  data by s e t t i n g  RES#O on i npu t  

cards and f i l l i n g  p a r t  o f  t he  l a rge  Y a r r a y  w i t h  zeroes was not  found t o  

be a s a t i s f a c t o r y  means o f  inc reas ing  the  reso lu t i on .  I t should be noted 

t h a t  t h i s  mapping from r e a l  t ime space t o  1/H space causes t ime-per iod ic  

no ise  s igna ls  t o  be transformed i n t o  random no ise  i n  1 . / ~  space. 

Subrout ine OUTPUT provides p r i n t e d  ou tput  o f  the  frequency ana lys i s  

and op t i ona l  tape records and/or graphic d i s p l a y  o f  the  resu l t s .  Tape 

output  was used t o  input  frequency r e s u l t s  f o r  computer averaging by 

another program. I f  the  freqhency range des i red  conta ins  more than 300 

poss ib le  ou tpu t  frequencies, the ou tput  i s  broken down i n t o  scans which 

do not ove r f l ow  the ou tput  data arrays.. Subrout ine PEAKS i s  c a l l e d  by 

OUTPUT t o  search f o r  peaks i n  the  frequency spectrum and t o  f i t  a  second 

order  curve t o  determine the  t r u e  peak frequency and i t s  i n t e n s i t y .  

The'se frequencies a re  l i s t e d  by OUTPUT i f  t h e i r  i n t e n s i t i e s  are  greater  

than .005 o r  any value se t  by the  o v e r r i d e  v a r i a b l e  ALIM. 



The MAIN r o u t i n e  set.s up the  ac tua l  frequency ranges t o  be analyzed 

and c o n t r o l s  the app rop r ia te  choices o f  subrout ines f o r  each p a r t i c u l a r  

analystis, depending on i n fo rma t ion  generated from the prev ious ana lys is .  

The o r i g i n a l  data se t  i s  s to red  and restored, i f  needed, by  t h i s  rou t ine .  

The IBM subrout ine  RHARM analyzes N= ~ 2 '  data p o i n t s  and re tu rns  

N+2 Four ie r  c o e f f i c i e n t s  corresponding t o  the  constant c o e f f i c i e n t  and 

M 
the s ine  and cosine c o e f f i c i e n t s  on the  f i r s t  2  harmonics i n  the equat ion 

Test data run  w i t h  t h i s  subrout ine  has l ed  us t o  conclude tha t :  

(1 )  RHARM i s  capable o f  determin ing a s i n g l e  sine-wave frequency t o  

the  nearest i n tege r  k - + 0.5. 

(2) Reso lu t ion  o f  frequencies less than 3 cyc les apa r t  i s  genera l l y  

not  possib le.  

(3) The frequency determined i s  n o t  extremely dependent on the  shape 

o f  a long-wave envelope c o n t a i n i n g . t h e  s ine  wave. 

(4) The frequency determined by  RHARM does no t  appear t o  depend on . 

the value o f  M, as long as the  frequency determined i s  no t  

approaching the  h ighes t  frequency capable o f  being determined 

w i t h  a g iven M. 

(5) Phase s h i f t i n g  p a r t  o f  a wave t r a i n  w i t h  respect t o  another p a r t  

w i t h  i d e n t i c a l  frequency does cause severe problems i n  frequency 

determinat ion. Many harmonics a r e  necessary t o  reproduce the  

wave-form created, and the fundamental frequency i n  the data may 



be smeared o r  be l o s t  a l l  together.  

The i ntensi  t y  f o c  t h e  kt  harmonic i n  Eguat i o n  8 i s  computed f ram the  Y 

a r r a y  o f  re tu rned c o e f f i c i e n t s  o f  RHARM by us ing  . 

2 2 2 
i n t e n s i t y  = (a ) + (bk) = ( ~ ( n ) )  + ( ~ ( n + l ) )  

2 
k 

f o r  'the frequency ( i n  megagauss) 

k - n- 1 
frequency = - .  1,  

1 1  - 2 

where n = 2k + 1 i s  the index on the  Y array.  Note t h a t  n i s  always odd. 

I f  t h i s  i s  no t  true, i n c o r r e c t  p a i r s  o f  c o e f f i c i e n t s  from two d i f f e r e n t  

harmonics would be used i n  computing the  i n t e n s i t y  w i t h  i n c o r r e c t  r e s u l t s .  

A l i s t i n g  o f  t he  programs and some comments on the  cal. led l i b r a r y  

subrout ines f o l  lows. 



/ / A 3 3 4 T T T  JOB ' A 0 3 6 7 , S I Z E = 9 6 K v T I M E = 4 '  9 J I r 4 , t 4 S G L E \ I E L = l 1  
/ / S T E P 1  E X E C  F O R T G C G ~ P A R M ~ F O R T = ' D E C K ' ~ R E G I O N O S 3 = 8 3 K , T I M E ~ G O = 2  
/ / F O R T . S Y S I N  CD * 
C THE MAX.  NUMBE'R OF D A T A  SE'TS ON T A P E 7  I S  100. 
C  N D S E T  = THE NUMBER OF D A T A  S E T S  TCI B E  READ.  
C  N F S E T  = THE NUMBER OF D A T A  S E T S  PER F I L E  = 5 0 9  I F  N O T  S P E C I F I E D .  
C  R A T E , H S C A L E , H Z E R O ~ T H E T A V C O I L K  ARE .SAME FOP. A L L  D A T A  SETS. 
C J M E S S  ARRAY I S  U S E D  T O  THROW AWAY B A D  R E C 0 2 D S  ON T A P E 7 .  

D I M E N S I C N  Y ( 2 0 3 0 ) , ; H ( 2 0 1  ( J M E S S ( 2 0 )  
D I M E N S I C N  C A R D ( 2 0 , l O O )  
C A L L  E R R S E T  ( 2  1 9 ~ 1 , - 1  1) 
J S E T = O  
K S E T = l  
N P S E T = 4  
R E A D  ( 1 , 1 2 0 )  N D S E T r N F S E T , J M E S S  

1 2 0  FORMAT ( 1 2 9 2 x 9  1 2 1 2 X 9 2 0 1 2 )  
I F  ( N F S E T  .GTe 0 )  GO T 0 . 5 6 '  
N F S E T = 5 0  

56 R E A D  ( 1 , 1 2 2 )  RATE,HSCALE,HZERO,THETA,COILK 
1 2 2  FORMAT ( 2 F 5 . 0 9 3 F 6 o O )  

H S C A L E = k S C A L E /  10000,' 
T H E T A = T F . E T A / l O O .  

5 5  1.F ( N D S E T  .GE. N F S E T )  GO T O  5 0  
I END=NDSET 
I F  ( I E N C )  5 1 , 5 1 9 5 2  

5 0  I E N D = N F S E T .  
5 2  DO 5 9  N = l r  I E N D  

J S E T = J S E T + l  
N P S E T = N P S E T + l  
I F  ( N P S E T  .EQ. 5 )  GO T O  4 5  
GO T O  4 0 .  

4 5  W R I T E  ( 3 , 1 0 6 )  
106 FGRMAT ( ' 1 ' )  

N P S E T - 1  
40 R E A D  ( 1  , 1 2 1  , E N C = 6 0 )  ( C A R D ( K , J S E T ) , K = ~ ,  2 0 )  

1 2 1  FORMAT ( 2 0 A 4 )  
5  I F ( J S E T . E Q . J M E S S ( K S E T ) )  GO T O  53 



1 R E A D  ( 1 0 ~ 1 1 O ~ E R R = l O O O , E N O = 5 7 )  ( Y ( I  I r I = 1 , 1 0 2 4 1  
110 FORMAT ( 3 2 ( 3 2 A 4 ) )  

GO T O  3 
1000 W R I T E  ( 3 , 1 1 1 )  
11.1 F O R M A T  I *  ERROR I N  D A T A  TRANSFER.  FROM T A P E ? ' )  

C A R D ( l O , J S E T ) = 1 1 1 1  
R E A D  ( 1 0 , 1 1 0 )  ( Y ( l l r I = l ' v 1 0 2 4 )  

3 C A L L  CHGTC ( Y )  
C A L L  TRANS ( Y , H l  
W R I T E  ( 3 , 1 2 5 )  (CAF.D(K,  J S E T )  1 K = 1 9 2 0 )  

1 2 5  FORMAT ( ' 0 '  ~ 2 0 A 4 1 '  
H R I T E  ( 3 , 1 2 3 )  -RATE,HSCALE,HZERO;TYETA.T C O I L K  

1 2 3  F E R M A T  ( ' 0  RATE=' ,F4,0 , '  KCPS.  ' , .HSCALE='  , F 6 . 4 9 '  H Z E R O = '  9 F 6 . 0  
1,' G A U S S  THETA=' ,F7.2 , '  DEG. C O I L K = ' , F 6 . 0 , '  G A U S S / V O L T 1  

W R I T E  (.9) ( C A R D ( , K r  J S E T )  t K = l , 2 0 )  
W R I T E  ( 3 , 1 0 7 1  

107 FORMAT ( ' 9  T H E  F I E L D  V A L U E S  A R E : ' / )  
W R I T E  ( 3 , 1 0 3 )  ( H ( I l , I = 1 , 2 0 )  

1 0 3  FORMAT ( 1 0 F 1 2 . 2 )  
DO 6 J = l , Z O  

6 H I  J ) = H ( J ) * (  10. /4096. ) * C O I L K / H S C A L E  
W R I T E  ( 5 )  ( Y ( I ) ~ I = 1 , 2 0 0 8 ) , ( H ( I ) ~ I = 1 ~ 2 0 ) ~ R A T E ~ H S C A L E ~ H Z E R O ~  

1 T H E T A v C C I L K .  
W R I T E  ( 3 9  1 0 8 )  

108 FCRMAT (" ' 
W R I T E  ( 3 ~ 1 0 3 )  ( ~ ( 1 ' )  , 1 = 1 1 2 0 )  
W R I T E  ( 3 , 1 0 4 )  

104 FCRMAT ( ' 0 ' )  
59 C O N T I N U E  

END F I L E  9 
N D S E T = N D S E T - N F S E T  
GO T O  5 5  

60 W R I T E  ( 3 , 1 3 0 )  
1 3 0  FORMAT ('C YOU' ' R E  CUT O F  CARDS, BUDDY ' 

GO T O  5 8  
57 W R I T E  ( 3 , 1 0 1 )  

101 FORMAT ( ' 9  C A N U T  YOU E V E N  C O U N T - - S T U P I D '  



J S E T = J S E T - 1  
GO T O  5 8  

5 3  K S E T = K S E T + l  
R E A D ~ ~ ~ ~ ~ ' ~ o ~ E R R = ~ ~ ~ o ~ ~ E N D = ~ ~ ) ( Y ( I ~ ~ I ~ ~ ~  1 0 2 4 )  
GO T O  5 

1001 W R I T E (  3 , 1 1 2 )  
1 1 2  FGRMAT4 ' ERROR I N  R E A D  A T  NO. 5 3 ' 1  

R E A i l ( l O , l l O ) ( Y  ( I  1 ,  I = 1 ~ 1 0 2 4 1  
GO T O  5  

5 1  W R I T E  4 3 9 1 2 4 )  
124 FOP.MAT ( ' 0  T R A N S F E R  OF R E Q U E S T E D  D A T A  S E T S  C D M P L E T E D ' )  

5 8  R E W I N D  9 
R E W I N D  10 
W R I T E  4 39 1 0 5 )  

1 0 5 - F O P . M A T  ( ' 1  T H E  F O L L O W I N G  I T E M S  ARE C A T A L O G E D : ' /  1  
I F  ( J S E T  O L E *  0 )  GO T O  19 
DO 5 4  J = l t J S E T  

V 
5 4  W R I T E  ( 3 , 1 0 2 1  ( c A R D ( K , J ) , K = ~ , ~ o )  . v 

102 F O R M A T  ( 2 0 A 4 / 1  
19 C O N T I N U E  

STOP 
E N D  

/ / L K E D . S Y S I N  DD '* 
T R A N S  AND CHGTC C B J E C T  D E C K S  GO HERE... . 

/ / G O e F T I O F O O 1  DD U N I T = (  T A P E 7 9  ,DEF'ER)  ,VOLUME=SER=TPO132tLABEL=( 1 t N L  1 ,  X 4 
/ /  D I  SP= (OLC1,KEEP) , X - . B  
/ /  DCB= ( D E N = l , T R T C H = E T  ,RECFM=F, B L K S I  Z E = 4 0 9 6 ,  B U F N O = l )  

- 
L 

/ / G O e F T 0 9 F 0 0 1  . D D  U N I T = ( . T A P E ,  , D E F E R )  v V O L U M E = S E R = T P - 5 0 2 8 ,  X 01 
/ / D S N A M E = S E Q . A 0 0 2 6 W D l  * L A B E L = (  1, SL 1 t X 
/ /  D I  S P = ( N E M , K E E P )  0 3  
/ /GO.FT03FOOtL  D D  S Y S O U T = A , S P A C E = ( C Y L , ( 2 1 ) ~  04 
/ /  D C B = (  R E C F M = F B A p L R E C L = 1 3 3 ,  B L K S I Z E = 3 3 2 5 , B U F K O = l )  0 5  
/ / G O e F T O l F 0 0 1  DO * 06 
0 2  99  

2 5 0  6977 13565  
S E Q . A O 0 2 6 C 5 0  2 - 0 5 0 - 0 0 1  T H E T A =  -4.0 DEG. 
S E Q . A O 0 2 6 C 5 0  2-0 5 0 -  0 0 2  T H E T A =  -4.0 DEG. 



/ / B 3 3 4 F F T  J O B  ' A 0 3 6 7 1  S I = 2 2 4 K # T I = l l ,  L I = 6 '  rJI M, M S S L E V E L = l  
/ / S T E P 1  E X E C  F O R T H ,  P A R M . ' O R T = ' H A P t D E C K , C l P T = Z  ,L I S T  P X R E F '  9 

/ /  K E G I O N . F O R T = 2 2 4 K ~ P 4 R M . L K E O = ' ; P 4 A P r L , I S T , L  E T , H I  AR '  9 

/ / T I M E * G O = 8 , R E G I  @N.GO=( 1 6 0 K , 3 2 K )  , L I i \ ( E S = 6  
/ / F O R T I S Y S U T 2  D O  U N I T = j P O O L , S P A C E = (  C Y L  ( IT 1) 1 
/ / F O R T . S Y S I N  C D  8 

C  
C  D E  H A A S - V A N  A L P H E N  F R E Q U E N C Y  C O Y P U T A T  I O N S  
C  * * * * T H I S  I S  T H E  M A I N  P R 3 G R A M * * * *  
C  T H I S  P R C G R A M  C O N T A I N S  T H E  F A S T  F O U R I E R  F I T  S U S R O U T I N E  RHARM. 
C  

C G M M O N / A U T O F / F F (  2 0 ) t F L ( 2 0 )  , N S T A R T (  2 0 )  p N S T O P ( 2 0 )  
C C M M O N / C A L C / S (  2048 1 . 9  I N V ( 2 0 4 8  1  
C O M M G N / D A T A / H ~ O S ( ~ O )  , Y l S ( 2 0 0 8 )  , H I S (  2008)  . 

C C M M O N / F I E L D / D T ,  T Z E R O ,  T H E T A , H Z E R O , H 2 0 (  20)  
C O M M O N / F R E Q / F F I R S T  ( 1 0 )  9 F L A S T f  10)  v T Z E R O l 4  10) 
C C M M O N / G I A N T / Y  ( 1 6 3 8 8 )  
C O M M G N / L A B S / G L A B l ( S ) * G L A B 2 ( 5 ) , X L A 3 1 ( 5 )  ~ Y L A ~ B 1 ( 5 ) , C ) D A T E ( 7 ) *  

l R L A B ( 5 )  r F L A B ( 5 )  
D I M E N S I O N  H(2008),HI(2008)rYl(2008) 
E Q U I V A L E N C E  ~ H ( ~ ) ~ H I ( ~ ) ~ S I ~ ) ) ~ ( Y ~ ( ~ ' ~ T S ~ ~ O O ~ ) I  
B P A S S = O * O  
OTMR=O. 0 
GTMC=O. C 
MMM= 1 3  
MM=16384 

424  C A L L  R E P D I N  ( B P A S S * O M E G A ~ , O M E G A ~ , S T E P ,  S T E P O , T M R R T T C , R E S S , M F S E T ,  
1 R A T E , H S C A L E ~ T H E T A l ~ C O I L K , N G R A P H ~ M S T A R L M S T O P ~ A L I M ~ N T O U T ~ N S E R )  

K F = 1  
22 T 0 0 0 = T Z  E R O l (  K F  1 

T Z E R O = T 0 0 0 / (  1 , E 0 6 )  . . 

DC 30  1 - 1 9  2 0  
30 H 2 0 ( I ) = H 2 0 S ( I )  

C A L L  B F I E L D  
C A L L  FITH ( I F 1  E L D i L R I S E , L F A L L )  
D O  7 0  1 = 1 , 2 0 0 8  

. H I ( I I = l . / H ( I )  



7 0  H I S ( I ) = k I ( I )  
J = l  

6 F F ( J ) = F F I R S T ( K F )  
1 F L ( J ) = S T E P * F F ( J )  

I F  ( F L ( J 1  .GE. FLCIST(KF) )  GO-  TO 2  
J J = J + l  
FF (JJ )=STEPO+FF [  J I  
J = J J  
GO TO 1 

2 F L I  J ) = F L A S T ( K F )  
I F  ( K F .  .GE. MFSET) GO.TO 3 
KKF=KF+ 1 
I 'F  ITZEROl (KKF  1 .hE* TG03I  GO TO 3 
J = J + l  
KF=KKF 

.GO TO 6 
3 I F  ( I F I E L D  .GT* 2 ) . G O  TO 4  

MFFCT=J 
NFTOT=J 
I F  ( I F I E L D  .LT. 2). GO TO 5 
DO 1 0  I= l ,MFFCT  
JJ=I+MFFCT 
F F ( J J ) = F F ( I )  

1 0  F L ( J J ) = F L ( I )  
NF iCT=MFFCT+l  
NFFCT=Z*MFFCT 
NFTOT=NFFCT 
GO TO 5, 

4 N F i C T = l  
NFFCT=J 
NFTOT=J 

5 I F  (NFTOT .GT* 2 0 1  GO TO 26 
I F  .( I F I E L D - 2 )  39 ,41940  

C. R I S I N G  F I E L D  ONLY. 
39 LORI SE=PSTART 

I F  (MSTQP .GE. L R I S E ~  GO TO 50  
LRI SE=MSTOP 



GO TO 5C 
C FALLING F IELD CNLY. 

4 0  LOFALL=PSTOP 
I F  (MSTART eLE. LFALL I  GO TO 50  
LFPLL=M START 
GO TO 5 0  

C BOTH FIELDS. 
4 1  I F  (MSTART eGEe LFALL)  GO TO 43  

LOP I SE=MSTART 
I F  (MSTOP. GE. L R I  SE) GO TO 4 2  

. LRTSE=MSTOP 
I F E E L D = l  
GO TO 5 0  

4 3  LFLLL=MSTART 
I F I E L D = 3  

4 2  LOF:ALL=F?STOP 
GO TO 5 C  

- 5 0  I F  ( I F I E L D  .GTa 2 )  GO TO 51 '  
I F  ( (LR ISE-LORISE)  .L'E. 0 )  GO TO. 2 8  
I F  ( I F I E L D  - L T *  2 )  GO TO 52 

5 1  I F  ( (LOFALL-LFALL) .LEO 0 )  ' G O  TO 2 8  
5 2  I F  (OMEGA1 .LEe 0.01 GO TO 53  

I F  (GMEGA2 ,LE. 0.0) GO TO 53  
I F  (OMEGA2 .LEO OMEGA 1) GO TO 2 9  
CAL.L RAhGE 1 I F  I E L C r l r M F F C T r N F I C T , U F F C T r L ~ R I S E ~ L R I S E ~ L F A L L , L O F A L L r  

10MEGA19CMEGA2, DTVRECYC 1' 
I F  (RECYC .EQe 1 - 0 1  GO TO 2 5  
GO TO 5 9  

5 3  I F  ( I F I E L D  oGT. 2 )  GO TO 55  
DO 5 4  I=LvMFFCT 
NSTART( I )=LORI  SE 

5 4  NSTOP( I )=LRISE  
I F  ( I F I E L D ' a L T a  2 )  GO TO 5 9  

55  DO 5 6  I=NFICTfNFFCT 
NSTART( I 1=LFALL 

5 6  NSTOP( I) =LOF ALL 
59  ID=  1 



GO T O  a 0  
69 I D = I I D  

DO 8 4  I = l , 2 0 0 8  
Y l ( I ) = Y l S ( I )  

84 H I ( I ) = H I S ( I )  
GO T O  a 3  

8 0  D O  8 1  I = l , 2 0 0 8  
8 1  Y l ( I ) = Y l S ( I )  
83 C A L L  G E h Y  ( M Y ,  ID ,DRH,NPTSIRES,MF,YL~CZERO,DHI ,  A R E S )  

I F  ( D R H  OEQ. 0.1 GO T O  27  
C A L L  R I P R M  ( Y , P M M , I N V , S , I F E R R )  

87 C A L L  D 4 T E  ( D C A T E )  
W R I T E  1 3 9  1 0 2 )  G L A % l , G L A 8 2 r D D A T E  

1 0 2  F C R M P T  ( ' 1  D E  H A A S - V A N  A L P H E N  C O M P U T A T I O V S - -  D A T A  S E T  N U M B E R  
l ' , l O A 4 , 3 X , 7 A 4 )  

W R I T E  ( 3 , 1 0 3 )  R A T E * H S C A L E , H Z E R O , T H E T A l ~ L K ~ T O O 3  
103 F O R M A T  ( ' 0  R A T E = ' , F 4 . 0 , '  K C P S -  H S C A L E = ' r F 6 . 4 r '  H Z E R O = '  9 F6.0 

1,' G A U S S  T H E T A = ' , F 7 . 2 , '  DEG. C O I L K = '  r F 6 . 0 , '  G A U S S / V O L T  T Z E  
l R O = '  rF4.0,' M S E C * '  1 

W R I T E  ( 39 1 0 9 )  
109 F O R M A T  ( ' 0 ' )  

O M E G L = 3 P E G A 1 / 1 0 0 0 ~  
O M E G 2 = 2 P E G A . 2 / 1 0 0 0 .  
W R I T E  ( 3 9 5 7 )  G P E G l v O M E G 2  

5 7  F O R M A T  ( '  A M P L I F I E R  B A N D W I D T H  ASSUMED I S '  pF8.2,' K H z  T O ' ,  
B F 8 . 2 ,  ' K H z '  1 

W R I T E  ( 3 . 5 8 )  M S T A R T ( I D ) , N S T O P ( I D )  
5 8  F O R M A T  ( '  THE A N A L Y S I S  S T A R T S  AT COUNT NUMBER'  , I S , !  A N D  EN 

1 D S  A T  R U M B E R e , I 5 I  
I F  ( [ F I E L D  .GT. 2 )  GO T O 9 0  
I F  ( I D  .GT. M F i C T l  GO T O  90 
W R I T E  ( 3 , 1 8 0 )  !?LA@ 

1 8 0  F O R Y A T  ( 8 0 X ~ 5 A 4 )  
GO T i J  9 5  

90 W R I T E  ( 3 , 1 8 0 )  F L A B  
9 5  C A L L  O U T P U T  (I D , D R H , N P T S 9 N G R A P H I A R E S , M F * M L ~ C ~ E R O , 3 H I , A L I V , N T ~ U T  p 

l N S E R l  



C A L L  S T C P T M  ( TMRvTMC 1 
TMRI=TMR-OTMR 
TMCI=TMC-OTMC 
OTMR=TMR 
OTMC=TMC 
C A L L  S T P R T M  ( T P R g T M C )  
h R I T E  ( 3 , 1 1 5 )  T M R I  

1 1 5  FGRMAT ( 7 0 X q 8 R E A L  T I M E  USED I N  E X E C U T I O N  OF D A T A S E T  ( S E C ) = ' r F 7 - 2 )  
W R I T E  ( 3 , 1 1 6 )  T W C I  

116 FCRMAT (70X, '  C P U  T I M E  U S E D  I N  E X E C U T I O N  OF D A T A S E T  ( S E C ) = ' r F 7 - 2 )  
96 I F  ( I D  eGE. N F T O T )  GO TO 2 4  

I I D = I D + l  
I F  ( C Z E R O  e N E e  1.C)  GO TO 69 
I F  ( N S T P R T ( 1 I D )  o h E e  N S T 4 R T ( I D ) )  GCI TO 69  
I F  ( N S T C P ( I I D 1  .NE. N S T O P I I D I )  GO T O  69  
I D = I  I D  
GO T O  8 7  

2 4  I F  ( K F  oGE. M F S E T )  GO TO 424 
K F = K K F  
GO T O  2 2  

25 W R I T E  ( 3 r l G O )  
100 FORMAT I ' O  ERRCR ENCOUNTERED I V  SUBROUT I NE RANGE'  1 

GO TO 4 2 4  
2 7  W R I T E  1 3 , 1 0 4 )  

104 FCRMAT ( ' 0  D R h  -WAS EQUAL TO ZERCI' 1 
GO T G  4 2 4  

2 6  W R I T E  ( 3 , 1 0 1 )  
101  FORMAT ( ' 0  PGM. T E R M I N A T E D - - - N F T O T  EXCEEDED 2 0 '  1 

GO TO 9 5 9  
2 8  W R I T E  ( 3 , 1 0 5 )  MST&RT,MSTOPvLRISE,LFALe 

1 0 5  F O R P A T  ('0 PGVe T E R M I N A T E D - - - Y S T A q T = ' ,  16,' ,MSTOP=' 9 1 5 ,  
1' , L R I S E = ' , I 6 , '  , L F A L L = ' , I 6 )  

GO T C  999 
2 9  W R I T E  ( 3 , 1 0 6 )  C M E G A l v C M E G A 2  

1 0 6  FORMAT ( ' 0  PGM. TERMINATED---OYEGAl=',ElleZ,' , O Y E G A 2 = ' , E l 1 . 2 )  
999 STOP 

END 



S U B R O U T I N E  R E A 9 I N  ( B P A S S ~ O M E G A ~ ~ ~ Y E G & ~ ~ S T E ~ P ~ S T E P O ~ T M R ~ T M C ~ R E S ,  
1 M F S E T  * R A T E ,  H S C A L E r T H E T A 1 9 C O I L K  j N G R A P H ,  M S T T T O  A L M N O U  
1 N S E R  

C  
C  T H I S  S U E R O U T I N E  R E A D S  D A T A  FROM 9 T R A C K  T 4 P E .  
C  T H I S  S U B R O U T I N E  READS A L L  C A R D  D A T A  F O R  T H I S  PdOGRAM, 
C  A  B L A N K  C A R D  I N D l C A T E S  END OF FREQ. S E T 9  OR S E T S  O F  DATA, 
C MAX. OF N I N E  F R E C  CARDS I N  A  SET.  
C  

C C M M O N / C A L C / T C A R D (  10) 
C C M M C N / C A T A / H Z O S  ( 2 0 )  9 Y l S ( 2 0 0 8 )  
C I M M O N / F I E L D / D T v  T Z E R O t  T H E T A ,  HZERO,  H Z 0  ( 2 3 )  
CGMMCN/FREQ/FFIRST (10) v F L A S T (  10) , T Z E R O ~ (  1 9 1  
C O M M O N / L A B S / G L A B l 1 5 )  v G L A B Z ( 5 )  f X L C \ B 1 ( 5 )  v Y L A B l ( 5 ) , D D A T E ( 7 ) ,  

l R L A B ( 5 )  V F L A B ( 5 1  
C A L L  E R R S E T  ( 2 1 9 r l r - 1 , l )  
R E A L * 4  B L A N K / '  ' / 
P I E = 3 . 1 4 1 5 9  
I F  ( B P A S S  .GT. 0.0) GO .TO 40 
R E A D  (19101 X L A B l , Y L A B l , R L A B , F L A B  . 

101 FORMAT ( 2 0 A 4 )  
R E A D  (1,110) E X T I M E , ' O M E G A l  1 0 M E G A 2 ,  S T E P  I S T E P O T N G R A P H I N T O U T ~ N S E R ~  

l A L I M  
110 F0P.MA.T ( F . 5 . 1 9 2 E 1 0 . 2 ,  2F ! i e2 ,315 rF5 .2 )  

I F  ( E X T I M E  .GT. 0 . 0 1  GO TO 80 
E X T I  M E = 1 0 . 0  

8 0  E X T I  ME=EXT I M E + 6 0 . 0  
TMR=O. 0 
TMC=Oe 0 
C A L L  S T P R T M  ( T K R p T M C J  
BFREQ=O .O . . 

B P A S S = 1 . 0  
7 1  K = l  
. 8 5  READ ( l , l O 5 , E N D = 5 D  F F I R S T ( K )  ; F L A S T ( K )  T T Z E R X ( K )  ~ R E S * M S T A R T ~ M S T O P  

C N O T E :  RES,  M S T A R T  AND MSTOP MUST B E  R E A D  O F F  T H E  ' B L A N K '  CARD 
C S E P A R A T I N G  FREQUEiVCY C A R D S  FROM D A T A  CARDS I F  ANY V A L U E S  ARE 
C ARE T O  PE R E T A I N E D .  



1 0 5  FORMAT ( 2 E 1 0 . 2 t F 5 . 0 v F 5 . 3 t 2 1 5 1  
I F  ( F F I R S T ( K 1  ,LE, 0.0) GO T O  11 
I F  ( F L A S T ( K 1  * L E O  F F I R S T ( K 1 )  GO TO 1 2  
K = K + l  
G 9  T O  8 5  

11 M F S j E T = K - 1  
I F  ( H S T A R T  ONE. 0.01 GCI TO 2 0  
MSTART= 1 

2 0  I F  ( M S T O P  ONE. 0.0) GO T C  4 0  
M S T O P = 2 0 0 8  

40 C A L L  STCPTM (TMRv'MC) 
I F  ( T M C  .GT. E X T I M E )  GO TO 8 2  
C A L L  STARTM (TMRV'MC 

8 6  R E 4 D  ( l t 1 0 6 t E N C = 5 )  T E N D t C A R D R t C A R D  
106 FORMAT ( 2 0 X t A 4 , 2 0 X t 2 A 4 )  

I F  ( T E N D  .EQ. BLAtdtO GO TO 5 0  
R E H I N D  5 
GO T O  8 6  

5 0  I F  (CARDR .EQ. B L A N K )  GO T O  7 1  
70 READ ( 9 t E R R = l O O l  t E N D = 6 0 )  T C A R D I G L A B L ~ G L A B Z  

I F  ( G L A P l ( 2 )  .EQ. CARDR)  GO TLI 5 1  
RE 4D ( 9  END=65 1 
GO TO 7C 

5 1  I F  ( G L A B l ( 3 )  .EQ. C A R D )  GO TO 5 2  
RE I D  ( 9 r ENO=65 I 
GO TO 7 C  

5 2  R E a D  ( 9 t E R R = 1 0 0 2 t E N D = 6 1 )  Y l S ~ H 2 0 S ~ 7 A T E ~ H S C P L E ( H Z E R O ~ T H E T A l ~ C O I L K  
T H E T P = T h E T A l * P I E / 1 8 0 .  
I F  ( R A T E  . L E O  0.01 GO TO 7 
D T = 1  / ( R A T E * l O G O  I 
RETURN 

7 WR[TE ( 3 9 1 2 0 )  
1 2 0  FORMAT ( ' 0  PROSRAM T E R M I N A T E D - - R A T E  NOT .GT Z E R O ' )  

GO TO 8 4  
1 2  H R [ T E  ( 3 ~ 1 0 7 )  

1 C 7  FORMAT ( '  ****+WATCH YOUR FREQUENCY CARDS--TOSS SAD CARD*** * * ' )  
GO T O  85 



1001 W R I T E  ( 3 9 1 1 1 )  
111 F C R M A T  ( '  ERRCIR I N  T C A R D  T R A N S F E R  AT S T A T E M E N T  7 0 ' )  

R E A D  ( 9 )  T C A R D V G C A B L  v G L A B 2  
W R I T E  ( 3 , 1 0 1  1 T C A F : D r G L A B l r G L A 3 2  
R E A D  ( 9  t E N D = 6 3  1 
GO T O  4 0  

1002 W R I T E  ( 3 r 1 1 2 )  
1 1 2  F O R M A T  I '  ERROR I N  D A T A  T R A N S F E R ' )  

W R I T E  ( 3 ,  101) T C A R D t G L A B l t G L A B 2  
R E A D  ( 9 1  
GO T O  4 0  

6 1  W R I T E  ( 3 9 1 1 3 )  
1 1 3  F C R M A T  ( '  WHO GOOFED? T H E  D A T A  SEEMS T O  B E  M I S S I N G . ' )  

GO T O  40  
63 W R I T E  ( 3 , 1 1 3 )  

W R I T E  ( 3 , 1 0 1  1 T C A R D , G L A B L f S L A B 2  
GO T O  40 

6 5  W R I T E  ( 3 , 1 1 3 )  
W R I T E  ( 3 , 1 0 1 )  T C A R D I G L A B L ~ S L A B ~  

60 GO TO 7 0  
8 2  W R I T E  ( 3 9 4 5 1 1  

451 F O R M A T  ( '1  E N D  O F  T I M E  H 3 E K S T R A  A 0 7  P H Y S .  T E L E  4 - 5 8 3 2 ' )  
GO T O  8 4  

5  W R I T E  ( 3 9 4 5 2 )  
4 5 2  F O R M A T  ( ' 1  E N D  OF D A T A  H O E K S T R A  A 0 7  P H Y S .  T E L E  4 - 6 8 3 2 ' )  

84 R E k I N D  5 
C A L L  S T C P T M  I T M R T T Y C )  
C A L L  D A T E  ( D D A T E )  
W R I T E  1 3 , 1 2 1 )  TMR 

1 2 1  FORMAT ( 7 0 X v ' R E A L  T I M E  U S E D  I N  E X E C U T I O N  OF P R O G  ( S E C ) = ' p F 7 . 2 )  
W R I T E  ( 3 , 1 2 2 )  CDATE,TMC 

1 2 2  F O R M A T  ( 4 2 X T 7 A 4 r T  C P U  T I M E  U S E D  I \  E X E C U T I O N  O F  PROG ( S E C ) = ' , F 7 . 2 )  
S T O P  
END 



S L B R C U T  I N E  E F I  E L D  
C  
C T H I S  S U B R C I U T I N E  C A L C U L A T E S  T H E  ' 8 '  F  I E L O  FROM THE 20 ' H I  VALUES. .  
C  I T  N I L L  C O R R E C T  F O R  B O T H  T I M E  D E L 4 Y  A N D  D E Y A G N E T I Z I N G  E F F E C T S .  
C  

C O # M O N / C A L C / X l  ( 2 0 )  ,W) 
C O Y M O N / F I E L D / D T (  T Z E R O ,  T H E T A , H Z E R O ( H 2 0  ( 2 0  
D O U B L E  P R E C I S I O N  ~ ( 6 1  
X l ( l ) = 4 2 .  
W ( l ) = l .  
D O  1 I = 2 9 2 0 .  : ,  

X l ( I  ) = . K 1 ( 1 - 1 ~ + 1 0 0 .  
1 k ' ( I ) = l .  

C A L L  C P L S P A  ~ 5 ~ 2 0 1 X l r H 2 0 , W ~ Q ~ O ~ O )  
D O  2 1=1,20 

C C A L C U L A T E  D E R  I V A T 1  V E  D = D H / D T  
X = X l (  I) 
K = 2  
D = Q ( 2 )  

9 D = D + K * Q ( K + l ) * X  
I F  ( K  ..GE. 5 )  GO T O  2  . 

K = K + l  
X = X * X l (  I )  
GO T O  9 

2 H 2 0 (  I ) = H 2 0 (  1 ) - D * T Z E R , O / D T  
I F  ( H Z E R O  OLE .  0.01 GO T O  4 
P = l C G S I T H E T A ) ) * * 2  
X = H Z E R 0 + ( 3 . * P - 1 .  I i 2 .  
Y = H Z E R O * P  
D O  3 I = 1 , 2 0  

3 H ~ ~ ( I ~ = H Z E R O + H ~ O ( ~ ) * ~ H ~ ~ ( I ) + X ' ) / ( H Z O ( I ) + Y )  
4 R E T U R N  

E N D  



SU3ROUT INE F I T H  (I FIELD,LRISE,LFALL  
C O M M U ~ / C A L C / H ( 2 G 0 8 ) t X 1 ( 2 0 ) ~ Y 1 ( 3 ) t A I 2 0 ~  
CGMMON/FIELD/DUM[4) 9 H 2 0 (  2 0 )  
DCUBLE PRECIS ICN Q ( 6 )  

I F i E L D  = 1 R I S I N G  F I E L D  
2  BOTH---ACROSS PEAK F I E L D  
3 F A L L I N G  F I E L D  

L R I S E  = STOPPING COUNT FOR RIS1N.S F I E L D *  
LFALL  = STARTING COUNT FOR F A L L I N G  F I E L D .  

I F  ( H 2 0 ( 1 )  .GE- H 2 0 I 2 ) )  GO TO 2 
I =2 . . 
I F  ( H 2 0 ( I )  .GE, HZO( I + 1 )  GO TO 3 
I = I + l  
I F  ( I  ,LT. 2 0 )  G O T 0  1 
I F I E L D = l  
NUM3=2008 
I 2 = 2 0  
GO TO 5 
I F I  ELD=3 
hUPB=20C8 
I 2 = 2 0  
GO T O  5 
DO 4 K=1,3 
h ( ~ ) = l *  
X l ( K ) = F L C A T ( K - 2 )  
K K = I - 2 + K  
Y l ( K ) = H 2 0 1 K K )  
CALL OPLSPA ( 2 9 3 t X 1 , Y l r W t Q t O - 0 )  
N N = - Q ( 2 ) * 1 0 O a / [ 2 . * Q (  3 )  
NUNB=42 .+100.* ( 1-1 )+NN 
I F E E L D = 2  
I 2 = I  
I F  ( N N  .GT. 0 )  GO 10 5 
I 2 = I - 1  
X l ( l ) = 4 2 .  



W ( l ) = l .  
0 0  6 I = 2 r 2 0  
X l ( I  ) = X l ( I - 1 ) + 1 0 0 .  

6 W ( I ) = l o  
I F  ( I 2  oGTo 5) GO TO 7 
I F I E L D = 3  
CO 1 0 6  J = l t N U M B  

1 0 6  H ( 3 ) = 1 , 0  
GO TO 11 

7 CALL OPLSPA ( S r I 2 r X l r H 2 0 t W t Q t O o G )  
N l = l  
NZ=NU#B 

8 DO 1 0  I = N l t N 2  
X=FLOAT (I 
K=2 
H ( I ) = Q (  1) 

9 H ( I ) = H . (  I ) + Q ( K ) * X  
I F  ( K  .GE. 6 )  GO TO 1 0  
K=K+ 1 
X=X*FLGPT( I) 
GO TO 9 

10  CONTINUE 
I F  ( N 1  ONE, 1) GG TO 1 4  
I F  ( I F I E L D  ONE. 2 )  GO TO 1 4  

11 I 3 = 2 0 - I 2  
I F  ( I 3  .GE. 5 )  GC TO 1 2  
I F I E L D = l  
N3=NUMB+1, 
DO 111 J=N392008 

111 k ! ( J ) = l . O  
GO TO 1 4  

12  0 0  1 3  I = l r I 3  
L = I + I 2  
H20(  I )  =H20(  L  

13  X l ( I ) = X l ( L )  
CALL OPLSPA ( 5 t I 3 g X l ~ H 2 0 ~ W t Q t 0 . 0 )  
Nl=NUMS+l  



N 2 = 2 0 0 8  . GO T O  8 
1 4  I F  ( I F I E L D  . G T .  2 )  GO TO 1 7  

I=NUMB-100 
15 I I = I + l  

I F  ( H ( I )  . G E .  H ( I 1 ) )  GO T O  16 
1 = 1  I  
I F  (I-NUMB) 1 5 , 1 6 1  16 

16 L R I S E = I  
I F  ( I F i E L D  ,LT ,  2 )  GO TO 20 

1 7  I = N 1 + 1 0 0  
18 I I = I - 1  

I F  ( H ( C I 1  OLE. H ( I ) )  GO TO 19 
1 = 1  I  
I F  ( 1 - N l l  1 9 9 1 9 p 1 8  

19 LFP.LL=I 
20  RETURN 

END 



S U B R O U T I N E  R A N G E  ( I F I E L D ? M F  I C T t M F F C T ? ~ 4 F I C T 9 N F F C T , L O R I S E ~ L R I  SE, 
I L F A L L ,  - G F A L L I O M E G A ~ ? O M E G A ~ ~ D T ? R E C Y C )  

C O M M O N / P U T O F / F F (  2 0 )  9 F L ( 2 0 )  , N S I A R T ( L O )  9 N S T O P ( 2 J )  
C C M M O h / C A L C / H I  ( 2 0 0 8 )  

C  
C  F F ( I  = I N I T I A L  FREQ.  ARRAY. F L (  I) = F I N A L  FREQ.  ARRAY. 
C  N S T A R T t  I )? N S T O P ( 1  4 R E  S T A R T I N G  A N D  S T O P P I N G  C O U N T S  FOR I T H  FREQ.  RANGE.  
C  R E C Y C  I S  S E T  = 0.0 I F  N O  E R R O R ?  = 1.0 I F  ERROR OCCURS. 
C  I F I E L D  = 1 R I S I N G  F I E L D ,  = 2 B O T H 9  = 3 F A L L I N G  F I E L D .  
C  M F I C T V M F F C T  A R E  S T A R T I N G  & S T O P P I N G  V A L U E S  FOR S U B S C R I P T  I F O R  R I S I N G  F I E L D .  
C N F I C T p N F F l 2 T  A R E  S T A R T I N G  & S T C I P P I N G  V A L U E S  FOR S U B S C R I P T  I F O R  F A L L I N G  F I E L D .  
C  L O R I S E  AND L R I  SE ARE COMPUTED S T A R T  A N D  S T O P  C O U N T S  FOR R I S I N G  F I E L D .  
C  L F A L L  A h D  L O F A L L  P R E  COMPUTED S T A R T  A N D  S T O P  COUf4TS FOR F A L L I N G  F I E L D .  
C C M E G A l  P h D  OMEGA2 ARE LOW A N D  H I G H  C U T O F F  F R E Q U E N C I E S  O F  A M P L I F I E R .  
C  D T  I S  T H E  T I M E  I N T E R V A L .  
C  

I F  ( I F I E L D  .GT. 2 )  GO T O  10 
I = M F  I C T  

1 J = L O R I S E  
2  O M E G = A 3 S ( F F ( I ) + ( H I  ( J + l I - H I ( J ) ) / D T )  

I F  ( O M E G  OLE. O M E G A 2 1  GO T O  3 
J = J + 2  
I F  ( J - L R I S E )  2 , 1 9 9 1 9  

3 N S T A R T ( I I = J  
I = I + l  
I F  (I .GT. Y F F C T )  GO T O  4 
I F  ( F F t  I ) - F F ( I - l ) )  1 9 2 9 2  

4 I = H F F C T  
5  J = L R I S E  
6 CMEG=ABS(FL[I)*(HI(J)-HI(J-l))/DT) 

I F  ( O M E G  .GE. C M E G A l )  GO T O  7 
J = J - 2  
I F  ( J - L O R I S E )  19,1996 

7 N S T O P (  I )=J 
I = ] - 1  
I F  (I . LT .  M F I C T )  GO T O  10 
I F  ( F L (  1 ) - F L ( I + 1 ) 1  6 9 6 9 5  



10 I F  ( I F 6 E L D  .LT.2) GO TO 18 
I =N'FFCT 

11 J=LiFALL 
12 CMEG=ABS(F-L(I)*[HI(J+l)-HI(J))/DT) 

I F  ( C M E G  . G E . ' c M E ' G A ~ I  GO T 0 ' . 1 3  
J=J+2  
I F  (J-LOFALL) 1211'9919 

1 3  NSTARTt I ) = J  
I = I - 1  
I F  (I .LT.  NFICT) .GO TO 1 4  
I F  ( F L (  1 ) - F L ( I + l J )  1 2 1 1 2 1 1 1  

1 4  I=NF ICT  
15  J-LOFALL 
1 6  OMEG=ABS(FF(I)+(HI(J)-HI(J-l))/DTl 

I F  ( O M E G  . L E O  CMEG.Az.1 GO TO 1 7  
J=J-2 d 

I F  ( J - L F A L L )  1 9 9 1 9 1 1 6  
. 1 7  NSTOP( [ 1-J 

I = I + l  
I F  (I .GT. NFFCTJ GO TO 18  
I F  ( F F [ I ) - F F ( I - l ) )  15 ,16116 

1 8  RECYC=O.O 
.GO TO LO 

19  RECYC=L.O 
20  RETURN 

E ND 



SUSRGUTINE G E N Y  ( M Y ,  ID,DRH,NPTS~RES,MF,ML,CZERO,DHI,ARESI 
D O U B L E  P R E C I S I C N  t iH ,DQH,A  
COMMON/  P U T O F / F F (  2 0  1, F L  ( 2 0 )  t N S T A R T (  2 0 )  v N S T g P (  2 0 )  
C C F l M C K / C A L C / H I  ( 2008 )  , Y . 1 ( 2 0 0 8  1 
C O M M C N / G I A N T / Y  ( 1  1 
L M B N = N S T A R T  ( I D  1 
L M A X = N S T O ? (  I D )  
O H - I = H I (  L M I N I - H I ( L H A X 1  
C Z E R O = l . e O  
I F  ( R E S  .EQ*  0.0) GO T O  1 
A R E S = R E S  
C F I R S T = A B S ( F F (  IDPDHI) 
C R E S -  1 . / R E S  
I F  ( C F I R S T  .GE. C R E S I  GO T O  1 

C  A D D E D  Z E R O E S  NEED.!D T O  I N C R E A S E  R E S O L U T I O N  
M C H = M M * ( C F I R S T / C R E S )  
I F  ( M M M  .GT. 6 3 8 4 )  GO T O  6 1  
M M Y = 6 3 8 4  
A R : E S = F L O A T ( W M P l ) /  ( F L O A T ( M M 1  * C F I R S T )  

6 1  D Q H = D H I / ( M M M - 1 )  
I F  ( D Q H )  629681963 

C  F A ; L L I f U G  F I E L D  C A S E  
62 M F = 1  

ML-=HM-WPM 
L F = M L + l  
L L = M M  

' G O  T O  6 4  * 

C R I S I N G  F I E L O  C A S E .  
63 LF=1 

LL=MMM 
M F = L L + l  
ML=MM 

C  F I L L  P A R T  C)F Y  A R R A Y  W I T H  Z E R O E S  
64 D C  6 5  I = M F , M L  
65  Y ( I ) = O . O  

C Z E R O = F L O A T ( M M M )  / F L O A T ( M ! l I  
GCi T O  2 



1 DQH=DHE /(MM-1) 
L F = 1  
LL=MM 

2 I F  (DQH)  6 8 2 9 6 8 1 1 6 8 3  
6 8 1  k S I T E  [ 3 9 1 0 0 )  
1 0 0  FCRMAT ( *  DQH=Oq 1 

GO TO I 0 1 4  
6 8 2  DQH=-DQH 

ASIN=-L. 
GO TO 1 6 0 2  

6 8 3  A S I N = + l .  
1 0 0 2  I = L M I h  

. 1 0 0 3  K=LF 
1 0 0 4  HH=H I ( I, 
1 0 0 5  A=HI (I 1 

3 4  G=HH-A 
Y ~ K ) = Y l ( I l + ~ Y 1 ~ I + L ) - Y 1 ( I ) ) * G / ~ H I ( I + 1 ) - H I ~ I ~  1 

1 0 0 6  K = K + l  
I 0 0 7  I F  ( K - L L )  3 5 , 3 5 9 5 0  

3 5  I F  ( A S I N )  3 9 , 3 9 9 3 6  
3 6  HH=HH-0QH 

1 0 0 8  Gl=HH 
. l o 0 9  I F  ( G l - H I  ( I + l )  1 4 0 1 3 4 9 3 4  

3 9  hH=HH+DQH 
1 0 1 0  G l=HH 
l o l l  I F  ( G I - H I (  I + 1 )  I 34934 ,940  

4 0  1 = 1 + 1  
1 0 1 2  A=HI  ( 1 )  
1 0 1 3  I F  ( I - L M A X )  4 1 r 5 0 r 5 0  

4 1  I F  ( H I I I + l ) - H I ( 1 ) )  3 4 1 4 0 9 3 4  
5 0  NPTS=K-1 

1 0 1 4  DRH=DOH 
6 9  RETURN 

END 



S U B R O U T I N E  O U T P U T  ( I D V D R H ~ N P T S , N G R A P H , A ~ E S ~ M = ~ M L ~ C Z E R O , D H I ~ A L I M ,  
~ N T O U T T N S E R )  

C C M M C N / A U T O F / F F ( 2 0  1 p F L ( 2 0 )  
C O M M G N / C A L C / Z t  3 0 0 )  ~ U U ( 3 0 0 )  I Z I (  1 5 0 )  9 U U L  ( 1 5 0 )  v Z l R ( l 5 0 )  
CCMMOhAfC I A N T / Y  ( 1  1 
C O M M O N f L A B S / G L A B l ( S )  ( G L A B 2 ( 5 )  & A B l ( 5 )  , Y L A B l ( 5 ) t D D A T E (  7 )  
N Z l M A X =  1 5 0  . . 
F A C T O R = A B S ( C Z E R O / O H I  1 
K F I R S T = F F (  I D )  / F A C T O R  
K L A S T = = L ( I D ) / F A C T O P  
W R I T E  I 3 9 5 0 8 1  K F I R S T v K L A S T  

6 0 8  F O R M A T  ( '  K F I R S T = ' , I 6 r a  K L A S T = * r I 6 )  
I F  ( K F I R S T  .GE. K L A S T )  GO T O  461 
W R I T E  6 3 9 3 3 3 3 )  D R H 9 N P T S 9 F A C T O R  

3 3 3 3  FORMAT ( '  D R H = ' , E l 6 . 7 9 '  N P T S z a  , 1 7 9  * F A C T O R = ' 9 E 1 6 . 7 )  
I F  ( C Z E R O  .EQ. 1 o 0 )  GO TO 10 
R R E S = A 3 E S * 1 0 0 .  
MFT-ML-PF+1  
W R I T E  ( 3 t 1 1 0 )  M F T v M F v M L , R R E S  

110 FORMAT ( ' 9 ' 9  I 1 3 9  ' ZEROES d E R E  A D 9 E D  I N  Y-ARRAY S E T W E E N a , 1 6 t '  A N D *  T 

1169 '  TO G B T A I N  R E 5 O C U T I O N  O F ' p F 6 . 3 , '  PER C E N T . ' )  
10 S C A N = 2 9 S  

5 1 0  I F  ( K L A S T - K F I R S T  .GT. S C A N )  GO TO 2 0 0  
K S T A R T = K F I R S T  
K S T O P = l K L A S T  

5 0 2  h F I R S T =  ( K S T A R T * 2 2 + 1  
N L A S T = l  K S T O P o 2  )+l 
K F I R S T = K F I P S T + S C A N - 1 0  
J = O  
DO 5 0 0  K = N F I R S T *  N L A S T 7 2  
J = J + l  
Z ( J ) = ( Y ( K I  ) * * 2  + f Y ( K + 1 ) ) * * 2  
W = ( K - 1 ) / 2  

500 U U (  J )=F ACTOR*W 
C U U l = L U  ( 1  / 1. € 0 6  
C U U J = U U ( J ) / l . E 0 6  
W R I T E  t 3 9 6 0 1 )  C U U l  



601 F O R Y A T  ( ' 3  L O W E S T  F R E Q U E N C Y  C O N S I D E R E D  WAS = \ F 7 - 2 , '  M G ' )  
W R I T E  ( 3 , 6 0 2 )  C U U J  

6 0 2  F O R M 4 T  H I S H E S T  F R E Q U E N C Y  C O N S I D E R E D  WAS .=a, F 7 - 2 , '  M G a  1  
W R I T E  ( 3 9 5 5 5 5 )  J 

r 5 5 5 5  F G R M A T  ( '  J I S  = ' , I 5 1  
C A L L  P E A K S  ( J ,  Z , U U I L K , Z ~ ~ U U ~ , R A T I O N ~ N Z ~ M A X )  
D O  5 0 1  I = l , J  

5 0 1  Z ( I I = Z [ I ) / R A T I O N  
I F  ( N G R A P H  e N E *  0 )  GO T O  499 

426 C A L L  G R A P H  ( J , U U , Z f 3 , 4 r  1 2 0  r 1 0 - , 0 , 3 , 0 - 1 , 0 o O ,  X L A B l p Y L A B l ,  
l G L A S l , G L A 8 2 1  

499 I F  ( A L I M  oGT .  0 - 0 )  GO T O  80 
J J = O  
D O  802 I = l , L K  
Z l R (  I ) = Z l (  I ) / R A T I O N  
I F  I Z l R ( I 1  . L T e  0.005) GO T O  802 
JJ=J J + l  
Z l R (  J J ) = Z l R ( I )  
Z l ( J J ) = Z l (  I) 
U U l ( J J ) = U U l ( I I / l ~ E 0 6  

802 C O N T I N U E  . . 

GO. T O  4 2 8  
8 0  J J = O  

. DO 9 0 2  I = l , C K  
I F  ( Z l ( 1 )  o L T -  A L E M )  G O  T O  902 
JJ=JJ+ l  . 

Z l R ( J J ) = Z l ( I ) / R A T B O N  
Z l ( J J ) = Z l ( I  1 

- U U 1  ( J d 1  = U U l (  I ) /1 . E 0 6  
902 C O N T I N U E  
4 2 8  W R I T E  ( 3 , 4 1 5 )  R A T I O N  
4 1 5  - F O R M A T  I a N O R M A L I Z I N G  F A C T O R  ( F A S T  F O U K I E R  F I T )  = ' , F 8 . 2 )  

W R I T E  ( 3 , 1 3 0 1 )  N S E R  
1001 F E R M A T  ( ' 0  F A S T  F O U R I E R  F I T  A N A L Y S ' I S 1 , 3 0 X ~ ' S E R I A L  N O -  = ' , I 5 1  

W R I T E  ( 3 , 4 1 7 )  
417 F C R M A T  ( ' 9  I N T E N S I T Y  F R E W E N Z Y  ( M G )  NCJRM, I N T E N S  

1 I T Y '  1 



W R I T E  ( 3 . 4 1 9 )  
419 FORMAT ( '  ' 1 

I F  ( J J  .EQ. 9 )  G3 TO 1 0 7 0  
8 2 0  DO 4 2 0  I = l , J J  
4 2 0  W R I T E  ( 3 r 1 0 0 6 )  Z l [ I ) r U U l ( I ) , Z l R ( I )  

1 0 0 6  FORMAT ( 3 F 1 8 . 3  1 
I F  ( N T O U T  .EQ. 0) GO T O  1 0 7 0  
W R I T E  ( 8 )  N S E R ~ G L A S l r G C A B 2 , D D A T E , C ! J U l ~ C U U J ~ J J  
WRPTE ( 8 )  ( ( Z l ( I ) p I = l ~ J J ) ~ ( U U l ( K ) t K = l t J J ) I  
N S E R = h S E R + l  

1 0 7 0  W R I T E  ( 3 , 4 1 6 1  
416 FORMAT ( ' 0 ' 1  

I F  ( K F I R S T  - K L A S T )  5 1 0 r 4 6 1 ~ 4 6 1  
200 K S T A R T = K F I R S T  

KSTOP=K START+SCAN 
GO TO 5 0 2  

4 6 1  RETURN 
E N 3  



SUBROUTINE PEAKS ( N U M t Z T U U , N U M 1 ~ Z l , U U L , R A T I O N ~ N Z I M A X )  

T H I S  SUeROUTIME F INDS THE PEAKS I N  THE SPECTRUM 
THE Z v U U , Z l * U U l  AR.RAYS MUST B E  DIMENSIONED I N  THE C A L L I N G  PGM. 
NUMl=# CF POINTS RETURNED BY ZL 09 U U l  4RRAYS. 
NU/?=# CF POINTS SUPPLIED I N  Z  OR UU ARRAYS. 
RATICN = LARGEST VALUE OF Z  OR Z 1  ARRAYS. 
NZ lMAX=SIZE OF Z 1  A!?RAY AS DIMENSIONED BY ,ALLING PGM. . , . . _  

Z  = AMPLITUDE OF DAT4 UU = FREQ OF CORRESPUNDING DATA. 
Z l  = HEIGHT OF PEAKS U U l  = FRE3 OF CORRESPONDING PEAKS. 

DIMENSICN Z ( 1 )  T U U ~ ~ ) T Z ~ ( ~ ) T U U ~ ( I )  
DIMENSICN X 1 [ 3 ) , X 2 ( 3 ) r W ( 3 )  
DOUBLE PRECISIGN k ( 4 )  
Z 1 1 1 ) = 0 * 0  
K=O 
I = 1 
I F  ( Z ( 2 ) - 2 1 1 ) )  4 0 5 ~ 4 0 7 , 4 0 1  
I =2  
I F  (Z( I + 1 1 - Z (  I ) )  i 0 3 , 4 0 3 ~ 4 0 2  
I = I + l  
I F  I I-NUM) 4 0 1 , 4 1 0 ~ 4 1 0  
IF ( z ( r + i ) - Z ( I  1 )  406,401,401 
I = I + l  
I F  ( I-NUM) 4 0 5 , 4 1 0 ~ 4 1 0  
DO 4 0 4  J=1,3  
NM=I+J -2  
W (  J ) = l . C  
X l ( J ) = U U ( N M )  
X Z ( J ) = Z ( N M )  
CALL OPLSPA ( 2 * 3 p . * l r X 2 , W ~ A ~ O e O )  
K=K+1 
t i U l ( K ) = - A ( 2 . ) / (  2 . *A(3)  1 
Z 1 ( K ) = A I 1 ) - ( A ( 2 ) * A ( 2 ) ) / ( G e * A ( 3 . ) )  
I F  ( K - N Z ~ M A X )  4 0 5 1  8 4 4 , 8 4 4  . 

WRITE [ 3 ,846)  NZ lYAX 
FCRMAT ( ' 0  *a******  THERE ARE MO2E THAN ' ~ 1 3 , '  PEAKS ********'I  



4 1 0  NUMl = K 
I F  ( N U M l )  4 3 0 , 4 3 0 , 4 3 2  

4 3 0  WRITE ( 3 , 4 3 1 )  . . 

4 3 1  FORMAT ( ' 0  THERE ARE NO PEAKS I N  T H I S  DATA S E T ' )  
4 3 2  R A T I O N = Z ( l )  

I F  ( Z f N U M )  e L E e  RATICIN) GO TO 4 1 2  
RATION=Z(NUMI  

4 1 2  DO 4 1 3  K = l v N U M l  
I F  ( Z l ( t 0  .LE. R A T I O N )  GO TO 4 1 3  - '  

R 4 T I O N = Z l ( K )  
4 1 3  CONTINUE 

414 RETURN 
END 

/ / L K E D e S Y S I N  DD * 
HIARCHY 1, AUTOFqDATAtLABS 

~ / G o ~ F T ~ ~ F o o ~  DD DSNAME-CSM ,UNIT=SPOOLtD I  SP=(NEHT PASS) 9 S M P L T l / 3  
/ /  S P A C E = ( 8 0 0 r  ( 1 2 0 9 1 5 )  1 ~ D C B = ( R E C F M = V S T L R E C L = ~ ~ ~ T ~ L K S I Z E = ~ O O )  SMPL T 2 / 3  
//GO. F T 0 9 F C O 1  DD U N I T = (  TAPE, ,DEFER 1 , X 0 1  U) 

/ /  
03 

D S N A M E = S E Q e A O 3 2 6 W D l , L A B E L = (  1 9  SL ) ,  X 
/ /  DISP=(OLO,KEE?)  0 3  
/ / G O e F T 0 8 F 0 0 1  DD U N I T = (  TAPE, ,DEFER) r X 0 1 .  
/ /  D S N A M . E = S E Q - A O O 2 6 T D A t L A B E L = (  1, SL 1 9  X 
/ /  D I  SP=(NEW,.KEEP) 
/ / G O e F T 0 3 F 0 0 1  OD SYSOUT=Ar SPACE-(CYLT ( 5 )  1 9  . X 
/ /  GCB=( R E C F M = F B A ~ L R E C L = ~ ~ ~ T  B L K S  I i E = 3 3 2 5  T B U F N C I = ~  1 
/ /GOeFTOlFOOL ,OD * 
DHVA FREQUENCY I N T E N S I T Y  . R I S I N G  F I E L D  F A L L I N G  F I E L D  

10.0 2 - 5 0 E  C3 1.00E 0 5  2.40 2.30 1 1 1 0.80 
4.10E C 6  9.00E 0 6  4 0  
2.00E 0 7  3.50E 0 7  4 0  

* * * * *THI  S .CARD I S  BLANK*****  
SEQeA0026C50  2-0 50 -  0 0 1  THETA= -4.0 DEG. 
SEQ. A 0 0 2 6 C 5 0  2 -050 -002  . THETA- -4.0 DEG. 

/ /SMPLTTR EXEC PLOT, PLOTTER=INCRMNTL 



D A T E  

D I M E N S I G N  X ( 7 )  
C A L L  D A T E  ( X I  

R E S U L T S  I N  CURRENT D A T E  AND T I M E  I N  7 A 4  FORMAT. 

.STARTM & STOPTM 

A  = 0.0 
B  = 0.0 
C A L L  S T b R T M  ( A v B )  
** OTHER PROGRAM STATEMENTS 
C A L L  STOPTM ( A v B )  

R E S U L T S  I N  A  = R E A L  T I M E  E L A P S E D  BETWEEN C A L L S  T O  STARTM C STOPTMo 
R E S U L T S  I N  B  = C P U  T I M E  E L A P S E D  BETWEEN C A L L S  T O  STARTM & STOPTM. 

O P L  SPA 

O P L S P A  I S  A  R O U T I N E  T O  L E A S T  SQUARES F I T  A  P O L Y N O M I A L  
OF D E S I R E D  DEGREE TO G I V E N  DATA. 

DOUBLE P R E C I S I O N  Q ( N D E G + l l  
C A L L  O P L S P A  ( N D E G t N P T S v X v Y * W t Q v O m O f  

NDEG = DEGREE OF D E S I R E D  P O L Y N 3 W I A L  = WAX. V A L U E  OF 10. 
N P T S  = NUMBER OF P O I N T S .  
x = FIRST E L E M E ~ T  OF TABLE OF INDEPENDENT VARIABLES. 
Y = F I R S T  E L E M E N T  OF T A B L E  OF DEPENDENT V A R I A B L E S .  
W = F I R S T  ELEMENT OF T A B L E  O F  W E I G H T S  A S S O C I A T E D  W I T H  T H E  

CORRESPGNDING D A T A  P O I N T  X ( I ) , Y ( I ) .  I F  DATA I S  U N W E I G H T E D t  
SET W ( I )  = 1.0 FOR I = 1 TO NPTS. 

Q = F I R S T  ELEMENT OF T A B L E  O F  C O E F F I C I E N T S  RETURNED BY O P L S P A o  
T A B L E  A R R A N G E D .  T O  CORRESPOND T O  A S C E N D I N G  POWERS O F  
THE I N O E P E N D E N T  V A R I A B L E .  i 




