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The temperature dependence of the collision frequency V (  T) of electrons on central and 
noncentral sections of the Fermi surface of tungsten was investigated using the rf size effect in 
magnetic fields parallel and perpendicular to the surface of a sample. The dependence 
Y ( T) = a T  + S T 3  with an isotropic coefficient a and an anisotropic coefficient p described 
well the independent contributions of the electron-electron and electron-phonon scattering, 
respectively. The value of a was independent of thickness and purity of the samples and was 
the same for a hole octahedron and an electron "jack." For an electron spheroid the coefficient 
a was 1.5 times higher. Moreover, a was independent of a strong magnetic field, indicating the 
absence of a contribution of the electron-paramagnon scattering to a. The results obtained are 
in good agreement with the transport collision frequency and with theoretical calculations of 
the electron-electron scattering on various sheets of the Fermi surface of tungsten. 

1. INTRODUCTION 

The rf size effect (RSE) is due to a narrow belt of elec- 
trons on the Fermi surface. Therefore, the electron collision 
frequency Y( T) measured by the RSE method is equally sen- 
sitive to normal electron-electron (ee) collisions and to 
umklapp scattering.' Consequently, a study of the ee scatter- 
ing in metals by the RSE method has important advantages 
compared with the dc measuremenh2 

Investigations of the temperature dependence of the 
collision frequency Y (  T) of electrons in Mo carried out using 
the RES method in magnetic fields B parallel3 and perpen- 
dicular4 to the surface of a sample have shown that 
V(T) = a T 2 ,  where the coefficient a is independent of the 
purity and thickness of the samples and is not greatly affect- 
ed by the positions of the orbits on different sheets of the 
Fermi surface. It has been concluded on the basis of these 
results that the quadratic term in Y(T) is due to the ee scat- 
tering in this metal. Observation of hot electrons in Mo also 
agrees with the high frequency of the ee collisions in this 
metal.5 

As in other compensated metals, the temperature de- 
pendence of the electrical resistivity p (  T) of Mo should in- 
clude a contribution not only from the umklapp ee scatter- 
ing, but also from normal electron-hole  collision^.'*^ 
However, since the scattering angles for the ee collisions are 
large, there should be a correlation between the quadratic 
contributions to the transport and total collision frequen- 
cies. In fact, it has been found that a agrees well with the 
coefficient a which occurs in front of the quadratic term in 
the temperature dependence of the electrical resistivity of 
Mo described by p ( T )  = a T 2  + bT5 and due to the ee scat- 
terir~g.~ The quadratic temperature dependence of the colli- 
sion frequency V (  T) of electrons in Mo follows also from the 
experiments on the attenuation of ul t ra~ound.~ 

It is natural to expect manifestation of the ee collisions 
also in the case of W, which belongs to the same chromium 
group and is an electronic analog of Mo. However, the RSE 
investigations'.' have shown that the dependence V(T) ex- 
hibited by W is more complex than that of Mo. At helium 
temperatures it is described by the law a T 2  and at higher 

temperatures it obeys ST3 .  The complexity of the depend- 
ence Y ( T) had led to incorrect conclusions on the anisotropy 
of the ee collision probability for a hole octahedron of the 
Fermi surface of W (Ref. 7).  Moreover, a study ofp ( T) has 
revealed surface-induced deviations from the Matthiessen 
rule. It has thus been found that the coefficient a is strongly 
sensitive to the purity, thickness d, and the state of the sur- 
face of single crystals of W (Refs. 8 and 9) .  Extrapolation of 
a to the limit d -  co in accordance with the law (l/d)'I3 
yielded a -0 (I  is the mean free path of carriers). However, 
experiments carried out at T< 1 K (Ref. lo), which showed 
that p ( T )  = aT2,  and several other investigations estab- 
lished that a +  5 x 10-'"~cm.K-~ in the limit d + w (Ref. 
1 1 ). Moreover, the law (I  /d)213 is valid only in the range 
I >  d so that extrapolation ofa in accordance with this law to 
the limit d+ co is unjustified." According to Refs. 8 and 9, 
the dependence a (1 / d )  is very weak in the case of Mo. 

The physical nature of the quadratic term in the de- 
pendence Y(T) obtained for W was identified by detailed 
investigations of Y(T) which we carried out on this metal 
using the RSE method in magnetic fields parallel (weak B)  
and perpendicular (strong B) to the surface of a sample. 
Application of the RSE in a perpendicular magnetic field 
(Gantmakher-Kaner effect) was of interest not only from 
the point of view of investigation of the dependence V(T) by 
a different method and determination of a for a noncentral 
section of the hole octahedron of the Fermi surface, but also 
in relation to the dependence a (B) . This was due to the fact 
that the quadratic term in the dependence V(  T) could also, 
in principle, be due to the scattering of electrons by spin 
fluctuations (paramagnons).I2 A strong magnetic field 
should suppress paramagnons and the scattering mechanism 
could then be determined. 

2. EXPERIMENTS 

1. Experiments in a field B parallel to the surface of a 
sample were carried out using a modulation method for re- 
cording the RSE lines. We determined the first derivative of 
the active part of the surface impedance aR /dB on B. The 
apparatus and the investigation method were described in 
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derail earlier.'.3 In determination of the dependence T(T) 
the precision of measurements of the amplitude A of the 
RSE line was improved considerably compared with the 
earlier investigations.'." This was done by connecting a 
G-1212:OlO digital millivoltmeter parallel to they  input of 
an Endim 620.02 XY plotter. Slow variation of the magnetic 
field with a Varian electromagnet allowed us to determine 
the RSE line amplitudes in digital form with an error an 
order of magnitude less than in the determination from the 
records obtained with the plotter. Averaging of three to five 
sets of results at each temperature also increased the preci- 
sion, particularly when weak RSE lines were recorded. 

Considerable attention was given to the precision of the 
stabilization of the temperature T a t  T < 4.2 K. With this in 
mind a vacuum jacket of a sample holder3 was filled with 
liquid helium and temperature was stablized not only with 
the aid of the pumping rate, but also using a heater. Tem- 
perature was measured employing an Allen-Bradley carbon 
resistor calibrated using a CR 1000- 1.5- 100 secondary stan- 
dard. Consequently, the error in the temperature determina- 
tion did not exceed + 0.2% and the dependence A ( T )  was 
found to within + 1-2%. The experiments were carried out 
in the frequency interval 1.5-8 MHz at temperatures 
1 . 2 5 ~ T ~ 1 0  K. 

2. The collision frequency C(T)  was deduced from the 
RSE data in a perpendicular field in the same way as in Ref. 
4. Measurements at temperatures T >  4.2 K were carried out 
employing an "anticryostat" where a sample with a heater 
was placed. This anticryostat was filled with gaseous helium 
at atmospheric pressure. Thermal contact between the sam- 
ple and the helium bath was provided by a helium heat ex- 
changer located in the space between the walls of the anti- 
cryostat. The temperature of the sample was kept constant 
by an automatic temperature regulator. An Allen-Bradley 
resistance thermometer was used as the sensor. Tempera- 
tures below 4.2 K were stabilized by controlling the ,He va- 
por pumping rate. The temperature interval was increased 
compared with Ref. 13 to 1.5-9 K. 

In these experiments we determined the amplitude A of 
the oscillations of the second derivative of the active part of 
the surface impedance d *R /dB recorded in the Bllnll(100) 
configuration (n  is the normal to the surface of a sample). 
The rf field was circularly polarized (negative polarization). 
In this case the oscillations were due to the RSE of resonance 
holes located on a noncentral section of the~c tahedron . '~  At 
the same time the real R (B,T) and imaginary X(B,T) parts 
of the surface impedance Z = R - iX were recorded. Mea- 
surements were carried out in strong fields because, accord- 
ing to the theory of Ref. 14, the frequency T( T)  was indepen- 
dent of B for different serial numbers of the oscillations. This 
was confirmed by a special investigation. The frequency in- 
terval was 100-500 kHz. The error in the determination of 
1;( T )  did not exceed 5-10%. 

3. The investigated samples were cut by spark machin- 
ing from a single-crystal tungsten ingot. The electrical resis- 
tivity ratio was determined from the decay of eddy currents 
in a rotating magnetic field. For samples d,-d, this ratio was 
P ~ ~ ~ ~ / P ~ . ~ ~  ~ 7 . 5 .  10, (p3rnK/foK =: 1. lo5),' ' whereas for 
sample d, we found that p3,,/p,,, , = 3.5. 10,. Disks ori- 
ented in the ( 100) plane by the Laue x-ray diffraction meth- 
od had a dimater of 6-7 mm and were treated by a method 
described in Ref. 15. The direction of the normal n of such 

samples coincided with the (100) axis to within + lo. The 
high purity of Wmade it possible to observe the RSE oscilla- 
tions in fairly thick samples: d l  = 1.3 mm, d, = 1.87 mm, 
d, = 2.82 mm, and d, = 2 mm. 

Special care was taken in the RSE measu*ments to en- 
sure that the field B was parallel cxactly to the surface of a 
sample. A special device and the dependence ofA on the tilt 
of the field were used to set B parallel to the surface to within 
+ 10'. Lowering of the helium level resulted in a slight tilt of 

a sample for mechanical reasons, so that the parallel orienta- 
tion of B was monitored continuously during an experiment. 
This aspect was ignored in the previous investigations, giv- 
ing rise to inaccuracies in the experimental data on the RSE 
lines characterized by a strong dependence of A on the tilt of 
B (Refs. 13 and 16). 

Investigations of the dependence of the RSE oscillation 
amplitude in a perpendicular field on d showed that 1- 1 mm 
at T = 4.2 K for samples dl-d, (Ref. 15) and 1-0.7 mm for 
sample d,. For this reason the amplitudes of the RSE lines 
and oscillations obtained for sampled, were low. Moreover, 
the thickness of sampled, was only half the diameter, which 
resulted in an inhomogeneity of the distribution of the rf 
field on the surface of the sample and possible errors in the 
impedance measurements. When the field was parallel, the 
RSE lines of sample d, were observed in weak magnetic 
fields against the background of a strong nonmonotonic de- 
pendence 6'R (B)/6'B which was due to the zeroth line. These 
problems were not encountered for thinner samples and the 
extremely small line width AB /Bz 1 % allowed us to ignore 
the changes in the envelope with temperature. Consequent- 
ly, the experiments were carried out mainly on samples d l ,  
d,, and d,. 

3. RESULTS OF MEASUREMENTS 

Figure 1 shows examples of RSE lines recorded in a 
parallel field. Detailed investigations of the Fermi surface of 
W by the RSE method reported in Ref. 15 allowed us to 
attribute these lines to various orbits on the Fermi surface. It 

FIG. 1. Examples of the RSE lines recorded in a parallel magnetic field for 
sample d,: w / 2 r  = 2.5 MHz. The symbols s, o, and j represent the lines 
due to the cyclotron orbits on the spheroid, octahedron, and jack of the 
Fermi surface, respectiveiy. Comments on the line x, can be found in the 
text. In the course of recording these curves at 4.2 K the amplification was 
increased threefold after the spheroid line. 
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J/':: sec 1 . K - 2  Fermi surface section with an extremal diameter was ana- 
lyzed using the formula 

FIG. 2. Dependence of G/T2 on T for different RSE lines in a parallel 
magnetic field. The dotted curves in the inset show the investigated orbits. 
The pointers identify the pairs of neighboring straight lines and the orbits 
for which the results were obtained. The symbols 0 and A represent the 
dependences obtained for samples d ,  and d2, respectively; the symbol 
gives the results of thex, line of sample d2. The points, a, b, c, d, e, and f are 
the states on the Fermi surface for which the ee collision frequencies, 
identified on the ordinate axis, are calculated in Ref. 28. 

is clear from Fig. 1 that the line width was considerably less 
than in Ref. 15, which increased considerably the precision 
in the determination of the radius vectors of the Fermi sur- 
face. Special investigations of the anisotropy of the positions 
of the RSE lines confirmed completely all the earlier" con- 
clusions on the topology and dimensions of the Fermi sur- 
face of W. These results were in good agreement with the 
theoretical calculations of the Fermi surface reported in 
Refs. 17 and 18. 

In the RSE experiments in a parallel field the line ampli- 
tude could include contributions from repeated return of 
electrons to the skin layer (multirevolution effect) in the 
case when I > d. Under these conditions the relationship be- 
tween A and Y ( T )  was very complex and it had been dis- 
cussed frequently in several reviews. '9.20 Numerical calcula- 
tions and experimental investigations showed that even 
when I = 2d the contribution of the multirevolution effect to 
A did not exceed 10% (Ref. 20). Moreover, experiments 
carried out on Mo showed that if d > I, then the function 
V (  T) obtained from a formula ignoring the multirevolution 
effect was the same for samples of different thickness3 

Since the present investigation was carried out under 
conditions corresponding to d > I, the temperature depend- 
ence of the electron collision frequency averaged over the 

valid in the case of single traversal of an electron of a path 
from one side of the sample to the other, i.e., valid in the case 
when Y, + V(T) > fl, where Yo is the frequency of collisions 
with static defects of the crystal lattice. Here, u, ( k )  is the 
projection of the Fermi velocity on the plane of an orbit at 
the point k of the Fermi surface, t = ~ / f l  is half the cyclo- 
tron period of the electrons revolving at a frequency 
IR = eB /m*c, e is the elecron charge, cis the velocity of light, 
m* is the cyclotron mass, and A(0) is the RSE line ampli- 
tude at T = 0. This formula ( 1 ) is valid if the widths and 
profiles of the RSE lines remain constant when temperature 
is varied, which was checked in the course of our measure- 
ments. 

The dependence A ( T )  was investigated in the case of 
four different RSE lines due to extremal orbits of the hole 
octahedron (O), electron spheroid (s), and "jack" ( j )  of 
the Fermi surface of W for the Bll( 100) and Bll( 1 10) config- 
urations when the orbits passed through all the main sec- 
tions of the Fermi surface (see Figs. 1 and 2 and Table I ) .  
Moreover, an independent check of the validity of Eq. ( 1 ) 
was made by investigating the dependence Y(T) for the x, 
line (Ref. 15) due to an open cyclotron orbit. It is clear from 
Fig. 1 that the x, line was split. An analysis indicated that 
such splitting was due to a tilt of n from the (100) axis by an 
angle =: lo. It is clear from the shape of the corresponding 
orbit shown as an inset in Fig. 2 that for this tilt there were 
two extremal sizes of the orbits and an electron could pass 
only once from one side of the sample to the other. Unfortu- 
nately, the amplitudes of the RSE lines due to the ellipsoids 
were very low (Fig. 1 ) and were observed in very weak mag- 
netic fields against the background of the nonmonotonic de- 
pendence dR(B)/dB, which limited the precision of our 
measurements. Therefore, these lines were not used in our 
investigation of Y ( T) . 

In the ( 110) plane the orbits of the effective electrons 
on the octahedron and jack had an extended flat region in the 
skin layer and, consequently, the time of flight t from one 
side of the sample to the other was less than a/a (Ref. 3 ) .  
Therefore, the experiments were carried out only in the 
(100) plane, in spite of the much lower amplitudes of the 
RSE lines. It should be noted that in the preceding investiga- 
tions this circumstance was ignored, which led to incorrect 
conclusions on the anisotropy of the quadratic term in the 
dependence V (  T )  (Refs. 1 and 7 ) .  

TABLE I. 

Note. *Our values; m, is the mass of a free electrons and k, is the projection of the wave vector of 
an electron along the B/lz direction. 

Surface 
- 

Octahedron 

Jack 
Sphero~d 
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8. 107 s e c t  K-' 

0.16 
0.19 
0.11 
0.34 
0.18 

Directions of B I I kz I, I(-' I m*/m I a, wccl K-' 

0.55 
0,65 
0,54 
0.62 
1.1 

< 100) 

(110) 
(100) 
(100) 

0 { 0.22 
0 
0 
0 

1.03 
0.70' 
0.68 
2.2 
0.57 



Table I gives the cyclotron masses m of the carriers de- 
duced from the de Haas-van Alphen effect2' and from the 
cyclotron r e ~ o n a n c e * ~ . ~ ~  and used in the calculations of V (  T) 
on the basis of Eq. ( 1 ), together with the results of measure- 
ments of the coefficients a and p .  

In the RSE experiments we determined the total proba- 
bility of electron collisions. Assuming that the contributions 
to the ee and electron-phonon ( ep )  collisions were indepen- 
dent and additive, we concluded that V(T) = a T 2  + BT3. 
On this assumption we analyzed the experimental data using 
the following formula: 

In A (T) =ln A (0) -atTZ-ptT3. (2)  

A computer analysis of the dependence A ( T) by the least- 
squares method made it possible to determine the constant 
A (0)  as well as the coefficients a and 0. Figure 2 shows the 
dependences of V(T)/T2 on T for all the investigated orbits 
in samples d l  and d,. In this graph the constant cutoff on the 
ordinate gives a and the slope of the straight lines gives P. 
Table I gives the average results for two samples. 

For comparison, Fig. 2 shows the dependence of V(T)/ 
T on T for the x, line due to an open cyclotron orbit on the 
jack in the case when Bll(l00) (see the inset), which-as 
pointed out above-is not affected by the multirevolution 
effect. We can easily demonstrate that if v, = const, then the 
transit time for such an orbit is t = eBLl/rm*cLo, where L ,  
is the perimeter of half the investigated orbit and Lo is the 
perimeter of half the cyclotron orbitj in the field B. Accord- 
ing to Ref. 15, we have Ll/Lo = 0.59. We are assuming that 
m* is m* = 2.2m0 for a closed orbit. We can see that the 
dependence V (  T) for x, is the same as for a closed orbit and a 
slight quantitative difference of a is clearly due to indeter- 
minancy oft. 

Oscillations of the RSE in a perpendicular magnetic 
field Bllnll( 100) applied to W are due to a noncentral section 
of the hole octahedron corresponding to the value of k, for 
which the derivative dS/dk, has an extremum. Here, S(k, ) 
is the area of a section of the Fermi surface by a plane perpen- 
dicular to B. 

The width of the belt Ak, of resonance carriers depends 
on the sharpness of the extremum of dS/dk, , on the thick- 
ness of the sample, and on the applied magnetic field: 

and K G K  is the wave vector of the Gantmakher-Kaner com- 
ponent. Under the experimental conditions the width Ak of 
the belt is of the order of lop2 b;-'. The collision frequency 
V(T) averaged over the orbit belt for this section was found 
from the formula4 

where IZ(B,T) I 2  = R '(B,T) + X2(B,T) isthesquareofthe 
modulus of the surface impedance of the sample, A(B,T) is 
the oscillation amplitude, and v, = fi(aS/dk, ) / 2 ~ m *  is the 
longitudinal component of the average electron velocity on 
an extremal section. We can find m* for this section from the 
dependence of dS  /dk, on k, calculated for B 1 1  z on a comput- 

er employing a program given in Ref. 24. We introduced an 
analytic description of the radius vector k(f3,p) for the hole 
octahedra of W in the form of a series of nine cubic harmon- 
ics: 

where I is the order of the harmonic K,  ( 0 , ~ )  and dl are the 
coefficients in the expansion obtained from the inversion of 
the data on the de Haas-van Alphen effect." Calculations 
showed that the function ldS(k, )/dk, / passes through its 
maximum value of 3.73 k' at k, = 0.13 k l .  The same 
result was obtained earlier using a similar representation 
k(8,p) in the form of a series of twelve cubic harmonics 
when other experimental data were inverted.25 The experi- 
mental values deduced from the RSE Ids /dk, I = 3.13 A- ' 
(Ref. 14) and from the Sondheimer effect, 2.95 k1 (Ref. 
25), were found to be 25% less than the calculated value, 
indicating that the analytic description of the hole octahe- 
dron by a series of cubic harmonics was clearly insufficient 
for the calculation of the derivatives dS(k, )/dk,. 

In fact, the calculations reported in Ref. 25 in accor- 
dance with a three-parameter model of the octahedron gave 
the value ldS/dk, I = 3.04 k l ,  in good agreement with the 
experimental results. It is important to note that this extre- 
mum of dS /dk, corresponds to k, = 0.22 A- '. This gives a 
more accurate position of the k, section. The value of 
m* = (fi/2r) $ v; ' (k )d  k for this section was determined 
by numerical integration on a computer. Use was made of an 
analytic representation of the Fermi velocities on the hole 
octahedron also in the form of a series in cubic harmonics: 

This representation is obtained in the case of inversion of the 
data on the anisotropy of the cyclotron masses on the central 
sections of the ~ctahedron.~ '  The value of m* on this section 
with an extremal dS/dk, is 0.70m0, and the velocity is 
v, = 0.8 18 x 10' cm/sec. 

Examples of records of the oscillations of the surface 
resistanced 2R /dB obtained in a narrow range of magnetic 
fields are plotted in Fig. 3. These oscillations were a harmon- 
ic function of the field. Their amplitude increased approxi- 
mately 50-fold as temperature was lowered from 9.1 K to 1.5 
K. Even at the highest temperature of 9.1 K the noise did not 
exceed 10% of the peak-to-peak amplitude of the oscilla- 

FIG. 3. Fragments of oscillations of d 2 R  /dB2  at temperatures 1.55 K 
(curve 1) and 9.1 K (curve 2); d = 1.3 mm, w / 2 a  = 500 kHz. The gain 
used to record curve 2 was 50 times higher than that for curve 1. 
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A, rel. units 1 

FIG. 4. Oscillation amplitude A ( a )  and square of the modulus of the 
impedance 1Z 1' ( b )  plotted as a function of the magnetic field; d = 1.3 
mm, w / 2 ~  = 500 kHz. Curves denoted by 1 correspond to T =  4.23 K 
and curves denoted by 2 correspond to 8.5 K. 

tions. Since in a sufficiently strong field (B 2 15 kG at 
f = 500 kHz) the collision frequencies were practically the 
same when calculated from different oscillation extrema, the 
precision of the results was improved by averaging the de- 
pendences Y(T) for several neighboring extrema. The de- 
pendences of IZ l 2  and A on the magnetic field occurring in 
Eq. (4)  are plotted for two temperatures in Fig. 4. 

The experimental data on V(T)/T2 plotted as a func- 
tion of Tare shown in Fig. 5; they represent the results of an 
analysis obtained by the application of Eq. (4)  to the data on 
samples dl ,  d,, and d,. The results for sample d, were ob- 
tained in a narrower temperature range ( 1.5 < T< 5 K )  . In 
the case of this sample the mean free path I was insufficiently 
large and at temperatures T> 5 K the signal/noise ratio de- 
creased so much that the precision of the determination of 
V(T) was unsatisfactory. Clearly, within the limits of the 
experimental error, the dependence Y(T) was the same for 
all the samples. The values of a and fi averaged on the basis 
of these data are listed in Table I. Some discrepancy between 
these data and those given in Ref. 13 is due to, firstly, a 
different value of m* and, secondly, the wider temperature 
range and the correspondingly higher precision in the deter- 
mination of ln[A(O)/IZ(O) 1'1 in the present study. 

FIG. 5. Dependences C/T on T for a noncentral section of the hole octa- 
hedron (see inset). The symbols a, 0, and A represent the dependences 
for samples, d,,  dz, and d,, respectively. 

4. DISCUSSION OF RESULTS 

It is clear from the data presented in Figs. 2 and 5 that 
the dependences V(T) are described well by a sum of two 
terms: Y ( T) = a T  + fiT 3. The coefficient a is practically 
independent of d and of the positions of the orbits on the 
main sheets of the Fermi surface of W. It should be noted 
that the transit times t then differ severalfold. The cubic 
term is strongly anisotropic, which is associated with the 
anisotropy of the ep collisions, well known in the case of 
noble metals (see, for example, Ref. 26). The lack of propor- 
tionality between the ratio a /B for the open and closed or- 
bits on the electron jack is probably also associated with this 
anisotropy. 

The coefficient a for the electron orbits on a noncentral 
section of the hole octahedron is in good agreement with the 
data for central sections and is independent of I. This cir- 
cumstance is very important because it implies indpendence 
of a on B, and demonstrates the absence of the contributions 
of the electron-paramagnon scattering sensitive to a strong 
magnetic field. l 2  

As pointed out above, earlier RSE investigations of the 
dependence Y (  T) for W were carried out in a parallel field1-' 
applied in the ( 110) plane, for which the time of flight is 
t < .rr/n. Threfore, it is difficult to compare these previous 
investigations with our results (see Ref. 3). However, such 
effects are unimportant in the case of the spheroid, for which 
it is found in Ref. 1 that a = 1.3 X lo7 sec-'.KP2. Bearing in 
mind the precision of the measurements reported in Ref. 1, 
we find that this value is in good agreement with our results. 
Since the resistivity ratio of the samples used in Ref. 1 was 
p300 K/p4.2 = 3.5. lo4, this comparision shows also that a 
is independent of the purity of the samples. 

In the Born approximation the frequency of the normal 
ee collisions determined by the RSE method and corrected 
for the scattering by the screened Coulomb potential is given 
by the expression3 

where k,  is the Boltzmann constant, 
g- = [4.rre2N(&, ) 1 -I1' is the screening radius, and N ( E ~  ) 
is the density of the electron states at the Fermi level. It 
follows from Eq. (6)  that V,, a k /u3.  Table I1 gives the Fer- 
mi velocities and the corresponding values of k for the Fermi 
surfaces of W and Mo (Refs. 15,21, and 27. 

The values of F and 1 are averaged over the cyclotron 
orbit for the central section of the corresponding sheet of the 
Fermi surface for the selected direction of B. We can easily 
see that in the case of the spheroid the ratio k /v3 is 2.8 times 
greater than for the hole octahedron. However, in fact we 
need allow not only for the intraband ee collisions, but also 
for the interband scattering with transfer to the neighboring 
semisurface sheets, as was done for the case of Mo in Ref. 3. 
Nevertheless, the difference between the velocities gives cor- 
rectly the larger values of a for the spheroid than for the 
other sheets of the Fermi surface. 

The expression (6)  is obtained in the approximation of 
a spherical Fermi surface and plane-wave electron func- 
tions. Figure 2 gives the results of a numerical (computer) 
calculation of the ee collision frequency for different points 
on the Fermi surface of W, carried out in the tight-binding 
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TABLE 11. 

Note. The density N ( E ~ )  was assumed to be 1 .9~103 '  e r g - ' . ~ m - ~  for W and 3.2X1034' 
e r g - ' . ~ m - ~  for Mo (Ref. 1 ). 

*These data were obtained from the values averaged over an orbit. 

W 
Surface Direction of l B 1  

approximation allowing for the real form of the Fermi sur- 
face and the electron wave functions.28 We can see that, to 
within a factor of 1.5, these results are in agreement with our 
data. It follows from these calculations that the value of a for 
the spheroid is higher than for other sections of the Fermi 
surface. Although the authors of Ref. 28 assume that the 
Born approximation does not overestimate seriously the 
probability of the ee collisions in W, the existence of the 
factor of 1.5 does demonstrate that the probability is overes- 
timated. 

In the case of compensated metals we can expect a cor- 
relation between the coefficient a in the quadratic term of the 
electrical resistivity p ( T) and the value of a,, , correspond- 
ing to the transport frequency of the ee collisions: 

a r r = e 2 < ~ p ) S p a / 6 ~ 2 h ,  ( 7 )  

Mo 

where (v,) is the Fermi velocity averaged over the Fermi 
surface and SF is the Fermi surface area. The existence of 
surface-induced deviations from the Matthiessen rule is re- 
sponsible for the dependence of the coefficient a in the law 
p =po + a T 2  + bT5 on the properties of a  ample.^.^ How- 
ever, the experiments carried out at ultralow temperatures 
(0.04-1.5 K)  indicate that after freezeout of phonons the 

- 

Octahedron 

Jack 
Spheroid 

0.50 
0.72 
0.76 
0.60 * 
0.45 * 

of the ee collisions in W should be half that in Mo. Subject to 
the simplifying assumptions made in the derivation of Eq. 
(6),  such an estimate is in good agreement with the experi- 
mental data. 

The results obtained therefore demonstrates that the 
temperature dependence of the collision frequency C(T) is 
described well by the law C(T) = a T 2  + BT3 with a coeffi- 
cient a which is isotropic and independent of the magnetic 
field, frequency, and thickness of a sample. The value of a is 
in agreement with the theoretical calculations of the ee colli- 
sion probability and with the transport value a,, deduced 
from the measurements of p ( T). This evidence demon- 
strates that the quadratic term in the dependence C( T) for W 
is related specifically to the ee interaction. The RSE method 
makes it possible to investigate the ee interaction in its pure 
form not masked by the influence of the size and other ef- 
fects. 

The authors are grateful to V. F. Gantmakher and V. E. 
Startsev for discussions and valuable comments, to S. V. 
Plyushcheva for supplying an ingot of ultrapure tungsten, 
and to L. G. Fedyaeva for her help in the computer calcula- 
tions. 

(100) 

( ::::: 
(111) 

B,(110)=24" 

0.79 
0.51 
0.60 
0.49 
0.31 

0,53 
1.55 
0.95 
0.67 * 
0.52 * 

purely quadratic lawp =po + a T 2  is obeyed and the coeffi- 
"The values of the electrical resistivity ratios of the samples are given cient a is practically independent of the product pod. More- incorrectly in Ref, 14, 

over, an analysis of the influence of the size effect on p ( T )  

0.75 
0,50 
0,60 
0,43 * 
0.25* 

using a theory allowing for the angular dependence of the 
specularity coefficient p shows that a = a,, + a ( p )  , where 
a ( p) -- 0 for a diffusely scattering surface and a = f (1  /d) for 
p#O (Ref. 11). The value a,, = 5~ 10-l3 fL.cm.K-' 
yields an estimatea,, = 0.43 x 107sec- ' .KP2, in agreement 
with our results. The value of a,, obtained in Ref. 11 is so 
small that it satisfies the extrapolation of p ( T )  from the 
"high-temperature" region to T = 0 as well as the extapola- 
tion with a = 0 used in Ref. 8. Moreover, if a,, includes the 
contribution of the ee scattering via exchange of virtual 
phonons, then a,, may decrease on increase in tempera- 
t~re . '~*~O 

In the case of Mo the ee collision frequency is consider- 
ably higher than for W: a,, = 2.5X 10' sec-1-K-2 (Ref. 
3), which is due to the higher density of electron states de- 
duced from the linear term in the specific heat (Table 11). 
On the other hand, the ep collision frequency is considerably 
less because of the difference between the Debye tempera- 
tures.' A comparison of the Fermi velocities on different 
sheets of the Fermi surfaces of W and Mo shows that this 
difference is retained for all the sheets. A simple substitution 
of the relevant quantities in Eq. (6) shows that the frequency 
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