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The _radio-frequen~y size effect in molybdenum samples cut out along the (100) and (110) planes is in
vestigated. The anisotropy of the extreme dimensions of small parts of the Fermi surface of the 
me_tal i_s determined and the shapes of electron surface of the lens and spheroids types and of hole 
elhpsmds are reconstructed. Carriers with an extreme displacement over a period are observed. The 
values of I oS/okH I extr are measured and the cross sections of the electron jack and hole octahedron 
to which the carriers belong are found. 

INTRODUCTION 

THE investigation of the Fermi surface of molybdenum, 
a model for which was proposed in r 1• 2 1, has by now 
been the subject of many experimental papers. Such in
vestigations were undertaken by practically all known 
experimental-physics methods for studying the elec
tron structure of metals. The most detailed informa
tion, however, was obtained from measurements of the 
de Haas-vanAlphen effect, r 3 , 41 cyclotron resonance, rs J 

and the radio-frequency size effect. r6 J As a result of 
these experiments it was established that the Fermi 
surface of molybdenum is closed and consists of a com
plicated electron surface and several hole surfaces. 
The area and dimensions of the extremal sections of 
the hole ellipsoids and of the electron-jack octahedron 
were determined. The effective masses of the individ
ual conduction-electron groups were determined and 
their anisotropy in the planes (110) and (121) was inves
tigated. 

Although considerable experimental information has 
already been accumulated concerning the energy spec
trum of this metal, nonetheless individual sections of 
its Fermi surface have not yet been reconstructed. This 
pertains mainly to the most complicated part-the elec
tron jack, and more accurately to the spheroids located 
at its ends. The experimental results for them are not 
only incomplete but also contradictory, because the di
mensions of these spheroids are close to the dimen
sions of the hole ellipsoids and consequently difficulties 
arise in the interpretation of the experimentally ob
served curves. 

Since the exact form of the Fermi surface of molyb
denum is very important for further theoretical calcu
lations of the energy spectra of transition metals, it is 
of interest to carry out additional investigations in or
der to obtain reliable experimental information not only 
for the indicated sections of this surface, but also for 
the sections with the extremal value of I oS/okHI, for 
which there is at present no information whatever. The 
present communication is devoted to the results of 
these investigations. 

EXPERIMENT 

To solve our problem, we chose the method of the 
radio-frequency size effect. [7 1 In experiments per
formed at 3.5 MHz and 1.5-4.2 °K, using a modulation 

procedure, we measured the active part of the surface 
impedance Z = R + iX of thin ( l ~ d) plane-parallel 
molybdenum plates as functions of the magnetic field 
( Z-mean free path of the conduction electrons, d-sam
ple thickness). These dependences revealed a number 
of singularities, the positions of which in a magnetic 
field parallel to the surface of the sample are con
nected with the dimension 2k of the extremal orbit in 
the n x H direction and with the thickness d of the sam
ple by the following relation: 

2k = elld / ch; (1) 

here n is the normal to the sample surface, e the 
electron charge, c the speed of light, k the wave vec
tor, and ti Planck's constant. 

By investigating the positions of these singularities 
in terms of the field as a function of the angle of rota
tion of the magnetic field H relative to the crystallo
graphic directions of the sample, we obtained the ex
tremal dimensions of the electron orbits along different 
directions in the crystal. 

The experimental setup used for the measurements 
was described in detail in r 6 1. In the present experi
ments it was improved to be able to register both the 
first derivative oR/oH and the second derivative 
o2R/oH2 of the active part of the surface impedance of 
molybdenum with respect to the field, and to perform 
measurements in a wide range of angles of inclination 
of the magnetic field relative to the sample surface. 

When plotting the second derivative, the synchronous 
detection was effected at double the magnetic-field modu
lation frequency 20 (Q = 18 Hz). 

The modified low-temperature part of the setup is 
shown in Fig. 1. The sample 1, placed vertically in a 
a two-section coil 2, was glued with the aid of two pieces 
of cigarette paper 3 to a quartz flat-head pin 4, the post 
of which passed through an opening in quartz plate 5 and 
was clamped by grip 6. A worm gear 7-8 rotated the 
sample in the vertical plane. The coaxial cable 9 and the 
clamping contacts 10 were used to connect the coil 2 
which was glued to the quartz plate 5, to the remainder 
of the generator circuit, which was kept at room tem
perature. The entire assembly was placed inside a cy
lindrical copper vessel 11, sealed by a ground joint 12 
and filled with helium gas. 

Such a system for placing and rotating the object had 
a number of significant advantages. 
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FIG. I. Low-temperature part of the generator and the system for 

rotating the sample (the callouts are given in the text). The scale for 
the section shown on the right is increased by a factor of 2. 

First, it made it possible to perform experiments un
der the most convenient conditions, since the investi
gated sample was rotated independently of the induction 
coil, and consequently the requirement that the high
frequency electric and constant magnetic fields remain 
mutually perpendicular or parallel (if the coil was fas
tened horizontally) was fulfilled for all crystallographic 
directions of the crystal. 

Second, in combination with the system for rotating 
the magnet, which was rotated in a horizontal plane, it 
made it possible to orient the magnetic field relative to 
these directions with a high degree of accuracy and to 
perform measurements in either a parallel magnetic 
field or in a field making an arbitrary angle with the 
sample surface. 

The field orientation relative to the crystallographic 
directions was established on the basis of the symme
try of the experimental curves, and parallelism between 
the field and the sample surface was established by 
setting the signal in the strong field at a minimum. 

The molybdenum samples were disks of nearly cir
cular or elliptic shape. They were cut by the electric
spark method from single-crystal ingots with 
R(300 o K)/R(4.2 °K} RJ 1.8 >< 104 • To improve the quality 
of their surfaces and to decrease the thickness scatter, 
they were ground with M-10 silicon-carbide powder. 

To remove the surface layer damaged as a result of 
such a processing, the ground disks were etched in a 
composition described by us earlier. cal The etching 
rate was varied by adding water to this etchant. Inves
tigations have shown that it suffices to etch off 0.05 mm 
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FIG. 2. Typical plot of size-effect 
lines for a sample with n II [I 00), d = 
0.263 mm, T = 4.2°K, f = 3.8 MHz, H II 
[001), E~ 1 H. Curves !-plot of oR/oH, 
curve 2-plot of 32 R/ 3H2 • The gain used 
to plot curves 1' and 2' was decreased by 
a factor of 10. 

[010] a 

FIG. 3. Angular dependence of the half-width of small extremal 
orbits (in units of k0 ): a-in the (100) plane, b-in the (110) plane. The 
dark and light circles mark lines belonging to the electron and hole sur
faces, respectively. 

from these disks to eliminate the damaged layer com
pletely. This was extremely important when samples 
oriented in the (100) plane were prepared, since deeper 
etching produced deep ruts on their surfaces, which 
caused considerable broadening of the size-effect lines. 

The sample orientation was monitored by x-ray dif
fraction with accuracy ± 30', and the thickness was 
measured with a vertical optical caliper (±1J.L). 

MEASUREMENT RESULTS 

The measurements were performed on molybdenum 
samples with normals to the surface n11 [100] and 
nll[llO]. A typical plot of the size-effect lines ob
served in weak fields in the (100) plane is shown in 
Fig. 2. . 

As seen from the figure, owing to registration of the 
second derivative of the active surface-impedance part 
of the samples with respect to the field, it was possible 
to eliminate the strong nonmonotonic field dependence 
observed in the plot of oR/oH, and to register the size
effect lines against the background of an almost hori
zontal null line, separating them more distinctly from 
one another. This has made it possible not only to in
crease the accuracy with which the positions of these 
lines relative to the field were measured, but also to 
observe a number of new lines which could not be re
solved earlier.c 6 J 

The determined extremal dimensions of the small 
sections of the molybdenum Fermi surface in the (100) 
and ( 110) planes are represented by the polar diagrams 
of Fig. 3. The wave vector k, determined from formu
la (1), was measured in a radial direction in units of 
ko (ko = 1.998 A -1 is the limiting wave vector of the 
Brillouin zone of molybdenum in the [ 100] direction). 
The value of Ho, which was needed for the calculation, 
was determined from the left ends of the lines. The 
reference point was selected on the basis of the results 
of an investigation of the frequency dependence of the 
positions of the extrema of the size-effect lines in met
als cs' gJ as well as the results in comparing the same 
Fermi-surface parameters obtained with the aid of the 
radio-frequency size effecfand other investigation 
methods. r 10 ' llJ All the values of k were determined at 
H parallel to the sample surface and with the electric 
and magnetic fields polarized such that E~ 1 H. The 
maximum error in the determination of the indicated 
quantity does not exceed ± 4%. 
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A study of the behavior of the observed lines when 
the magnetic field is inclined to the sample surface has 
made it possible to establish that three of them, b, b0 , 

and f, split when the magnetic field is inclined, where
as all others shift towards stronger fields without split
ting, gradually decreasing in intensity. Investigations 
in an inclined field have also made it possible to ob
serve a number of additional lines, which are seen only 
in samples cut in the {110) plane. Typical lines are 
shown in Fig. 4. Such lines appear when the magnetic 
field is inclined in the {[110], n) plane, starting with an 
angle of 14° between H and [110]. With increasing field 
inclination, this line, shifting towards stronger mag
netic fields, gradually increases in intensity, reaching a 
maximum intensity when the angle between H and [liO] 
is 45 o. Further increase of the inclination of the mag
netic field broadened the lines and decreased the ampli
tudes. At an angle of 79 o the lines vanished and gave 
way to harmonic oscillations which existed at angles 
80-90° between [110] and H {Fig. 5). 

Such lines were observed at high-frequency current 
polarizations j 11 [00 1 J as well as j 11 [ 110 J. They 
turned out to be strictly periodic in the field. The de
pendence of their period on the inclination of the mag
netic field is shown in Fig. 6. 

DISCUSSION OF RESULTS 

As already noted in [ 6 l, the Fermi surface of molyb
denum consists of six hole ellipsoids, an octahedron, 
and an electron jack and lenses. We start the discussion 
of the results obtained in the present communication 
{Fig. 3) with the simplest part of the surface, the hole 
ellipsoids. There can be no doubt that the lines d corre
spond to these ellipsoids. Two of these lines, cia and d4 
{Fig. 3b) describe well the shadow projections of the el
lipsoids on the (110) plane, and all others (d~, 2, d~, d1, 
d2) give directly their central sections by the planes 
(100) and (110). Such sections confirm the theoretical 
that the hole ellipsoids are not figures of revolution. 
Their long axis a = 0.37 A-1 is directed along [001], and 
the others, b =0.29 A.-1 and c =0.22 A-\ are directed 
along [110] and [110]. 

It is also possible to determine uniquely the shape, 
dimensions, and orientation of the electron lenses rela
tive to the principal crystallographic directions. The 

Z J Q .f 5H,k0e I 2 J If ~ 5 H,kOe 

FIG.4 FIG. 5 

FIG. 4. Typical size-effect lines in an inclined field for a sample with 
n II [ 11 0] . The magnetic field is inclined in the ( [ 1 T 0] , n) plane and the 
angle between [ 1 TO] and His 45°; f = 3.5 MHz, T = 4.2°K, d = 0.245 
mm. 

FIG. 5. Typical plot of size effect in a magnetic field normal to the 
sample surface: n II [ 110], f = 3.5 MHz, T = 4.2°K, d = 0.239 mm. 

anisotropy of lines a indicates that these lenses have 
the shape of a cone whose base and apex are rounded. [ 6 l 

These lines are round in the intersection with the plane 
(100), which is described by the line ~. and elongated 
in the [001] direction (line a.,); this is in full agreement 
with the data obtained earlier in [6 1 • 

As to all the remaining lines-b0 , e~, x~, x~) (Fig. 3a) 
and b, e1, e,., c, f (Fig. 3b) it would be natural to iden
tify them with the electron jack. 

The angle interval in which the lines b and b0 exist 
and their anisotropy make it possible to attribute them 
to orbits passing through the necks joining the central 
part (octahedron) of the electron surface with the spher
oids. Although at some orientations of the magnetic field 
these lines split when the field is inclined relative to 
the sample surface, nonetheless this does not contradict 
our interpretation inasmuch as is evidenced by the anal
ysis, a contribution to their amplitude is made also by 
the electrons of the noncentral sections, which are the 
ones responsible for the observed splitting. From the 
dimensions determined from these lines it follows that 
in the intersection with the (100) plane the neck has a 
shape close to a circle with a diameter 0.36 A -1. 

The lines e~, e1, and e,. could be attributed only to 
orbits passing through the spheroids. Since information 
concerning the shape and dimensions of these parts of 
the electron surface is presently quite contradictory, 
owing to the considerable difficulties entailed in the in
terpretation of the experimental data, we shall stop to 
discuss in greater detail the interpretation of our re
sults. 

The anisotropy of the lines eL e1, and e,. is evi
dence that the central section of these spheroids in the 
{100) plane is not round, as assumed in all the preced
ing experimental papers, but is a square with rounded 
corners. Favoring this assumption is also the behavior 
of the intensities of the lines e. When the magnetic 
field is oriented along [001] in the {100) plane and along 
[110] in the {110) plane, the amplitude of these lines in
creases sharply, a fact that can be attributed only to the 
increase of the time of interaction of the electrons with 
the electromagnetic wave sine~ the flat sections of their 
trajectories enter in the skin layer, and to the broaden
ing of the strip of sections that contribute to the size 
effect. On the basis of the lines e~, e1, and e2, we suc
ceeded in reconstructing completely the central section 
of the spheroids in the (100) plane and in determining its 
main dimensions (Fig. 7). 

Th'e validity of the foregoing results can also be 
verified easily by using the dimensions determined by 
the lines x~, xg, and c, the origin of which is due to 

FIG. 6. Angular dependence of the UP 

period t.H of the size-effect lines: a-
lines shown in Fig. 4, b-lines corre
sponding to Fig. 5. 
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FIG. 7. Central section of spheroid in the (I 00) plane, reconstructed 
from the experimental data. On= 0.29A-1 , Op = 0.33A-1 . 

FIG. 8. Measured dimensions of central section of electron jack, a
(110) plane, H II [001]; b-(100) plane, H II [011]. 

the presence of several effective points on the electron 
trajectories represented in Fig. 8. 

Unfortunately, it is impossible to compare quantita
tively all these data with the presently available theo
retical calculations/ 1• 2 l since the corresponding in
formation is not given in the cited papers. We can nev
ertheless note that the shape established by us for the 
sections of this surface agrees well with the Loucks 
theory.( 2 J 

Of all the lines shown in Fig. 3, the only one deter
mined completely by noncentral sections of the elec
tron surface was f. This was evidenced by its behavior 
with changing inclination of the magnetic field relative 
to the sample surface. Starting with field inclination 
angles of 0.5°, the line split into two lines that diverged 
in opposite directions. Although we were unable to re
late it uniquely to a definite section of the indicated sur
face, nonetheless we propose that it is due to orbits 
passing through the body and the necks of the four 
spheres of the electron jack, a hypothesis favored not 
only by the anisotropy of the line but also by its meas
ured dimension. 

We now proceed to an interpretation of those lines 
where were observed by us at large inclinations of the 
magnetic field (Figs. 4 and 5). The angular dependence 
of the period (Fig. 6) and the character of the behavior 
of these lines with changing field inclination indicate 
that they are due to two different carrier groups belong
ing to sections of the Fermi surface with extremal value 
of I ilS/ilkH 1. 

Such carriers, as is well known, [12 J produce in the 
interior of the metal, at distances determined by the 
formula 

U _ clisin<p I iJS I 
ell fJkH ,,, (2) 

electromagnetic-field spikes whose emergence from 
the opposite side of a plane-parallel plate leads to the 
size-effect lines. Here qJ is the angle of inclination of 
the magnetic field to the sample surface, S the area of 
intersection of the Fermi surface with the plane kH 
= const, and kH is the projection of the wave vector in 
the magnetic-field direction. 

The first carrier group, causing the lines shown in 
Fig. 4, can be related, owing to the large angle interval 
in which they exist, to the shape, and to the considerable 
intensity of these lines, with the "effective" sections of 
the hole octahedron. The possibility of the existence of 

such sections on the indicated part of the Fermi surface 
of molybdenum can easily be verified by plotting 
I ilS/il kH I against kH for a regular octahedron. If the 
magnetic field is inclined in the plane of the figure, as 
shown in Fig. 9, then the area of the octahedron section. 
will be connected with the angle of inclination qJ of the 
magnetic field (0 o :s; qJ :s; 45 o) and the projection kH of 
the wave vector on the field direction by the following 
relations: 

s = i2(k0 ) 2 - 2l'2kH2 

co~ <p cos 2q' ·cos <p 

when kH varies from 0 to K = k0 (cos qJ- sin qJ)/ {2, 
and 

S' = 1 + tg<p [ k'- y2kH ]' 
l'2 sin <p cos <p + sin <r' 

for kH ranging from K to k0 (k0 is half the diagonal of 
the square). 

The derivatives of these expressions with respect to 
kH reach a maximum at kH = K and exhibit a kink. The 
value of (ilS/ il ku)max at these points varies with chang
ing magnetic field inclination in accordance with the law 

( fJS ) 4k' 
--ak"; ma• = - (cos rp + sin <p) cos <p • (3) 

A similar expression can also be written for the con
dition 45° :s; qJ :s; 90°, but in this case the denominator. 
will be sin qJ rather than cos qJ multiplied by the sum 
cos qJ +sin qJ. 

The section of an octahedron having such an extre
mum, clinging as it were to its vertex A1 (Section A1B1 

in Fig. 9), shifts gradually towards the central section 
with increasing inclination of the magnetic field. At 
qJ = 45 o it passes in the immediate vicinity of the cen
tral section, and then, clinging to the second vertex A2 

(Section A2B2 ), it moves away from it. 
The carriers belonging to these sections are "effec

tive" in large intervals of inclination angles of the mag
netic field, since the "effectiveness" strip of the octa
hedron fully encloses its side faces. Therefore the plate 
surface-impedance singularities due to such carriers 
should have the form of sharp peaks, as is indeed ob
served in the experiments. 

A plot of (3) is shown in Fig. 10. We used in the cal
culations the value k0 = 0.88 A-\ determined from the 
data of (6 l, The same figure shows the results of the 

FIG. 9. Section of hole octahedron in the plane (I 00), illustrating 
the positions of the orbits with extremal value of laS/akHI· 
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FIG. 10. Angular dependence of 
lilS/ilkHiextr of the carriers responsi
ble for the sharp peaks (a) and har
monic oscillations (b) in the surface 
impedance of molybdenum: 0-cal
culation by formula (3), 6-value 
obtained by graphic differentiation 
of the plot of S(kH) of the real 
model at an angle of 45° between 
[II 0] and H, e-results of experi
ment. 

present experiment (curve a), reduced in accordance 
with the formula 

{4) 

which can easily be obtained from {2). 
The discrepancies near 45 and 70 o are undoubtedly 

due to the rounding of the corners and edges of the hole 
octahedron of molybdenum. As a result, the plot a has 
a smooth rather than a jumplike character. The devia
tion in the region of small inclinations of the magnetic 
field, on the other hand, is possibly connected with the 
fact that in this angle interval the observed size-effect 
lines are not due to the holes but to the electrons of the 
central sections of the electron surface, which have at 
these magnetic-field inclination angles a displacement 
into the interior of the metal, per period, close to that 
of the holes. With increasing field inclination angle, the 
contribution of these sections decreases, and at angles 
cp > 30 o the size-effect lines are determined mainly 
only by the section of the hole octahedron. Although such 
an explanation is not unambiguous, the presence of an 
inflection in the function I oS/okH I extr at cp ~ 32 ° is 
evidence in its favor. 

The carriers belonging to the electron surface are 
obviously responsible also for the harmonic oscillations 
of the surface impedance of molybdenum, which were 
observed by us in a magnetic field normal to the sample 
surface {Fig. 5). At this magnetic-field orientation, ac
cording to the theoretical calculation, [ 2 J there should 
exist on the electron jack three orbits that are extremal 
with respect to the area: the orbit on the spheroids, the 
orbit passing over two spheroids and the edge of the 

electron octahedron, and the orbit passing over the cen
tral part of the electron surface. Naturally, sections 
with extremal values of I oS/o kH I exist between the last 
two types of orbits. As shown by qualitative analysis, 
such sections pass over the electron octahedron near its 
necks. The electrons belonging to these sections are 
not effective, and I oS/okH I extr varies little with incli
nation of the magnetic field, at least in an interval of 
10 °, in agreement with the experimental data (Fig. 10) 
obtained from the dependence of the period of the har
monic oscillations of the surface impedance of molyb
denum {Fig. 6). 

Thus, our investigations have enabled us to recon
struct fully the shape and dimensions of the small sec
tions of the Fermi surface of molybdenum, to observe 
carriers with extremal displacement per period, to de
termine the values of I oS/o kH I extr and to show that 
the sections to which such carriers belong exist not 
only on the electron jack but also on the hole octa
hedron. 

In conclusion, it is our pleasant duty to thank G. N. 
Landysheva for help with the experiments. 
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