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Measurements of the de Haas-van Alphen effect under pressures up to 2 kbar were used in a study of 
the /3 and y sections of the Fenni surface in magnetic fields oriented along the principal crystallographic 
directions. The augmented plane wave method was employed in a calculation of the energy spectrum of 
conduction electrons. The calculation and experimental values were used to determine the Fermi energy 
and its pressure dependence. 

PACS numbem. 71.25.H~. 62.50. + p 

1. INTRODUCTION The structure factor for the ALH faces i s  zero and, 
therefore, on these faces the energy zones 7 and 8, a s  

We shall describe a theoretical and experimental in- well a s  9 and 10, a re  separated in pairs by just a nar- 
vestigation of the energy spectrum of ruthenium. Ruth- row spin-orbit gap. This gap vanishes along the line 
enium has the hcp lattice with the parameters a,,, AL and, therefore, degeneracy along this line i s  not 
=2.704 Aandcl,,=4.276 Aat4.2"K(Ref. 1). The lifted. 
Brillouin zone of this lattice i s  a hexagonal prism with 
the parameters a =  1.549 A"= 0.8197 a.u., b = 1.469 A" 
= 0.7773 a.u. The Fermi surface of ruthenium was in- 
vestigated by Coleridge, who used the de Haas-van Al- 
phen effect method in pulsedZ and static3 magnetic 
fields; the linearized muffin-tin orbital (LMTO) method 
was used by Jepsen et aL4 to calculate the energy spec- 
trum of ruthenium under equilibrium volume conditions. 
Figure 1 shows the Fermi surface based on the results 
of Refs. 2-4 and on the calculations reported below. 
The orbit notation in Fig. 1 agrees with the designations 
of the oscillation frequencies in Ref. 3. 

The magnetic-field dependences of the oscillation 
amplitudes for the a orbits3 and of the magnetoresis- 
tance5 indicate the occurrence of magnetic breakdown 
(breakthrough) between the monster and a pocket a ,  
separated by a narrow spin-orbit gap. The resultant 
magnetic-breakdown orbit X is shown in Fig. 1. The 
large parts of the Fermi surface (the monster, squash, 
and plum) have a fairly complex shape, whereas the 
small parts associated with the sections a ,  p, and y are  
very close to ellipsoids, a s  confirmed by the angular 
dependences of the areas of their external sections. A 
calculation of these areas is thus simplified because it 

The seventh energy zone contains two groups of hole i s  sufficient to know the principal axes of the ellipsoids. 
ellipsoids, one of which is located approximately at the 

Measurements of the influence of pressure on the midpoint of the LM line ( p  orbits) and the other sur- 
Fermi surface of ruthenium a re  difficult because of its 

rounds the points L in the Brillouin zone ( a  orbits). 
low compressibility [d(lnv)/dp= -0.317 X kbar"], 

The dimensions of these ellipsoids a re  small and the 
which is almost the same along the hexagonal axis 

associated oscillation frequencies lie within a rarqge [d(lnc)/dp= -0.099 x kbar"] and at right-angles to 
corresponding to (0.3-2.0) x lo7 Oe. this axis [d(lna)/dp= -0.109 x kbar"] (Ref. 6). The 

The eighth zone contains a complex multiply con- 
nected monster surface, which-in the extended band 
scheme-has open directions along the [0001] axis and 
at right-angles to this axis. The frequencies X and w 
a re  associated with the monster surface. 

The ninth energy zone contains a roughly spherical 
electron surface flattened along the [OOOl] axis; this 
surface surrounds the point r in the Brillouin zone and 
it  resembles a squash. The frequencies a, 7 ,  and p are  
associated with this squash surface. 

In the tenth energy zone there is another roughly 
spherical electron surface with a void in its middle; it 
surrounds the point r and resembles a flattened ripe 
plum from which the stone has been removed. The or- 
bits passing on the outer side of the plum a re  asso- 
ciated with the frequencies v and L( and the orbit passing 
inside the void is associated with the frequency y. 

The frequency y i s  of the same order of magnitude as  
the frequencies and p, whereas the other frequencies 
a r e  an order of magnitude higher: they correspond to 
(10-20) x lo7 Oe. 

dependence of the area of the extremal section y in the 
H ll [OOOl] case is7 d(lnS,)/d(ln V') = -1 * 0.1. A short 
note8 reports the results of a study of the pressure de- 
pendence of the extremal section y for the three princi- 
pal directions of the magnetic field and it shows that in 
the H 11 [OOOl] case the value of d(ln~,)/dp= (0.3 k0.02) 
x 10" kbar" agrees with the results of Ref. 7, whereas 

FIG. 1. Fermi surface of ruthenium. 
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in the HA [0001] case this quantity is d(lnS,)/dp= - (0.34 
i0.02) x 10'' kbar". 

1 2. EXPERIMENTAL METHOD AND RESULTS 

We used the modulation method of recording the de 
Haas-van Alphen effectQ in a static field generated by a 
superconducting solenoid. The change in the oscillation 
frequency under the influence of pressure was deduced 
from the phase shift of the  oscillation^'^ 

The apparatus was described in Refs. 8 and 11. 

In view of the low and almost isotropic compressibil- 
ity of ruthenium the phase shift Acp of the oscillations 
a t  pressures transmitted by liquid helium amounted to 
just a few degrees, which was comparable with the er-  
ror in the determination of the phase shift and limited 
the precision of the pressure coefficient d(ln S)/dp to 
-5a. Employing pressures up to 3 kbar transmitted 
by solid helium1* it was possible to increase consid- 
erably the phase shift and, consequently, improve the 
precision of the determination of the pressure coeffi- 
cient. Pressure was established at room temperature 
and the vessel was cooled slowly under constant pres- 
sure until helium solidified; the subsequent cooling oc- 
curred under constant-volume conditions. The reduc- 
tion in pressure a s  a result of cooling of solid helium 
was deduced from the results of Ref. 13 and was mon- 
itored on the basis of the change in the oscillation fre- 
quency of cadmium reported in Ref. 14. In the case of 
ruthenium the oscillation phase for the f i  and y cross 
sections changed by r a t  pressures of 1-2 kbar and a 
further increase in the pressure was pointless. When 
solid helium was used, the error  in the determination 
of the phase shift A(D was S1% and, therefore, the main 
error in the pressure coefficient resulted from inaccu- 
racy of the pressure measurements. 

During slow freezing of helium the oscillation ampli- 
M e  decreased by a factor not exceeding 1.5, compared 
with the oscillation amplitude at atmospheric pressure, 
and was restored completely on reduction in pressure. 
There was no reduction either in the oscillation ampli- 
tude after many cycles in which pressure was increased 
and lowered. All this indicated that the pressure was 
close to hydrostatic. 

Measurements were carried out on ruthenium sam- 
ples @(300 " K ) / R ( ~ .  2 9( 12001 of 0.5 x 0.5 x 5 mm di- 
mensions elongated along the [0001] , [10i0], and [llZ~] 
axes; these samples were clamped rigidly inside the 
channel of a high-pressure bomb thus avoiding the pos- 
sibility of changes in the orientation of the sample dur- 
ing the application of pressure. The oscillations were 
recorded three times: a t  atmospheric pressure, under 
a high pressure, and after removal of high pressure. 
The bomb was subjected to the field of a short-circuit 
superconducting solenoid and the magnetic field scan- 
ning (-500 Oe) was provided by a magnetization coil 
which was not coupled electrically to the modulation 
coil. Energy dissipation in the ohmic resistance of the 
superconducting shunt reduced the magnetic field in a 

0 a5 t o  1.5 2.0 
,a kbar 

FIG. 2. Dependence of the relative change in the area of ex- 
tremal sections of the ellipsoids y and p on the pressure In 
H 11 [l 0 ~ 0 1 .  

short-circuited solenoid at a rate of -3 Oe/h, which 
resulted in a considerable reduction of the "frozen in" 
field during experiments lasting 5-6 h. This reduction 
in the field was allowed for carefully in the analysis of 
the results. 

Oscillations of the susceptibility were recorded a t  
the n-th harmonic of the modulation frequency and the 
value of n was selected to range from 2 to 12 so a s  to 
separate, if possible, the oscillations associated with 
the various parts of the Fermi surface. Similar oscil- 
lation frequencies associated with the sections f i  and y 
(in the Hll [1120] case, these were F,= 1.3 x 10' Oe and 
F,= 1.41 x lo7 Oe) were separated by selecting the mod- 
ulation amplitude only for some orientations of the 
samples; in this case the oscillations recorded on 
punched tape represented a superposition of two fre- 
quencies. An analysis of the results on a computer in- 
volved accurate determination of the phase shift of the 
oscillations at each of the frequencies. 

The pressure coefficients d(lnS)/dp were obtained 
for the sections B and y. The dependence of AS/S on p 
is shown for these sections in Fig. 2 and the coeffi- 
cients for the three principal directions in the crystal 
are  listed in Table I. 

The oscillations associated with the section a are of 
amplitude which is  almost three orders of magnitude 
less than the oscillations associated with the sections 
B and y. This is due to the fact that the section CY may 
be observed only in weak fields a s  long a s  the magnetic 
breakdown between the section a and the monster is 
difficult. The high-frequency oscillations have a simi- 

TABLE I. Logarithmic pressure derivatives [d(ln~)/dp] xloS 
@bar") of extrernal sections. 

Experimental &tn 

APW calculations 

Calculations based on experimental data 

11 1 Sov. Phys. JETP 49(1), January 1979 



I. 0 

11.8 

L 6 

0.4 

11.2 
f T  K T ' M  Z r A A M U L K P  H S ' L  R A  S H 

FIG. 3. Energy 
of ruthenium. 

spectrum 

lar small amplitude but this is  due to the fact that the agreement with the results of calculations of Jepsen et 
fields up to 50 kOe, used in our experiments, are  too a1.: so that we can regard a s  reliable the form of the 
low for reliable recording of the oscillations and their Fermi surface (Fig. 1) deduced from theoretical calcu- 
phase shift under pressure because the orbits asso- lations carried out in the present paper and by Jepsen 
ciated with these sections correspond to very large ef- et aL4 
fective masses (m*/m,-1.2-2.0). 

B. Calculation of the Ferrni level 

3. ANALYSIS OF RESULTS 

A. Calculation of the energy band structure 

As in the work of Kulikov and ~uz'min," the Fermi 
level was determined from 12 representative points in 
the irreducible part of the Brillouin zone; the coordi- 

The energy spectrum of conduction electrons was nates of the representative points were given in Ref. 18. 
calculated by the augmented plane wave (APW) method. Energy was measured from the minimum of the first 
This was done to help in the interpretation of the ex- band. Its value from the MT zero was a s  follows for 
perimental frequency spectra deduced from the de the two selected volumes: E(0) = 0.2875 Ry and E(100 
Haas-van Alphen effect in ruthenium and their pressure kbar)= 0.3122 Ry. 
dependences, and to check the correctness of the Fermi 
surface model. The calculations were carried out for 
two volumes corresponding to p= 0 and p= 100 kbar in 
the case when the compressibility coefficient was lin- 
ear. The large difference between the volumes, com- 
pared with those under the pressures used in our ex- 
periments, was selected so that the changes in the en- 
ergy spectrum exceeded the precision of the calcula- 
tions and made it possible to compare the theoretical 
values of the logarithmic derivatives of the Fermi sur- 
face sections with the experimental ones. The calcu- 
lations were linked to the experimental results at p s  2 
kbar by assuming arbitrarily that the elastic constants 
were independent of pressure and all the changes in the 
areas of the extremal sections were reduced to the 
pressure of p = 1 kbar. The calculations were carried 
out by the Slater asymmetric APW method15 and the 
muffin-tin (MT) potential was formed by superposing 
the ezchange potential in the Slater approximation and 
the screened Coulomb potential. The atomic wave func- 
tions for the electron density calculations were taken 
from the tables of Herman and Skillman.16 The crystal 
potential curves were plotted allowing for the contribu- 
tion of the neighboring atgms in the first 14 coordina- 
tion spheres. 

Expansion of an augmented plane wave in terms of 
spherical harmonics was made using 12 terms (1= 12) 
and the test function was a combination of 37 APW's. 
In both cases the MT radius was calculated from the 
condition of tangency of the MT spheres. 

The calculations were carried out at the high-sym- 
metry points and along the high-symmetry directions 
of the irreducible part, representing 1/24-th of the 
Brillouin zone. The results of calcqlations of the en- 
ergy band structure of ruthenium are presented in Fig. 
3. Qualitatively, the calculated band structure is in 

The precision of determination of the Fermi level E, 

by the APW calculations did not exceed 0.01 Ry, but 
this was sufficient for a qualitative description of the 
Fermi surface. However, such precision was unsatis- 
factory in the calculation of the derivatives with respect 
to pressure, which would agree with the experimental 
data. Therefore, the Fermi energy was determined 
also empirically, namely so a s  to fit best the experi- 
mental results on the section y for field directions along 
the principal crystallographic axes. Then, the selected 
values EJO) and EJP) were checked for all the other 
Fermi surface sections in the ellipsoidal approxima- 
tion. Figure 4 shows the branches of the energy spec- 
trum near the Fermi surface governing the axes of the 
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FIG. 4. Energy spectrum of ruthenium near the Fermi energy: 
a) y ellipsoid; b) p ellipsoid; 0) p = 0; e) p = 100 kbar. The hor- 
izontal lines show the values of EP) adjusted in accordance with 
the experimental data. 
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TABLE III. Fermi energies and their pressure derivatives. TABLE II. Areas of extremal sections S(a.u.) of Fermi surface 
of ruthenium. 

Experimental data 

APW calculations 

Calculations b a d  on experimental data 

j3 and y ellipsoids. The of &do) and CAP) 
were selected in such a way as  to make the areas of 
three sections S, closest to those found experimentally, 
and the values of A S / ~ S  closest to the measured pres- 
sure coefficients; the adjustment was made by the 
least-squares method. 

Table I lists not only the experimental values of 
d(lnS)/dp but also the results of calculations of the 
logarithmic derivatives of the sectional areas with re- 
spect to pressure, found using the energy band struc- 
ture (Fig. 3) and the values of the Fermi energy deduced 
by the APW method (&!)) and by adjustment to the y 
sections (&g)). The absolute areas of the extremal 
cross sections calculated by both methods a re  listed in 
Table 11, together with the experimental data.' It should 
be pointed out that the ellipsoidal approximation for the 
a, p, and v orbits is  rough and, therefore, a compari- 
son of these areas is purely illustrative. For the j3 sec- 
tions lying on other faces of the Brillouin zone and ro- 
tated by 60" about the [0001] axis relative to the prin- 
cipal j3 section, the calculations of S and d(lnS )/dp 
were carried out in the ellipsoidal approximation. 
These sections a re  denoted by p' in Tables I and IL 

Table III gives the Fermi energies E'," and &g), as  
well a s  their pressure dependences. For comparison, 
this table gives the values of -(&o V)/dp, which cor- 
respond to d(ln&,)/dp if the change in E ,  is  entirely due 
to the change in the Brillouin zone volume. 

The data in Tables I and 11 make it clear that the se- 
lected value of &g' agrees with the experimental data 
for all the Fermi surface sections and the dependence 
&g)(p) deduced from the experimental results for the 
section y ensures a satisfactory agreement between the 
calculated and experimental values of d(lnS)/dp for the 
j3 and 8' sections. 

The calculated energy &$) usually gives a slightly 
poorer fit to the areas of the extremal sections and the 
incorrect sign of their pressure dependences. This is 
to be expected because the changes in &$) under pres- 
sure are comparable with the error in the determina- 
tion of c p  from the density of states. 

We can thus see that experimental data on some parts 

APW calculation I a21 ['I 
Calculations b a d  on experimental 
data 

0.23*0.01 

of the Fermi surface along different directions of the 
magnetic field, on the one hand, and calculations of the 
energy spectra for two volumes, on the other, allow us 
to conclude that the model description of the Fermi sur- 
face of ruthenium is  not in conflict with the influence of 
pressure on this surface. A comparison of the theory 
with the experimental data makes it possible to find the 
exact change in the Fermi energy under pressure, which 
follows from this model and which is  difficult to find 
theoretically because of the special nature of the cal- 
culations of the Fermi energy and errors  in such cal- 
culations. 
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discussing the results and A. V. Rudnw for-valuable 
consultations, and also to N. V. Volkenshtein and 
V. E. Startsev for their interest and valuable advice. 

'E. 0. Hall and J. Crangle, Acta Crystallogr. 10, 240 4957). 
2 ~ .  T. Coleridge, Phys. Lett. 22, 367 (1966). 
'P. T. Coleridge, J. Low Temp. Phys. 1, 577 4969). 
40.  Jepsen, 0. K. Andersen, and A. R. Mackintosh, Phys. Rev. 

B 12. 3084 (1975). 
v. E. Startsev. V. P. Dyakina, and N. V. ~olkenshteyn, Pis'ma 

Zh. Eksp. Teor. Fiz. 23, 43 (1976) [JETP Lett. 23, 38 
(1976)l. 

6 ~ .  S. Fisher and D. Dever, Trans. Metall. Soc. AIME 239, 48 
(1967). 

?I. V. Svechkarev. V. B. Pluzhnikov, N. V. ~olkenshtein ,  V. E. 
Startsev, and V. V. Boiko, Phys. Status Solidi B 55, K5 
(1973). 

A. Venttsel', 0. A. Voronov, and A. I. Likhter, Fiz. Met. 
Metalloved. 46, 430 (1978). 

$D. Shoenberg and P. J. Stiles, Proc. R. Soc. London Ser. A 
281, 62 (1964). 

"I. M. Templeton, Proc. R. Soc. London Ser. A 292, 413 
(1966). 

"v. A. Venttsel', 0. A. Voronov, A. I. Likhter, and A. V. Rud- 
nev, Zh. Eksp. Teor. Fiz. 65, 2445 (1973) [Sov. Phys. JETP 
38, 1220 (1974)). 

125. S. Dugdale and J. A. Hulbert, Can. J. Phys. 35, 720 (1957). 
135. S. Dugdale and F. E. Simon, Proc. R. Soc. London Ser. A 

218. 291 (1953). 
14v. A. Venttsel', 0. A. Voronov, A. I. Likhter, and A, V. Rud- 

nev, Zh. Eksp. Teor. Fiz. 70, 272 (1976) [Sov. Phys. J E T P  
43, 141 (1976)l. 

1 5 ~ .  F. Mattheiss, J. H. Wood, and A. Switendick, in: Methods 
in Computational Physics, Vol. 8, Energy Bands of Solids 
(ed. by B. Alder, S. Fernbach, and M. Rotenberg), Academic 
Press ,  New York (1968). p. 63. 

1 6 ~ .  Herman and S. Skillman, Atomic Structure Calculations, 
Prentice-Hall, Englewood Cliffs, N.J., 1963. 

'IN. I. Kulikov and Yu. M. Kuz'min, Izv. Vyssh. Uchebn. Zaved. 
Chern. Metall. No. 9. 113 4977). 

"D. J. Chadi and M. C. Cohen, Phys. Rev. B 8, 5747 0973). 

Translated by A. Tybulewicz 

113 Sov. Phys. JETP 49(1), January 1979 




