
(1972)l. 
6 F. I. Wegner, Phys. Rev. B5, 4529 (1972). 
'E. Brezin, M. I. Le Guillou, and I. Zinn-Justin, Phys. Rev. 
D8, 2418 (1973). 

'A. T. Berestov, Zh. Eksp. Teor. Fiz. 72, 348 (1977) [SOV. 
Phys. JETP 45, 184 U977)l. 

'v. L. ~okrovskir,  Pis'ma Zh. Eksp. Teor. Fiz. 17, 219 
(1973) bETP Lett. 17, 156 (197311. 

"s. V. Fomichev and S. B. Khokhlachev, Zh. Eksp. Teor . 
Fiz. 66, 983 (1974) kov. Phys. JETP 39, 478 (1974)). 

"A. T. Berestov, Candidate's Dissertation. Inst. of - 

Physicotech. and Radio Measurements, USSR Acad, Sci. 
1977. 

"A. T. Berestov and V. M. Malyshev, in: Issledovaniyaj 
oblasti termometricheskikh i teplofizicheskikh izmerenii pri 
nizkikh temperaturakh (Research on Thermometric and 
Thermophysical Measurements at  Low Temperatures), ed. 
D. N. Astrov, Trudy VNIIFTRI, No. 32, 1977, p. 91. 

M. Himmelblau, h o c e s s  Analysis by Statistical Methods, 
Wiley, 1970. 

"A. V. Voronel', V. G. Gorobunova, V. A. Smirnov, N. G. 
Shmakov, and V. V. Shchekochikhina, Zh. Eksp. Teor. Fiz. 
63, 964 (1972) [SOV. Phys. JETP 36, 505 (1972)l. 

M. Malyshev, Materials of the Sixth All-Union Conf. on 
Calorimetry, Tbilisi, Metsniereba, 1973, p. 549. 

16v. M. Malyshev and E . L. Sorkin, Izmeritel'naya tekhnika 
No. 5, 68 (1974). 

"M. A. Anisomov, S. R. Garber, V. S. Esipov, V. M. 

~ a m n i t s k i i ,  G. I. Ovodov, L. A. Smolenko, and E. L. 
Sorkin, Zh. Eksp. Teor. Fiz. 72, 1983 (1977) [SOV. Phys. 
JETP 45, 1042 (1977)l. 

'%. A. Anisimov, B. A. Koval'chuk, V. 6 .  Rabinovich, and 
V. A. Smirnov, in: Teplofizicheskie svoistva veshchestv i 
materialov (Thermophysical Properties of Substances and 
Materials), Izd. Standartov, Moscow, No. 12, 1977, p. 140. 
'%I. A. Anisimov, A. T. Berestov, L. S. Veksler, B. A. 

Koval'chuk, and V. A. Smirnov, Zh. Eksp. Teor. Fiz. 66, 
742 (1974) [SOV. Phys. J E T P  39, 359 (197411. 

2 0 ~ .  R. Golner and E. R. Riedel, Phys. Lett. A58. 11 (1976). 
"H. D. Bale, B. C. Dobbs, I. C. Lin, and P. M. Schmidt, 

Phys. Rev. Lett. 25, 1556 (1970). 
"A. T. Berestov and S. P. Malyshenko, Zh. Eksp. Teor. Fiz. 

58, 2090 (1970) kov. Phys. JETPSI,  1127 (1970)l. 
2 3 ~ .  Barmatz and P. C. Hohenberg, Phys. Rev. A6, 289 
(1972). 

'*v. P. Voronov, Candidate's Dissertation, All-Union Res. 
Inst. of Physicotech. and Radio Measurements, 1974. 

2 5 ~ .  C. Reid and T. K. Sherwood, Properties of Gases and 
Liquids, McGraw, 1966. 

A. Anisimov, A. M. Evtyushenkov, Yu. F. Kiyachenko, 
and I. K. Yudin. Pis'ma Zh. Eksp. Teor. Fiz. 20, 378 
(1974) b E T P  Lett. 20, 170 (197411. 

''M. E. Fisher and R. I. Buford, Phys. Rev. 156, 583 (1967). 
"s. Greer, Phys. Rev. A14, 1770 (1977). 

Translated by J. G. Adashko 

Effect of pressure on the Fermi surfaces of the dioxides 
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For the study of the properties of transition-metal dioxides it is important to know their electronic 
structure and the dependence of the latter on the lattice parameters. An investigation of the de 
Haas-van Alphen effect under pressure can yield these data. We measured the change of the size of the 
sections of some parts of the Fermi surfaces of single crystals of MOO, and WO,, whose Fenni surfaces 
are similar. 

PACS numbers: 7 1.25.H~ 

The e lec t r ic  and magnetic p roper t i es  of the oxides of 
t ransi t ion metals1 are governed by a complicated sys -  
t e m  of relatively narrow ( less  than 1 eV) closely lying 
and partially overlapping electron bands connected with 
the d- levels  of the metallic ions and preserving a r a t h e r  
distinctly pronounced d c h a r a c t e r  in the crystal l ine 
state.2 This  leads t o  a definite s imi la r i ty  of the i r  e lec-  
tronic spectra .  

The s t ruc ture  of the d band in transition-metal oxides 
should be  quite sensitive t o  the change of the inter-  
a tomic dis tances and of the lattice symmetry .  This  
manifests  itself in  a tendency to formation of dis tor ted 
c r y s t a l  s t ruc ture ,  and in the role that s m a l l  displace- 
ments  of the a toms  and the formation of the dis tor ted 
s t r u c t u r e  play in  the mechanism of the metal-insulator 
t ransi t ion in  a number of oxides (V,O,, VO,, NbO,).' F o r  
the s a m e  reasons  one should expect the p roper t i es  of 

the oxides to  b e  sensi t ive to the la t t ice  deformation that 
is produced, in  part icular ,  by  hydrostat ic  p ressure .  In 
fact ,  a r a t h e r  s t rong  influence of p r e s s u r e  on the 
metal-insulator t ransi t ion tempera ture  in V,O, w a s  
observed in Ref. 3. However, analogous experiments4 
on VO, have shown that the influence of p r e s s u r e  on the 
metal-insulator t ransi t ion in th i s  oxide is much weaker. 

In  oxides that retain metal l ic  conductivity a t  liquid- 
hel ium tempera ture ,  the influence of p r e s s u r e  on the 
electronic  charac te r i s t i cs  c a n  b e  investigated in con- 
s iderable  detai l  by measuring the shape and dimensions 
of the F e r m i  sur face  (FS). So f a r ,  however, no such 
experiments  were performed on any oxides. We repor t  
h e r e  the r e s u l t s  of such a n  investigation on the metal l ic  
oxides MOO, and WO,, whose F S  a t  zero p r e s s u r e  w a s  
investigated quite in  detai l  before.518 Since MOO, and 
WO, have the s a m e  dis tor ted rut i le  c r y s t a l  s t r u c t u r e  as 
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VO, in the dielectric phase, the results can be com- 
pared with the above-mentioned data for  VO,. 

MEASUREMENT PROCEDURE AND SAMPLES 

We investigated the influence of hydrostatic pressure 
up to 12 kbar on the oscillation frequency in the de 
Haas-van Alphen (dHvA) effect. We used for this pur- 
pose the modulation method of observing the dHvA ef- 
fect: and a low-temperature chamber of the type de- 
scribed in Ref. 8 to obtain hydrostatic pressure, using 
an oil-kerosene mixture a s  the pressure-transmitting 
medium. The modulating and receiving coils were lo- 
cated inside the high-pressure chamber. The unbalance 
signal of the receiving coils was transmitted through a 
matching transformer (to increase the signal/noise 
ratio), and through a filter that suppressed the funda- 
mental-frequency signal a t  185 Hz, to a second-har- 
monic detection circuit. 

The chamber was made of heat-treated beryllium 
bronze with outside and inside diameters 18 and -4.5 
mm, respectively. The pressure in the chamber was 
produced by a press a t  room temperature, and prior 
to pouring in the helium the chamber was cooled slowly 
(-12 hours) in the cryostat to nitrogen temperature. 
The pressure in the chamber was determined a t  helium 
temperatures from the temperature of the supercon- 
ducting transition in indium, recorded by a magnetic 
method. The pressure measurement accuracy was 
k0.1 kbar. 

The measurements were performed in a field up to 
80 kOe, produced by a superconducting solenoid, at a 
temperature 1.5 K. The solenoid was calibrated by the 
NMR method, and the field was next determined by 
measuring the current through the solenoid. The dHvA 
oscillations for each value of the pressure were re- 
corded in a single passage in one and the same field 
interval and a t  the same field scanning rate. Despite 
the presence of a "frozen-in flux," the calibration of 
the solenoid has shown that this procedure yielded field 
values from 15 to 80 kOe reproducible within better than 
lo-=. 

The MOO, and WO, single crystals were irregular 
polyhedra measuring -2 mm with natural faceting in 
which, a s  a rule, the (100) plane was very well pro- 
nounced, so  that the samples could be se t  accurate to 
i3 '  relative to the field direction. 

The measurements were made on three MOO, samples 
with resistivity ratios p(290~)/p(4.2K) =1000,480 and 
400 and on two WO, samples with p(290K)/p(4.2K) =500 
and 110, such that in certain orientations the measure- 
ments were repeated with different samples. The re- 
sults for the different sample agreed within the limits 
of er rors .  

MEASUREMENT RESULTS AND DISCUSSION 

The dependence of the dHvA oscillations on the pres- 
sure was measured with the magnetic-field direction 
in the symmetry plane (010) in MOO, for the three di- 
rections [loo], [101], and [OOl], and in WO, for the two 
directions [loo] and [1011; in addition, measurements 

0 kbar 
X Z  

I45 kbar 
I 

FIG. 1. Typical plots of Moo2 osciUations at HI1 [loo] and at 
various pressures. Upper-prior to application of the pressure, 
middle-P = 10.5 kbar, lower-after removalof pressure. The 
numbers on the right indicate the pressures and the factors 
that reduce the oscillation amplitudes to a single scale. 

on MOO, were made in the direction [2lrl outside the 
symmetry plane. Oscillations with sufficiently high 
singal/noise ratio were observed in the field interval 
15-80 kOe, the number of oscillations in this interval 
being 100-300. The e r r o r  in the measurements of the 
oscillation frequency was -0.1%. At zero pressure, 
our results agree with the data of Refs. 5 and 6. 

Figure 1 shows by way of example oscillation trains 
for an MOO, sample a t  H1)[1001 and a t  various pressures. 
Following a complete measurement cycle (pressure in- 
crease followed by a decrease) the amplitude of the low- 
frequency oscillations changes little, while that of the 
high-frequenc y oscillation decreases somewhat. 

Figures 2a and 2b show the measured frequencies 
F ( P )  as  functions of the pressure a t  H1)[101] for two 
sections of the FS of MOO,-small and large, desig- 
nated in accord with Ref. 5 a s  a,-MOO, and a,-Moo,. 
Figures 2c and 2d show similar results for WO,. 
Notice must be taken of the nonlinearity of some of the 
F ( P )  curves, beyond the e r r o r  limits. The initial 
slopes were used to determine the values of dlnS/dP, 
which a r e  listed in the .table for all the FS sections mea- 
sured by us. Figure 3 shows in an easily visualized 
form all the results obtained in the (010) plane. 

From the presented data (see the table and Figs. 2 

-..- - 310ts of F( P )  for 
x 2  and at res- 
of Mo02 (a ,b)  
] and W 0 2  at 

H11[1001 (c ,d) .  

FIG. 2. Plots of F ( P )  for 
sections a2 and at res- 

1.37 
pectively of Mo02 (a ,  b) 

1.36 at Hll[lol] and wo2 at 
~11[1001 (c ,d) .  

I. 580 

0.660 
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TABLE I. Baric coefficients of the extremal 
sections (dlnS/dP) lo4, kbar-'. 

*The symbols for the sections a r e  the same 
as in Ref. 5. 

8 orientation 

and 3) it follows quite definitely that the volumes of the 
small closed parts of the Fermi surfaces of a,-MOO, 
and a,-WO, increase with increasing pressure. Un- 
fortunately, the data obtained by us for the a,~MoO, 
and a,-WO, surfaces do not give any indications of the 
signs of the volume changes. We note also that, from 
among the investigated magnetic field direction, a 
noticeably large value of dlnS/dP is observed for [101]. 
This anisotropy may be due to the effect of the pressure 
on the atom displacement that determines the distorted 
rutile structure of the two investigated oxides. 

11tn1 

[OUl] 
[loll  

[211J 

A direct comparison of our results with those of the 
investigation of VO, under pressure is, of course, im- 
possible. However, the increase observed by us in the 
volumes of the Fermi surfaces of type a, in MOO, and 
WO, can be set  in correspondence with the conclusion 
that the band overlap in VO, increases under p r e ~ s u r e . ~  
The weak pressure dependence of the metal-insulator 
transition temperature in VO, can also be set  in cor- 
respondence with the small changes of the extremal 
sections of the Fermi surfaces of MOO, and WO, (-0.1% 
per kbar) in our experiments. 

The following arguments can also be advanced con- 
cering the values of dlnS/dP: the unit cell of MOO, is 
more stretched along the a axis and more compressed 
along the body diagonal than that of WO,. The FS of 
WO, has a smaller volume than MOO,, and under pres- 
sure it approached, s o  to speak, the volume of the FS 
of MOO,. It can therefore be assumed that the principal 
role in the formation of the conduction bands is played 
by the overlap of the diagonal orbitals. The same re- 
sult was obtained also in the calculationsg of the elec- 
tronic structures of MOO, and WO,. 

5 * i  5 

i.6*2 
24*5 
i.8*2 

It should be noted finally that the substantial difference 
between dlnS[OOlj/dP and dlnS[lOlj/dP for the small part 
of the FS of MOO, shows that its shape can differ sub- 
stantially from an ellipsoid. 

FIG. 3. The frequencies in the (010) plane a re  presented in 
polar coordinates in units of 10' G. The solid and dashed lines 
correspond to the dHvA frequencies of MOO, and WO,, res- 
pectively. The length and direction of the arrows show the 
relative value and sign of the baric coefficient of the section in 
the given direction. 

2..'r*? 
- 
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In connection with the metallic properties of WO, and 
MOO,, the question ar ises  of the possible supercon- 
ducitiity of the two oxides under pressure. In addition, 
polymorphism i s  possible. We have therefore mea- 
sured the electric resistance of WO, and Moo2 a s  a 
function of pressure up to 80 kbar a t  room temperature, 
a s  well a s  the temperature dependence of this resis- 
tance a t  P =80 kbar in the helium-temperature region.') 
A monotonic decrease of the resistance in the isotherms 
was observed, in accord with the assumption that the 
band overlap increases. In the isobars a t  T 3 1.8K, 
we observed no resistance jump to indicate supercon- 
ductivity in these oxides. 

l"l%e electric resistance of Mooz and W02 under pressure was 
measured together with M. A. n'ina, to whom the authors 
a re  deeply grateful. 
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