The sign of current carriers in MoO,
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Variations in the extremal sections of different parts of the Fermi surface (FS) in MoO,, resulting from a
substitution of part of the Mo atoms (~0.1%) by donor (Re) or acceptor (V) impurity atoms, have been
detected. For these impurities, the variations in the sections of each part of the FS were opposite in sign and
uniform for different orientations of the magnetic field. The signs of the current carriers on different parts of
the FS were determined from the signs of the variations in the volume elements bounded by these parts of the

Fs.

PACS numbers: 71.25.Hc, 71.55.Ht

Previously''? it was shown that MoO, is a compensated
metal and the anisotropy of the extremal sections of its
Fermi surface (FS) was studied in detail. In order to
construct a model of the FS for MoQ,, it is also neces-
sary to have information concerning the sign of the cur-
rent carriers on different experimentally observed
parts of this surface. The present work, which should
be viewed as a continuation of Ref. 2, is concerned with
this problem.

A well-known** method was used in this work in or-
der to determine the sign of the current carriers on dif-
ferent parts of the FS. The essence of this method re-
duces to the following. When MoO, is doped with a small
quantity of a donor or acceptor impurity, the electron
and hole parts of the FS change their volume in accor-
dance with the type of impurity, and this change can be
revealed by the change in the extremal sections of these
parts when studying the Landau quantum oscillations®'2,

Monocrystals of pure and doped MoO, were grown us-
ing the method of transport reactions®®. Reand V, lo-
cated in the periodic table to the right and left of Mo,
respectively, were chosen as the donor and acceptor
impurities due to the close similarity of the crystal
structures of the dioxides MoO,, ReO,, and VO, (Ref. 7).
In growing the monocrystals of doped MoQ,, part of the
initial batch was replaced by an amount of Re or V,0;
that would yield ordered solid solutions of composition
Mo,., (Re or V),0, (Ref. 8). The growing conditions
were the same as when growing monocrystals of pure
MoO, with the largest resistance ratio y at room and
liquid-helium temperatures (RRR) (Ref. 6).

In order to verify indirectly that Re or V atoms re-
place Mo atoms, the quantity ¥ was measured for sev-
eral specimens from each of the ampules (5 to 10 sam-
ples) using the setup described in Ref. 1 and the four-
contact method, and the average value (y~!) was com-
puted for each ampule. Doped monocrystals were grown
in identical ampules and the weights of the initial batch-
es were also equal. Figure 1 displays (') as a func-
tion of the amount of impurity in the initial batch. The
linearity of this dependence indicates, on the average,
that the impurity content in the doped monocrystals is
proportional to the amount of impurity in the batch. The
impurity content of the doped monocrystals in itself was
not measured. Typical dimensions of the doped mono-
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crystals were 2X1X0.5mm. Asa rule, both the pure
and the doped monocrystals had a well-developed (100)
face and one or several (111) faces, which allowed the
samples to be easily oriented in the apparatus.

The change in the extremal sections of the FS for
doped MoO, in comparison with pure MoO, was deter-
mined from the change in the frequencies of the Landau
quantum oscillations of the surface impedance of the
sample, as in Refs. 1 and 2, but, in order to increase
the sensitivity, the method of recording the oscillations
differed from the previous method''? and consisted of
the following. The sample was placed in the field of a
coil of a parallel tank circuit tuned to the frequency of a
high-frequency oscillator, which was connected with the
tank circuit through an active resistance several times
greater than the equivalent resistance of the tank cir-
cuit at resonance. In such a circuit, the phase of the
tank circuit voltage depends on the impedance of the
sample. As the constant magnetic field applied to the
sample was varied, the derivative of the phase with re-
spect to the magnetic field was recorded by a modula-
tion technique with the help of a Ch7-5 frequency com-
parator, which functioned as a phase multiplier. The
measurements were carried out in a magnetic field up
to 75 kOe, created by a superconducting solenoid, ata
temperature of 1.4K, oscillator frequency 1 MHz, and
a modulation frequency 380 Hz.

The change in the oscillation frequencies as a result
of doping turned out to be small (~0.1-1%). For this
reason, it was necessary to make highly precise mea-
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FIG. 1. The average value (y-1) for several samples from
each ampule of doped MoO, as a function of the amount of im-
purity p in the initial batch: e —Re, O-V,0;. The anomalous
point, apparently, corresponds to a disruption of the growing
regime.
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surements of the magnetic field. When determining the
field by measuring the current through the solenoid, the
appearance of a “frozen-in flux™® destroyed the rela-
tionship between the field and the current, which in
many cases led to total uncertainty in the measured ef-
fect of the doping; the frozen-in flux always arose to
one extent or another when the sign of the rate of change
of the current through the solenoid changed. In order to
avoid this, the field was measured with a low-tempera-
ture Hall-sensor, and the oscillations were recorded,
as a function of the pickup field. The sensor was placed
directly next to the sample.

As is well-known,!® the calibration of most low-tem-
perature Hall sensors varies from one cooling-heating-
cooling cycle to another. While determining the solenoid
constant (field to current ratio) with the help of the set-
up described in Ref. 11, which allowed NMR measure-
ments of fields that differed by equal amounts, up to
the largest field values, it was noticed that the “frozen-
in flux” does not occur when the current is fed once
slowly (< 0. 05 kOe/s) to the solenoid after the solenoid
is cooled. We calibrated the Hall sensor against the
current through the solenoid by this method each time
at the beginning of the measurements.

The sample was glued to a special holder. Remount-
ing the sample ledtoanerror in determining the oscilla-
tion frequencies not exceeding * 0.02%.

The amplitude of the oscillations in the doped samples
decreased significantly, so that at first the measure-
ments were performed for several samples doped with
Re and V with the magnetic field oriented along the [100]
direction, since it was established experimentally that
for this field orientation the amplitude of the oscilla-
tions . was a maximum in all parts of the FS. The os-
cillation plots that were useful for analysis, i.e., that
had a sufficiently high signal-to-noise ratio, were ob-
tained with doped samples having ¥ > 60-70, for which
the order of magnitude of the upper bound of the impur-
ity content was estimated at 0.1% by weight, while at
the same time, the amplitude of the oscillations de-
creased approximately by an order of magnitude in
comparison with the amplitude for the pure sample, for
which y = 420. Table I displays the results of the mea-
surements and the characteristics of the samples. As
these measurements have shown, doping with donor and
acceptor impurities leads to changes of opposite sign
in the oscillation frequencies.

Next, for sample No. 1, measurements were per-
formed with several orientations of the magnetic field
in the (010) symmetry plane. The amplitude of the os-
cillations was greatest for this sample, apparently be-
cause of its perfect crystalline structure. The results of
these measurements are presented in Table II and in a
graphic form in Fig. 2.

In interpreting our results, we did not perform any
calculations, so that only a qualitative discussion is
given.

As a result of doping, generally speaking, both the
FS volume and the FS shape change. For small amounts
of impurity, there are basically three reasons for this

996 Sov. Phys. JETP 51(5), May 1980

TABLE 1. Changes (in %) of the oscillation frequencies for
different doped samples at H || [100].
Branches*
Sample | Impurity in v
number | the batch g a c
1 4mgV,05 | 118 0.42+0,03 0.29+0.03 ~0.10+0.05
2 | smevios |29 | 046006 033+008 | -016+0.06
3 5mgV,05 | 68 0.460.06 0.360.08 ~0.10£0.06
4 4mgRe 65 -0,53£0.06
5 4mgRe 95 ~0.82+0.03 —0.48+0.05

*The branches are labelled in the same manner as in Ref. 2.

effect. The first of these is connected with the rigid-
band model'? and consists of a change in the way the
bands are filled on doping. In this model it is assumed
that doping does not change the electron spectrum.
Conversely, the second reason is connected with the
change of the spectrum itself upon doping, i.e., with the
fact that doped MoOQ, is in a certain sense a substance
different from pure MoO, (Ref. 13). The third reason
follows from the change in the carrier density due to
the change in the volume of the unit cell.

The volume of the unit cell of MoO, was measured in
Refs. 8 and 14 as a function of the concentration of the
impurities V and Re, respectively. There was no no-
ticeable change of volume at concentrations ranging
from zero to several percent, and since the amount of
impurity in the doped MoO, in this work did not exceed
0.1% by weight, we will not attribute our results to a
change in the unit-cell volume.

In the rigid-band model, all dimensions of each indi-
vidual part of the FS either increase or decrease upon
doping, whereas a change in the form of the spectrum
can cause a nonuniform change in these dimensions. In
this work, since the impurity concentrations are small,
we assume that the FS-dimensions change correspond-
ing to the rigid-band model is greater than that result-
ing from the change in the spectrum. This assumption
proved to be justified in many studies (for example, in
Ref. 13) for good metals, while for semimetals of the
bismuth type the rigid-band model, in general, turned
out to be sufficient for describing the changes in the FS
as a result of doping.* The compound MoO,, in which
the carrier concentration constitutes ~ 1072 per mole-
cule,! can be more easily regarded as a semimetal than
a good metal. In our case, it would have been possible
to look for a change in the spectrum by observing a
deviation from proportionality in the ratio ASacm*
= (27)19S/2¢ under the condition that the anisotropy of
the contribution of this effect differs from the aniso-

TABLE II. Changes (in %) in the oscillation frequencies for
sample No. 1 at different orientations of H in the (010) sym-
metry plane.

Angle between H and [100]

Branches*

30° (1201]) 60° (1101]) 87° 153°

a 0.29+0,03
b —0.33+0,03

c —0.24+0.04
d —-0.27+0.03

e 0.18+0.02

g 0.20+0,04 1,22+0.02 0.35+0.01 0.48+0.03

*The branches are labelled in the same manner as in Ref. 2.
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FIG. 2. The signs of the changes of the oscillation frequencies
for a MoO, sample doped with an acceptor impurity. The mag-
netic field is oriented along the (010) symmetry plane.

tropy of the effective masses, but, unfortunately, we
have no data on the anisotropy of the effective masses
in the (010) plane. The values of the masses in this
plane were measured only for the direction [100]. For
these values, myJ = (0.98x 0.10)m, and m,; = (0.48
+0.05)m,, and the ratios AS/m* agree within the limits
of the measurement error.

Thus, the fact that the changes in the oscillation fre-
quencies on the a, g, and ¢ branches in Fig. 2 are of
the same sign leads to the conclusion that introduction
of an acceptor impurity into MoO, increases the volumes
of the parts of the FS that correspond to the @ and g
branches and therefore these are electron parts while
the part that corresponds to the ¢ branch decreases in
volume and, for this reason, is an electron part. The
closeness of the values of the oscillation frequencies
for the a and e branches and the equal sign of their
change by doping support the assumption, stated pre-
viously,? that the e branch belongs to the same part of
the FS as the a branch. Branches b and d, apparently,
also originate from one part of the FS. The arguments
in support of this supposition are as follows. When the
magnetic field is oriented at an angle of 47.5° relative
to the [100] axis, the oscillation frequency between b
and d branches changes jumpwise in a very narrow
range of angles, ~0.1°, and the signs of the changes in
frequency in these branches as a result of doping are
the same (Fig. 2). This is an electron part and, there-
fore, the assumption stated in Ref. 2 that the b and d
branches stem from the same part of the FS as branch
a is not supported. The possibility that the branches
¢, b, and d are related to the same part of the FS has
not been excluded.

Let us make the following remark.!’ It is interesting
to compare the results of the present work with the data
concerning the effect of hydrostatic pressure up to
P = 12kbar on the FSof MoO,, as obtained in Ref. 15.
In the reference indicated, the baric coefficients $™'dS/
dP of the changes of the frequencies of the de Haas-van
Alphen oscillations were measured for various orien-
tations of the magnetic field, of which two, namely,
[100] and [101], coincide with the orientations of the
field in the present work. For these orientations, the
signs of the baric coefficients coincide exactly with the
signs of the changes in the oscillation frequencies as a
result of doping with an acceptor impurity, and the ra-
tios of these quantities are equal within the limits of
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the measurement error. The exception is the d branch,
for which this ratio is four times greater.

The equivalence of the effects of hydrostatic pressure
and doping with an acceptor impurity on the electronic
properties of the oxides of transition metals was also
observed by studying another effect, namely, their in-
fluence on the temperature of the metal-insulator V,0;.
The curves representing the dependence of this temper-
ature on the pressure and amount of the Ti impurity co-
incide when an appropriate choice of scale is made.!®
Some reasons for such an equivalence for V,0; were
given in Ref. 17 and consist of the following. Since the
Ti* ion has only a single d-electron, while V** has two
such electrons, the addition of Ti to V,0; must lead to
some increase in the average positive charge of cations
in the lattice, if it is assumed that the d-electrons of
the cations are collectivized. An increase in the posi-
tive charge of cations should lead to a “compression”
of the oxygen octahedrons within which the cations are
located, i.e. produce an action equivalent to the action
of hydrostatic pressure. From this point of view, the
addition of Cr to V,0; must be equivalent to the appli-
cation of a negative pressure, as is verified experi-
mentally by applying a compensating positive pressure.

Finally, we make one last remark. MoO, is a com-
pensated metal, and the compound must retain this
property under hydrostatic pressure. For this reason,
the signs of the baric coefficients for the g, a, and d
branches, corresponding to the hole and electron parts
of the FS, respectively, should seemingly also be the
same. It is surprising that the d branch has the oppo-
site sign. It is likely that this circumstance could be
explained by the large anisotropy of the variation with
pressure in the corresponding part of the FS, asa re-
sult of which the sections corresponding to the d branch
decrease with pressure, although the total volume of
all electron parts of the FS increases. The anomalous-
ly high ratio of the baric coefficient to the change in the
oscillation frequencies as a result of doping for the d
branch likewise supports this proposition.

In conclusion, the author would like to express his
deep gratitude to E. P. Vol’ skii for his help with and
constant interest in this work and for discussions of the
results, to V. F. Gantmakher for helpful discussions,
and also to L. A. Klinkova and E. D. Skrebkova for their
painstaking work on growing doped monocrystals.

DThis remark was made by E. P. Vol’skii while discussing
the results of the present work.
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Translated by M. E. Alferieff

The thermodynamics of liquid He® is investigated in the vicinity of the line of the phase transitions into the
superfluid state. Neglecting the weak dipole-dipole interaction, renormalization-group equations that describe
the evolution of the effective coupling constants in the critical region are derived. It is shown that these
equations have no stable fixed points, so that the superfluid phase transitions in liquid He’ should in principle
be of first order. Computer solution of the renormalization group equations has established that allowance for
the interaction of the critical fluctuations can lead in a number of cases to a reversal of the sign of the
difference of the free energies of the phases 4 and B, i.e., to expansion of the region of thermodynamic

stability of one of the two superfluid states. Specifically, fluctuation stabilization of the Anderson-Morel phase

should be observed in He’.

PACS numbers: 67.50.Fi

1. INTRODUCTION

In the present paper we investigate the influence of
the critical fluctuations of the order parameter, which
correspond to superfluid phase transitions in superfluid
He®, on the structure of the phase diagram of this Fer-
mi liquid. It is known that below 2. 6mk and in the ab-
sence of an external magnetic field liquid He® can exist
in one of two superfluid modifications (see, e.g., Ref.
1). Both modifications were described theoretically
back in the early sixties, i.e., long before they were
experimentally observed. The first to attract the at-
tention of the theoreticians was a phase characterized
by an anisotropic gap in the spectrum of the elementary
excitations;? it is presently known as the A phase. This
was followed by the development of a theory of the su-
perfluid state with isotropic gap, the B phase,’® and the
basis for the observation of the structure of this phase
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was the fact that in the weak-coupling approximation the
B phase has a lower free energy than the A phase.

The discovery, after ten years, and identification of
the anisotropic superfluid state of liquid He® (Ref. 4)
have cast doubts on the applicability of a theory of the
BCS type in this case.® To explain the experimentally
observed thermodynamic stability of the A phase in a
definite range of temperatures and pressures, Anderson
and Brinkman went beyond the framework of the weak-
coupling approximation and took into account the renor-
malization of the vertex due to the exchange of the spin
(noncritical) fluctuations.® It turned out that paramag-
non exchange does indeed stabilize the phase A, and al-
lowance for the sixth-order invariants in the expansion
of the free energy explains, at least qualitatively, the
structure of the phase diagram of liquid He® as a whole.®
We recall that this diagram contains two superfluid sec-
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