
ing microscope, the needle is also "stepped" along the sur-
face of the sample under computer control, but the motion
along Z occurs exclusively under the control of a feedback
system which maintains a constant tunnel current—without
any significant withdrawal along Z.

These examples illustrate the completely unusual capa-
bilities of research methods using scanning tunneling mi-
croscopy, scanning tunneling spectroscopy, and versions
thereof which will be of decisive importance for making
progress in all branches of the physics and technology of
surfaces.

FIG. 2.

turned out to be impossible to scan the needle along the sur-
face of the sample in a study of substances of this type, since
they become covered by a nonconducting layer 100-200 A
thick, apparently because of a loss of some of the oxygen.
The needle is immersed into the surface layer in order to
achieve a tunneling contact. In the experiment, the needle
was moved in the following way: After a measurement at
some point, the needle was withdrawn from the sample
along Z; a step was made along X; and then the needle was
brought back up to the sample along Z at the new measure-
ment point. In the standard operation of a scanning tunnel-
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V. G. Vaks, S. P. Kravchuk, and A. V. Trefilov. Micro-
scopic theory of anharmonic effects in alkali and bcc alkaline
earth metals. Anharmonic effects in the dynamics and ther-
modynamics of metals are important to their high-tempera-
ture properties, in the physics of soft modes, and in other
phenomena. So far, we have little in the way of quantitative
data on anharmonic effects, and the theoretical predictions
are frequently uncertain and contradictory.1'2 Alkali metals
are some of the most convenient objects for a study of anhar-
monic effects, and there are several indications that the na-
ture and relative scale of the anharmonic effects (e.g., near
the melting point Tm ), are identical in these and other met-
als. This suggestion is supported, in particular, by our calcu-
lations for alkaline earth metals. Consequently, the calcula-
tions of Refs. 1-5 and the experiments of Refs. 6-9 for alkali
metals may also be regarded as sources of information on the
general features of anharmonic effects in metals.

The following anharmonic effects have been studied in
detail in Refs. 1-5 on the basis of the pseudopotential model
developed previously, which permits an extremely accurate
description of the properties of alkali metals (see, for exam-
ple, Ref. 10 and the bibliography there):

1. anharmonic frequency shifts Aco,(T) = co,(T)
— cOj (0) and an anharmonic phonon damping1 F,(T);

2. the effect of pressure on anharmonic effects and the
temperature dependence of the Griineisen parameters,3

Yi{ T)= - d In cot (T)/d In V;
3. The third-order elastic moduli4 cijk and the tempera-

ture dependence of the second-order elastic moduli5 c{j (T);

4. anharmonic effects in thermodynamics2—in the free
energy, the heat capacity, the thermal expansion, etc.;

5. anomalies in anharmonic effects for "soft" phonons
associated with martensitic phase transitions.I>3

The calculations of Refs. 1-5 showed that anharmonic
effects are dominated by soft phonons (in the bcc metals
under consideration here, near the transverse branch 14, i.e.,
TA! [ 110]). This seems to be a general property of anhar-
monic effects in crystals with soft modes.l! The form and

FIG. 1. The Griineisen parameters y, for the £4 and G, phonon branches
in bcc alkali metals. The lines are theoretical.3 Dashed line—Potassium,
T= 0; solid line— T= 299 K. The points are experimental. 1—Potas-
sium,9 T= 4.2 K; 2—sodium,6 T= 295 K.
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TABLE I. Relative frequency shifts <5,, the damping 77,, and the Griineisen parameters y, of phon-
onsat T=Tm

Phonon

?;•
5

10" «?"(Tm)

K

-10
-2.2
-1 .8
-8:4
21

Ba

- 7
-0 ,8
-1.7
-6,2
24

Ca

- 9
0.3

-1 ,8
-7 .3
41'

Sr

-11
1,7

-2 ,3
-9 .7
98

io'n,(rm)

K

6,2
5.8
4,8
7.7

36

Ca

5.1
5,7
6.8
5.5

45

E

1.3
1.3
i;5
0,9
0 3

Ba

1.5
1.5
1.6
1.1
0.5

Ca

1.6
l.S
1.7
1.4

-0 .6

Sr

1.7
1.4
1,8
1.8

-14

scale of the anharmonic effects are different in the cases of
soft phonons and other ("normal") phonons. The frequen-
cies cOi of normal phonons fall off with increasing T, and the
values of <5, = Ao,(7V<y,(0), 77, = T, (D/w, (0) and
Ay, (T) = Yt (T) -Yi(0) are small. At T = Tm, for exam-
ple, we have <5, = - (0.1 -0 .15 ) , 77, = 0 . 0 5 - 0 . 1 and
by. = 0.1 - 0.2. For soft TA,(£,£,0) phonons with
£ = qa/27r>0.2, on the other hand (a is the lattice constant
of the bcc lattice), we see the following: a) The frequencies
a>(0,T) do not fall off with increasing T. They instead in-
crease (as is typical of soft modes associated with a phase

monic effects to the heat capacity Cp made it possible, in
particular, to distinguish the contributions of equilibrium
lattice defects from the observable values c"p and to use this
information to estimate the vacancy formation energy Eu

and entropy Su. Estimates carried out2 under the assump-
tion of small values SlvSl have yielded small values
E lv =0.15-0.2 eV. In microscopic calculations'2 carried
out in the same model, however, values E lv = 0.25-0.35 eV
were found, and the values of S1

 lv, according to the estimates
in Ref. 12, are again not small: Su = 3-4. These values of
Ely and 5 l v (not small) agree both with estimates found

transition1'; the transition here is from a bcc phase to a close- from C'xp and with other experiments.2

packed phase—hep, fee, or R9). b) The Griineisen param-
eters Yi f^l off sharply with increasing T (Fig. 1). c) The
relative damping 77, is significant at temperatures T which
are not low. For example, we find 77, (Tm ) —0.3-0.4.

Prediction a) has been confirmed experimentally6"8 for
Na and Li. Some extremely small values off, have also been
observed for short-wavelength TA^ phonons at room tem-
peratures T in Na; specifically, values smaller than those at
low T in K by a factor of two or three have been observed
(Fig. 1). Since all the phonon properties of Na and K are
similar,1"5'10 these data apparently also confirm prediction
b), although it would of course be desirable to see some di-
rect measurements of the 7, (T) dependences. We might add
that the sharp dependence of the values of <5, and 77, of soft
modes on the volume V which was found in Ref. 3 (and
which was also manifested at large values of dyt/dT) points
out the importance of the electron-ion interactions, the con-
tributions of the band-structure energy, and the properties of
the soft modes. Specifically, in a purely ionic lattice we
would have (5,•, 77,• ~ V ~'/3; i.e., these properties would vary
very slowly with V.

The calculations of Ref. 4 of the moduli cijk (the coeffi-
cients of UiUjUk in an expansion of the free energy in the
strains u,) yield values of their ratio to the ordinary moduli
ctj in the range cijk /ctj = 2-4. For a shear strain u corre-
sponding to long-wavelength TA, phonons, however, the re-
sult cuuu /cuu = — (20-30) is found. This result reflects the
small size of the energy barrier along u and the tendency of
the crystal toward a corresponding phase transition. The
high-temperature asymptotic behavior for the shear moduli,
c,j(T) ~ct — Tc-,, sets in even at very low temperatures,
7"<0.1 TD, where Tn is the Debye temperature.5 The reason
is a governing contribution of soft phonons to these anhar-
monic effects. This result shows that the presence of a cu (7")
dependence of this sort, which is characteristic of many met-
als and alloys, may indicate the presence of soft modes.

The calculations in Ref. 2 of the contributions of anhar-

Recent measurements13 1S indicate similarities in the
phonon spectra of bcc alkaline earth and alkali metals. In
this connection, the model and methods of Refs. 1 and 3 have
been used to calculate A<u,, F,, and yt in bcc, Ca, Sr, and Ba.
The results are summarized in Table I, where 8™
= [A3(D + Af(D ]/cai: (0); A3 and A* are the contribu-
tions of three- and four-phonon processes to the frequency
shift (found in Ref. 1); and the values of Tm for K, Ba, Ca,
and Sr are 337, 998, 1112, and 1045 K. We see that the rela-
tive scale of the anharmonic effects is similar in K and Ba,
while it increases in the series Ba-Ca-Sr, reflecting the de-
crease in the stability of the bcc phase in this series. We also
see that the soft-mode anomalies in the anharmonic effects
which we discussed above, a)-c), are expressed even more
vividly here, and the Griineisen parameters y( N4 ) in Ca and
Sr are negative at T = Tm. We might note in this connection
that large negative values y( = — (30—40) have been ob-
served for soft acoustic phonons associated with martensitic
phase transitions1718, in Nb3Sn and In-Tl alloys, so a sharp
anharmonic decrease in yt may be characteristic of a wide
class of soft modes associated with phase transitions.
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