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In this note we consider several effects that occur for all metals whose electronic
spectrum satisfies the following two requirements: (i) Several groups of conduction electrons
belonging to different energy bands correspond to the same energy €. (ii) A line of de-
generacy points Py at which el(po) = eg(po), exists in quasimomentum space (1 and 2 dencte
the numbers of the bands, €1,z(P) are the dispersion laws).

The surfaces €l’2(P) = € corresponding to this type of spectrum are made up of two
cavities belonging to different bands and having a single common point po(e) (el(po) = €2(po)
= €). The equal-energy surface near PO has the form of an elliptic cone. If the vector
E = ﬁ/H lies inside the solid angle made up by the normals to the cone surface, then the
section of the equal-energy surface by the plane p, = const is closed. At small values of
the difference I5P§l = lpé - pog(e)l (pog(g) = po(e)E), the intersection area S(e, Pg) and
the effective mass m* = (2n)'1(as/8€)P , which determines the conduction-electron Larmor

frequency Q = eH/m*c, take the form:
S(6Pg) = R(D(pg=—pogl )% mle, pg) =RUE) (pg ~PoglN) /mvgle),

dpoé:

vl >
de
(the dimensionless constant R(£) = 1, and the concrete form of R is immaterialj vg(e) is of
the order of the characteristic velocity vo). These formulas are due to the specific nature

of the dispersion law near the degeneracy point:

€1,2(p) =¢,(p,) +A8ptV(BSp) 24(C8p) 2, (A, B, C,=v,, 8p=p-p
As seen from (1), M* > O linearly when Py * Do

The vanishing of the effective mass is the basis for the effects considered in what
follows.

Before proceeding to further investigations, we note first that the occurrence of the
line of degeneracy points can be due to certain symmetry properties of the crystal lattice of
the metal., This "forced" intersection of the bands occurs, in particular, for all metals
which have a nontrivial screw axis or a glide plane [1]; examples are metals with close
hexagonal packing (Zn, Mg, Cd, etc.). It can be shown that the degeneracy along the line is
stable, i.e., it is not lifted at small lattice deformations. It follows therefore that the
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so-called "accidental degeneracy,’ which is not connected with the symmetry properties, is
characteristic of many metals.
Since the kinematic mometum components pc and p are not commuting operators in a

-

magnetic field, the uncertainty principle (APCAPH > o= (efil)/c, 7, ;LZ)precludes presence of
stationary states for which I&pgl << ¢%/2. Vmen 6p€ ~ ¢1/2 the classical approach is no
longer valid, and a quantum analysis is needed for the investigation of the dynamics of an
electron in a magnetic field. Using the method formulated by the author in [2,3] *), it can
be shown that near the conical point the spectrum is determined by the well known quantiza-

tion rules of I. Lifshitz and Onsager:

SCe,pg) =o(n+ 1/2), n=1,2... (2)
£a(Pg) =¢olpg) s v V2a(a+1/72). (2a)

In (2a) it is assumed for simplicity that the cone is circular and that H is parallel to the

cone axis.

According to (1), (2), and (2a), the distance between neighboring levels (Aen =€ 1 o

2
- €, p ) increases for small 6p§, by a factor ‘/€o7hQO >> 1 over the "usual" distance (the £

b4

order %f which is ﬁﬂo), viz., Aen A2 v001/2 = ,/eohno (QO and €, are the characteristic fre-

quency and energy). Anomalously large values of Aen make resonance absorption of an alter-

nating field with frequency w =~ 10%° - 1011 sec™ (wr >> 1, T = relaxation time) possible in
; (1) 2.2 -3 -1 **)

very weak fields H > H = (fic/e) (w /VO) = 1072 - 1071 oe . In cyclotron resonance the

magnetic field H, as usual, should be parallel to the surface of the metals. It follows from

{2a) that the "resonant" values of H, corresponding to the minimum absorption, are determined

by the equation

h‘“ifmm,p ~€n,per Hnrri ——————— /( \,/1n+n+1/2 -y ;N2
R :

where n and r are integers and m is the resonance multiplicity. To observe gquantum resonance
oscillations it is necessary that the interval between resonant frequencies ﬂn = Aen/h be
larger than or of the order of 1/t. 1In our case, when the frequency is w = 101° - 101 em™2
this requirement imposes an upper bound on H: H < u(2) = H(l)wﬂ ~ 1072 - 107 Qe, i.e.,
u(1) SHSZ 1(2) | As the magnetic field decreases from H(2) to H(1), the value of H and the
amplitude of the hf field may become commensurate; in this case nonlinear effects set in and
introduce additional irregularity in the dependence of the surface impedance Z on H.
Nonmonotonic behavior of the high-frequency impedance has by now been observed in a
number of metals at fields H= 1 Oe [4]. However, these oscillations have not yet been un-
ambiguously interpreted, since a similar dependence of Z on H may be due not only to quantum
effects with small masses, but also to purely classical mechanisms. At any rate, our ana-
lysis shows that observation of guantum cyclotron resonance in very weak magnetic fields is
perfectly realistic. (A more detailed quantitative study of resonance phenomena in weak

fields will be the subject of a separate article).
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In strong magnetic fields (H = 10° - 10* Oe) the existence of degeneracy points p

(sm.) o

appears on the smooth part X ot the diamagnetic susceptibility of the metal. As is well

known, X(Sm') is determined by the spectral region in which S(e, p§)=0 end is proportionsl to

the characteristic Larmor frequency value. In this case we have Q > = when S(e, pé) = 0,

(sm.) (sm.)

and this should lead to an appreciable growth of X An exact analysis yields for X 5

the following formula when T = O

eh dpo 37] o 1
X(Sm) - /\_e_ (=) 1/2 f__:__g_,/ (2zh)2; A= .__1_2 3 _375,
c cH S (Pof) 23/ 2=14_-

(&)

. . d2s
57 (S e
de?

The integration in (4) is along the line of degeneracy points. As shown by (%), X(Sm') in-
creases by a factor ~/567%55 ~ 102 compared with the usual case; attention is called to the
appearance of an inverse-square-root dependence on H. Similar anomalies in the behavior of
the smooth part of the diamagnetic susceptibility were observed recently in many metals [5].

The effects considered here can serve as one method of observing the degeneracy lines
in electron spectra of metals. Another method is to investigate the interband magnetic break-
down that occurs when the magnetic field is situated outside the solid angle made up by the
normals to the surface of the cone.

The author is grateful to I. M. Lifshitz for valuable discussions.
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This method is closely related to the solution of the magnetic-breakdown problem
The values of H at which one can neglect the level smearing due to the finite life-
time of the quasiparticle is bounded from below by the condition H >> (ﬁc/e)/VSTE ~ 107% e

with 1 = 1079 sec).
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