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Accurate measurements of de Haas-van Alphen effect amplitudes in mercury show,
for the first time, departures from guasiparticle behavior. The departures arise from
the influence of the electron-phonon interaction.

The controversy relating to the influence of the
electron-phonon interaction on the de Haas-van
Alphen (dHvA) effect has an interesting history.
%ilkins and Woo' first demonstrated that the
cyclotron effective mass which appears in the
thermal damping factor will be renormalized by
the electron-phonon interaction. In addition to
this, however, Palin' anticipated that the Dingle
factor, ' which embraces the effect of electron
collisions, might also contain a term proportion-
al to 1', such as affects the line shape in Azbel-
Kaner cyclotron resonance, ' and that such a term
would lead to significant departures from the
origina. l theory of Lifshitz and Kosevich' (LK) in
the amplitude of dHvA-effect oscillations. Sur-
prisingly, however, even for the most favorable
metal in this respect, namely mercury with its
low-lying phonon mode(OD-21 K) and strong
electron-phonon coupling, no such departures
were observed. ' This unexpected result was ex-
plained by Engelsberg and Simpson' (ES), who
showed that the effect of electron-phonon interac-
tions could be incorporated in the oscillatory part
of the thermodynamic potential by replacing, at
a certain state, the noninteracting single-particle
electron energies by the noninteracting ener gy
plus full electron-phonon self-energy. Their re-
sult, which is an extension of earlier work by
Fowler and Prange, ' indicates that, with regard
to the amplitude of the dHvA effect under acces-
sible laboratory conditions, the departures from
the LK theory are expected to be small, even
for mercury, and are not inconsistent with the
experiments of Palin. ' This result is sometimes
interpreted as being due to a cancellation between

changes in the mass-renormalization and elec-
tron-phonon scattering rate. However, Engels-
berg' has shown that this description is not com-
pletely valid and has interpreted departures from
LK as being the result of a failure of the quasi-
particle approximation. The same problem, how-
ever, has also been discussed by Gantmakher'
who claims that Palin's apparently null result
follows from a "classical" calculation of elec-
tron scattering in a magnetic field in the pres-
ence of electron-phonon interactions. The pur-
pose of this Letter is to present new experi-
ments on dHvA amplitudes in mercury, under
conditions rather more favorable than those of
Palin, in which, for the first time, we have ob-
served departures from quasiparticle behavior.
Aside from underpinning the theory of the elec-
tron-phonon interaction, these results, we be-
lieve, have implications for the experimental in-
vestigation of other many-body effects in metals
using the dHvA effect.

Prior to discussing the experimental results
we shall comment briefly on the theory of ES in
order that the optimum experimental conditions
for observing the effects might be appreciated
and also that, in what follows, we may compare
theory and experiment. According to ES, the en-
tire effect of electron-phonon interactions is con-
tained in a term, A„, for the amplitude of the
rth harmonic of the dHvA effect so that

A„= &exp((- 2nr/h(u, )[u)„+ t;((u„)g,

in which ~, is the cyclotron frequency (= eB/m, ),
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i;(&u„) is the full self-energy & evaluated at the imaginary frequencies g (i&u„) such that f(e„)=iZ(i&a„)
and where the ples, +„, of the Fermi function are defined by ~„=(2n+1)~ksT. Averaging over the
shole Fermi surface, "L(&u„,T) is then given from the theory of the electron-phonon interaction by'

dv2 n'(v)E (v)
&

m 2' l 0 sl')
c V V

l"-y

The behavior of Eq. (1) in various limits has been
discussed by both Mueller and Myronii and by
Engelsberg. ' At both high temperatures and as
&,-0, only the first pole, +„contributes ef-
fectively to the summation. From Eq. (2), f(~„T)
=~0&k'BT, with ~0, the electron-phonon renormali-
zation constant, given by

m
0

DE~

2n'(v)F (v)

O V

so that in this limit Eq. (1) reduces to the I.K
form' with m, renormalized to m, *. The limit-
ing behavior at high fields and low temperatures
is less easy to discern. While P is not itself
field dependent, with increasing field an increas-
ing number of terms become effective in the sum-
mation in Eq. (1). If in Eq. (2) (2&l kBT/v) -1 at
the highest values of I (=n) which contribute ef-
fectively to the summation in Eq. (1), then de-
partures from quasiparticle behavior and hence
from the LK theory will ensue. Inspection of
Eqs. (1) and (2) shows that larger departures
are favored by small effective masses, low char-
acteristic phonon frequencies, and large values
of n'(v)F(v). The P orbit in mercury" is possibly
the most favorable case of all.

Single crystals of high-purity" mercury were
grown in the cryostat by slow cooling (0.2 K min ')
through the melting point. Subsequently they
were rotated to bring the direction 24' from (100j
in the trigonal-bisectrix plane parallel to the
magnetic field, at which orientation the P fre-
quency, which derives from a hole orbit situated
at the (110j Brillioun-zone faces, has a minimum
value of both dHvA frequency (E = 74 T) and cy-
clotron effective mass (m, *=0.15m,). Experi-
ments were performed using the low-frequency
field modulation technique. Dictated partly by
use of a torque magnetometer, Palin's experi-
ments were performed at a rather less favorable
orientation for which E= 88.5 T and m, *=0.18m„
with hindsight the effects sought would have been
substantially diminshed because of this. Finally,
using a minicomputer coupled to the experiment,
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FIG. 1. Dingle plots showing the field dependence of
the fundamental (e) (~ =1) and second-harmonic (0)
(r =2) components of the dHvA-effect amplitude for the
P orbit in mercury. In the ordinate, V„ is the appro-
priately normalized signal voltage. The full lines cor-
respond to the LK theory, and have a common intercept
in view of the fact that the spin factor, cos(xvrgm */
2mo), in this case takes the value (-1)"(see Ref. &4).
The broken lines refer to the predictions of the Es the-
ory as explained in the text. A 1Vo change in the dHvA-
effect amplitude is also indicated.
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the field and temperature dependences of the am-
litudes and phases of the harmonic components
of the dHvA effect have been accurately deter-
mined.

The experimental results are given in Fig. 1 in
the conventional form of a Dingle plot for both
the fundamental (r =1) and second harmonic (r =2)
of the dHvA effect. In this case the experiments
were performed at T =2.1 K over the field range
-1-5 T. At the lower fields (J3 ~ 2 T) the results
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for the fundamental term show quasiparticle
(linear) behavior, the @olid line corresponding
to the LK theory for a Dingle temperature of 0.15
K and with m, *=0.152m„as determined from
the temperature dependence of the dHvA effect at
the lowest fields. At higher fields, however, the
observed dHvh amplitude is seen to diverge from
the predictions of the LK theory. At 5 T the meas-
ured amplitude exceeds the LK value by 8o. For
the second-harmonic component, however, the
experimental results show no departures from
quasiparticle behavior within the experimental
uncertainty of - 19o.

It is interesting to compare these results with
the predictions of the ES theory which we have
computed using, for o. '(v)+(v), the data of Mc-
Millan and Rowell. " The results is shown in
Fig. 1 by the broken lines and is seen to be in
very satisfactory agreement with experiment.
The small discrepancy may well in part be due
the form of n'(v)F(v) which we have used in the
analysis, which corresponds to an "average"
over the Fermi surface and may not therefore
be finite appropriate for the P orbit. It is evident
from an inspection of Eqs. (1) and (2) and from
Fig. 1 that departures from the LK theory will
be less pronounced with increasing harmonic in-
dex, &. That the experimental results repro-
duce this feature is convincing evidence of their
validity and indicates that the present observa-
tions cannot be attributed to crystalline defects
or to phase smearing arising from sample strains.

An interesting observation is that the gradients
of the Dingle plots for the first three harmonics
of the dHvA effect are not in the LK ratio of 1:2:3
but rather 1:(1.44+ 0.09):(1.43+ 0.23). (For r =1,
only observations made for B&2 T are included. )
Using for rn, ~ the value of, 0.152m» determined
from the temperature dependence of the dHvA-
effect amplitude of the fundamental over the tem-
perature range 1.2-3.8 K at 1.5 T, this yields,
for & =1, 2, and 3, apparent Dingle temperatures
of 0.151+0.004, 0.109+ 0.007, and 0.072+ 0.015
K, respectively. We note that magnetic interac-
tion effects, which could in principle influence
harmonic amplitudes, are quite negligible under
the present experimental conditions. This be-
havior is not understood, but further experiments

on the temperature dependence of dHvh effect
amplitudes will clarify this point and allow a
closer comparison with the ES theory.

The present experimental results have thus
shown, for the first time, that the influence of
the electron-phonon interaction leads to depar-
tures from the LK theory in the field dependence
of dHvA-effect amplitudes. The theory of ES is
in very satisfactory agreement with these depar-
tures from quasiparticle behavior. This work
suggests that careful attention to dHvA amplitudes
may well prove to be a useful tool in the experi-
mental investigation of other many-body effects
in metals, such as, for example, the electron-
paramagnon interaction.

We are indebted to Professor E. Mueller for
supplying computer programs for the evaluation
of the ES theory and for informative discussions.
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knowledged.
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