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Evidence for the existence of an Einstein-type phonon mode in the resistivity of pure cadmium
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(Received 21 June 1978)

.The temperature-dependent resistance of pure cadmium crystals, parallel and perpendicular to the
hexagonal axis, can be described as the sum of three contributions: a term ~ T, a Gruneisen-Bloch term,
and an exponential term dominant for T & 5 K. As suggested earlier by Hsu and Falicov, this term can be
interpreted as an extra scattering contribution due to an Einstein-type phonon mode with 40 & eE & $0 K.

In order to explain an observed' exponential
temperature dependence of the ratio between the
Hall resistivity and the zero-field resistivity in
cadmium in the temperature range 10-40 K, Hsu
and Falicov' (hereafter referred to as HF) pro-
posed that this behavior is caused by an Ein-
stein-type phonon mode with a characteristic tem-
perature 8&. This mode is the result of a rather
complicated weighing of the combination of TA
and TO modes of almost equal frequency that are
constant on a large range in the I' K direction.
Using a simple, workable model of the Fermi
surface, HF succeeded in a semiquantitative
description of the observed relations after the
derivation of electron (v, ) and hole (v~) relaxation
times. Though their computation required the
adjustment of several paramet;ers, it described
the maximum in the Hall resistivity that was ob-
served around 10 K, and also indicated that
42&0~ &48 K, in agreement with the experimental
best-fitting value of 43 K.

An effect of this phonon mode on the resistivity
is to be expected, but the data that were available
at that time were not precise enough to attempt
a quantitative analysis.

New resistivity data' (p parallel to the c axis)
that were obtained with two pure crystals have
been combined for the analysis. The resistance
of crystal Cd-1 (r, « = 7.9x 10'), rr is the re-
sistance ratio between 273 K and T was observed
to vary as ~T' for T &3 K. This was also observed
for a much purer, zone-refined crystal Cd-2
(r, , K

= 15.2 x 10') with the difference that a change
of slope was observed around T= 1.3 K. This

affects the error in the determination of the
residual resistance at 0 K for this crystal. Since
for crystals of this purity the residual-resistance
value is negligible with respect to the temperature-
dependent part of the resistance h,bove, say 5 K,
the data for Cd-1 for 1.2 & T & 9 K were combined
with those for Cd-2 for 10 & T ~ 25 K.

The high precision in the data below 10 K are
obtained by an experimental method that has been
described before. 4 Below 9.5 K the precision in
the resistance values is better than 0.0190, for
higher temperatures it is 0.2%. Temperatures
were read within 0.2%, so that the quantity of
interest, p/T', is precise within 1.2% over the
temperature range in consideration. The error
in the absolute value of p is determined by the
choice of the ice-point resistivity p~~= 7.73 pQ cm
p, =6.35 pQ cm, taken from the literature. '

The temperature-dependent part of the resis-
tivity is plotted in Fig. 1. A maximum at T
= 9.5 K is preceded by a low-temperature branch
varying as T ', which corresponds to pc(-T'.
Similar data have been plotted in Fig. 2 for a
previously measured crystal' with p perpendicular
to the c axis (p, ). For this crystal, r, „=1.75
X 10' and the measurements, in particular those
of the temperature, were less precise. Apart

. from the spread in the data, the bebavior to p
is similar to that of p~~. It is appropriate' to ana-
lyze the p(T) relation in the two-band approxima-
tion:
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FIG. 1. Temperature-dependent part of the resistivity
for two crystals grown parallel to the hexagonal axis
plotted as p T 5 vs T. The drawn curve represents the
result of a numerical analysis, in which the scattering
by an Einstein-type phonon mode is incorporated.
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FIG. 2. As Fig. 1, but for a crystal grown perpendicu-
lar to the hexagonal axis (Ref. 6). The drawn curve is
the same as in Fig. 1. The curve marked B-G repre-
sents the contribution by the Bloch-Griineisen term.

.[~,(6./T)] [p~,(6,/T)]»
z,(e,/T) +pz, (e„/T) (2)

in which (HF) P = (kz,a/kz~a)'(m„/m, )'=0.189,
wherein the ratio between electron and hole sur-
face dimensions equal 2 and m„/m, = —,', , 6,
=105 K, and 0„=77.6 K.

The plot of pT ' vs T ' results for T ~ 3 K in a
straight line n,T '+ n, (E(T), with n, =3.08,
x10 ' 0cmK and ~,=3.89x10 ' 0 cmK. '. This
indicates additative scattering. It is interesting
to note that adding a term proportional to T' in,
either v, ' or v~' in (1) does not yield positive
values for n, . Addition to both ~ ' expressions
and weighing the hole contribution with the factor
p (for which there is no argument) yields, within
1% or 2/o, the same values for n, and n, . This
is then a consequence of the practically constant
values of the integrals J,.

In the case of the exponential term the factor P
can be absorbed in its unknown coefficient n,
when, as suggested by HF, this term should only
be added into 7 „'. In the temperature region
where this term dominates, the contribution by
the term proportional to T ' is small, but not
negligible compared to the BG term. However,
neither an asymmetric nor a symmetric addition
of the exponential term in r, ' and v~' in (1) leads
to real or consistently positive values for this
contribution. A "series" addition is then the
simplest to consider even though no physical or
mathematical argument can be given for this ap-
proach. The difference between the measured
data pT ' and the sum of (2) and n,T ' should then
yield values for n,T '[exp(6~/T) —1] '. Below

Expressions for 7,' and 7 „' are given in PF, and
they consist of an impurity term, a Bloch-Gru-
neisen term, and the term for the newly introduced
scattering, ~ [exp(6~/T) —1] '. In the following
we will omit for the pure crystals the temperature-
independent impurity term. Furthermore, in order
to account for the observed maximum in the Hall
coefficient (HF) introduced a nonisotropic con-
tribution by the Einstein mode, namely, in 7„
only. Substituting HF's expressions for 7, ' and
7'„" in (1), one can then attempt to find from the
measured data values for the coefficients in the
formal expressions that represent the three dif-
ferent scattering processes.

Some simplifications present themselves. For
any eE &30 K, the contribution of the exponential
is negligible for temperatures below 3 K. Also,
below T = 5 K, the integrals J,(6/T) which de-
termine the Bloch-Gruneisen contribution decrease
only of the order of 3/0 towards lower tempera-
tures. ' In the two-band approximation the Bloch-
Griineisen (BG) term can be written
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= 10 K this corresponds to o.,T 'exp(-6s/T) and
one finds 0~=44.27 K with n, =V.50x10 'QcmK '.
This result was obtained for 3.4 & T & 8 K (in
which range n, [exp(6~/T) —lj ' increases by a
factor 2.2x 10') for 11 data points and a correla-
tion factor of 0.99994.

Notwithstanding the spread of the data for the
case p„the rise up to the maximum and the lo-
cation of the maximum are in agreement with
the measured data. At higher temperatures the
analysis underestimates the resistivity parallel
to the c axis. On the other hand, the agreement
at higher temperatures is astonishingly good in
the case of p~. It is known" that the anisotropy
in the electrical resistivity (p,~/p ) and the thermal
resistivity (w „/w, ) decreases drastically below
T = 23 K and T = 10 K for the electrical and thermal
cases, respectively. These results, combined
with those of the present analysis, lead to the
suspicion that the large ani. sotropy in these trans-
port quantities is caused by an extra, as yet un-
accounted for scattering for transport parallel
to the c axis above, say, 10 K.

Though we have demonstrated without any physi-
cal argument that a contribution of scattering by
an Einstein-type phonon mode exists with a eE in
agreement with HF results 42 &e~ & 48 K and in
agreement with the previously reported result
(42.9 K) on the ratio R/p, the analysis is by no

means conclusive. In particular there is the dis-
crepancy that it was impossible to find this con-
tribution numerically through its incorporation
in 7 „' as required in the analysis by HF.

It should be noted that the eventual existence
of this mode is a property of the Cd and not due
as reported recently, to the addition of impurities
having less mass. " The observation is to be con-
sidered as another example" of the effect of
umklapp processes by a particular phonon mode
at low temperatures. The occurrence of the term
proportional to T', which seems to be impurity
dependent, is difficult to explain without more
data.

The behavior below 1.3 K for very pure ma-
terial has to be investigated experimentally, also
more precise data for p are needed. The un-
fortunate circumstance that further investigation
by the author is not possible was a justification
for the publication of these, as yet incomplete
results.
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