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Measurements of the Hall resistivity and magnetoresistance of cadmium and cadmium-zinc crystals in

the residual-resistance-ratio range of 40 000-240, corresponding to a maximum zinc concentration of 1.5
at. %, are reported in the temperature ranges of 1.4-4.2, 9—20, and at 77 K for magnetic ields below 25 kG.
The Hall resistivity is positive for values auv &1, but below 20 K and for aov &1 it can be positive or negative,
depending on temperature and impurity concentration. The results indicate that the concept of a single

static electron scattering time has to be abandoned in the case of reduced phonon scattering. The similarity
between the effects of impurity and pressure on the Hall resistivity is indicated to be compatible with the
concept of intersheet scattering.

I. INTRODUCTION

HE Hall resistivity of cadmium is known' ' to be
positive between 14 and 300 K. In recent studies

of size-dependent oscillatory effects in pure cadmium
crystals, it was found4' that the magnitude of the Hall
resistivity becomes negative below 4 K. Discarding
the oscillatory effects, the magnitudes of the observed
Hall resistivities and their Geld dependence in general
do not agree, even though the purity of the crystals is
roughly of the same order. Neither a systematic investi-
gation nor a general explanation for the differences and
the observed sign reversal at low temperatures has
been published yet. Also, the magnetoresistance de-
viates from the normal pattern. The reduced Kohler
diagram' exhibits a quadratic magnetoresistance for
large cov and less than quadratic for small A&7- values.

Perusal of the published data suggests that the Hall
resistivity is very sensitive to sample contamination
and that the observed differences may have their origin
in small differences in the amount and kind of impuri-
ties. The data suggest further that the effect of such
impurities cannot easily be accounted for by the normal
concept of a temperature-independent impurity scatter-
ing. It cannot be concluded from the available data
whether the observed effects are the consequence of
particular deviations from the general concept of tem-
perature-independent impurity scattering or whether a
more interesting phenomenon connected with the elec-
tron scattering time is involved.
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For these reasons, a systematic experimental in-
vestigation of the effect of impurities and temperature
on the Hall resistivity and the magnetoresistance of
cadmium has been started. Zinc was chosen as an im-
purity. Not only does Zn in Cd presumably leave the
electron/atom ratio (e/a) unchanged, but it has proved
to be a technically favorable element for the preparation
of the dilute alloy crystals starting with a pure crystal.

II. EXPERHNENTAL METHOD

Single-crystal samples of Cd and Cd-Zn were prepared
from a commercially obtained cylindrical cadmium
single crystal of reasonable purity' (2.5 cm in diam
and 10 cm in length). Samples were cut from this source
and planed with a spark cutter (SMC Servomet). The
piece from which the sample slices were cut was ori-
ented by x-ray diffractometry to better than 1'. The
deteriorated layer caused by the spark cutter was re-
moved by reduction of the sample dimensions by at
least 0.2 mm in a solution of dilute nitric acid and
ethanol. The alloys were obtained by the diffusion of
electroplated Zn into such pieces of the pure crystal.
For the electroplating, a solution of ZnC12(220 g/liter)
and NH4C1(268 g/liter) in water proved to be reliable.
Good deposits were obtained in 10—15 min with a dc
current of 15—20 mA/cm', using two zinc anodes (purity
99.999%%) and the sample as the center cathode. The
temperature of the bath was kept within 50—60 C.These
electroplated samples were heated at 200 C in helium
atmosphere for 1 to 8 days, depending on a rough esti-
mate of the Zn concentration needed. The plating was
then etched off and the samples were homogenized at
200 C for a number of days, so that the total time of the
samples at 200 C was 12 days. After this process the
homogeneity of the samples proved to be rather good.
The drop in resistance from room temperature to 4.2 K
of a test sample made in such a manner changed from
467 to 500 when the thickness of the sample was reduced

7 The cylindrical bar of cadmium was obtained from Harshaw
Chemical Company.

E. J. Smith, in Modern E/ectrop/ating, edited by Frederick A.
Lowenheim (John Wiley R Sons, Inc. , New York, 1963) 2nd ed.
p. 396. 7
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FEG. 1.Geometry and dimen-
sions of the 1.13-mm-thick Cd
sample (r=40000). The axis
of the sample is |10$0j, and
I 0001$ is perpendicular to the
plane of the sample.

from 1.0 mm to 0.5 mm. The Cd-Sn sample was obtained
by coating a piece of cadmium crystal with molten tin
using a clean solder iron. The resistance drop of a test
piece of a Cd-Sn alloy changed from 3350 to 3475 when
the thickness was reduced to half of the original thick-
ness. X-ray diGraction checks for some of the alloys
with Zn and the Cd-Sn alloy did not show observable
deviations from the pure single crystal. A test piece of
pure cadmium was also heated at 200 C in helium
atmosphere for 12 days. The observed resistance drop
to 4.2 K did not diGer within the experimental error
from that for the untreated sample. Finally, the samples
were cut in the shape shown in Fig. 1. In addition to a
number of alloy samples prepared in the manner de-
scribed, one sample with a resistance ratio r= R273/Rg. 4

=6917 (Rr is the sample resistance at temperature T)
was cut from a commercially made Cd-Zn alloy 9

In order to keep the samples available for further in-

vestigation, only two samples, having r= 240 and
r=427, were subjected to mass spectroscopic analysis,
which indicated that Zn was present in the amounts of
1.5 at.% and 0.56 at.%, respectively, and that no other
impurities were introduced during the preparation of
the samples.

For the measurements of transverse magnetoresist-
ance and Hall resistivity the samples were mounted so
that the electric current was along [1010j and the
magnetic field along $0001j. Potential leads were
soldered with thermal-free solder (Leads and Northup)
on the arms of the sample as shown in Fig. 1. A con-
ventional cryostat in which the sample was in contact
with the bath was used for the temperatures ranges
1.4-4.2, 9-20, and at 77 K. A regulated power supply
(Lambda LA50-03B) delivered dc currents up to 1.5 A.
Observation of the rotation diagram at 4.2 K made the
adjustment of E~~$0001] possible within 1'. Magneto-
resistances were measured with a five-digit Diesselhorst
Compensator (Bleeker) in combination with a 10 '-0
standard resistor (Otto Wolii Berlin) and a galvanom-
eter (Kipp, type Zc). Hall voltages, resistances (10 ' 0,
and the angular dependence of the magnetoresistance
were measured with a dc microvolt amplifier (Guildline,
sensitivity 10 V) in combination with an X-F re-
corder. The Hall voltages were measured in the usual
manner with successive reversals of current and field
so that the various components of each potential, odd
and even in current and field, could be separated.
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FrG. 2. Temperature dependence of Rz/R273. Impurity concentra-
tions are indicated by the residual-resistance ratio r.

A. Transverse Magnetoresistance

The experimental data on the transverse magneto-
resistance are plotted in a reduced Kohler diagram in
Fig. 3 which is similar to the one reported in the litera-
ture. ' The solid lines in Fig. 3 represent the data for the
pure cadmium crystal. The data points for Cd-Zn alloys
are in general close to this line, but those for the
Cd-Sn alloy taken below 4.2 K seem to deviate con-
siderably. The Kohler plot in the range rzH=10' ko
to 10' ko exhibits a double curvature, with the inversion
being around 3X10' kG. Above 10' kG the slope of the
curve increases from 1.7 to 1.9. Taking the mean free
path" of 1 mm in a sample with r =30 000 and the Fermi
velocity' equal to 1.63)&10' cm sec ', rzE=10 kG
corresponds to car =3.6.

III. EXPERIMENTAL RESULTS

For later comparison the resistance (R)-versus-tem-
perature curves of the samples below 20 K are of in-
terest. They are plotted as Rrzz273(=rr ') against the
measured temperature in Fig. 2. It should be noted
that below 4 K the pure crystal is not in the residual-
resistance range. The insert ln Fig. 2 indicates a drop
in R of approximately a factor of 1.9 between 4 and
1.4 K. In the case of the alloyed crystals, the small
temperature dependence will prove to be of not much
significance for the interpretation of the results.

' The Cd-Zn crystal was obtained from Aremco Products, Inc.
' J. K. Gait, F. R. Merrit, and J. R. Klander, Phys. Rev. 139,

A823 (1965).
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B. Ha11 Resistivity

The Hall resistivity values p» are shown in Fig. 4.
In pure Cd, p» changes sign from negative to positive
at approximately 3.7 K. In Cd-Zn crystals there is a
sign reversal in p» at constant temperature for a certain
field Ho which is larger for higher Zn concentrations. At
higher temperatures p» remains positive. At 77 K p» is
approximately proportional to B and there is no
practical di8erence between the Hall resistivities of the
pure and the alloyed crystals. In Fig. 5, p» taken from
psi(H) curves is plotted for a field value of 20 kG against
the temperature. The variation of Ho for diferent im-
purity contents at 1.4 K is illustrated in Fig. 6.

For pure Cd, psr changes from —700 to 200 (in units
of 10 "0 m) from 1.4 to 5 K followed by a change of
only a factor of 2 in magnitude for the same factorial
increase of temperature from 5 to 20 K. OGhand the
temperature for which p» changes from negative to
positive in a given field varies rather erratically
with impurity content.

From Figs. 4-6 it can be deduced that there is no
obvious relationship between pst and rrH (or ter) This.
is demonstrated more clearly when p» is plotted against
rrH. Figures 7(a) and 7(b) depict pst)0 for 0(rrH
(10 kG and p» for values of rzH up to 4X10' kG,
respectively. From these figures it is indeed clear that a
simple relation between pst and rrH (i.e., rsr) does not
exist at low temperatures in a manner similar to the
Kohler relation for the magnetoresistance. In fact, for
rrH of the order of 10' kG (i.e., ter=36) and T=1.4 K
[Fig. 7(b)] the Hall resistivity is negative for both the
pure sample and the alloys, but the magnitude for
the alloys is larger by a factor of 20. Such a
result might be considered conceivable if the Cd-Zn
alloys were to have e/a larger than that for pure Cd,
as is the case for the Cd-Sn alloy. For values rTB
&3X10'kG (i.e.,

ter�

(1),p» is positive for the Cd-alloy
crystals. The positive values for Cd were also observed
at T&3 K, but below this temperature the small volt-
ages at the low fields ( 0.1 kG) were below the limits
of the sensitivity of the measuring equipment.

At higher temperatures the e8ect of impurities is

very small, as can be seen for the 20 K data in Fig. 7 (a).
The data for Cd-Sn are also fairly well described by the
same curve at 20 K, albeit with consistently slightly
lower positive values.

IV. CONCLUSIONS

From the summarized results as described, the follow-
ing features present themselves:

(1) At temperatures of the order of 20 K and above
pst(H) depends on temperature, but the effect of differ-
ent Zn concentrations has disappeared. An increase in
the e/a ratio, as seen for the Cd-Sn sample, reduces the
positive values of p» to a certain extent. Since at these
temperatures the phonon scattering is expected to be
larger than the impurity scattering, a relatively reduced
effect of impurity concentration is plausible.

(2) Below 4 K there is a clear difference between the
inQuence of impurity and temperature on the magnitude
and the variation of pst. (a) At a fixed temperature, such
as 1.4 K, the sign of p» changes at a field Ho whose
magnitude depends on the impurity concentration. It
is interesting to note that for presumably very pure Cd
a value Ho(2kG has been observed. ' " The product
rHs varies from the order of 13 000 kG (for r =6917) to
5100 kG (for r=427) which corresponds to 4 7)cur.
& 1.8. This crossover field and the pst(H) curves do not
change in that temperature range in which the sample
is in the residual-resistance range. (b) For a given field
the sign reversal occurs for diGerent concentrations at
slightly different temperatures (4-6 K), but for the
sample with the largest Zn concentration (r=240) no
sign reversal occurs up to 25 kG. An increase in e/a
moves this reversal to a much larger temperature.

(3) A representation of the results for pet in terms of
a single r fails.

(4) On the other hand, the magnetoresistance hR/Rs
can be represented by a Kohler diagram with a variation
of m; hR/Rs~H", with st&1 9for rr. H&10 kG and
m=1.9 for above this value. It should be remarked that
the deviation from the Kohler line for the pure Cd
occurs for all samples below 4 K, where cur&1.

The results cannot all be simply explained from the
published properties of the Fermi surface for Cd" ~.

"A comparison is difBcult since the authors (Ref. 5} do not
indicate the purity of the Cd sample in terms of r. The assumption
of higher purity is based on the magnitude of the reported oscil-
latory sects in p».

~ W. A. Harrison, Phys. Rev. 118, 2190 (1960)."M. H. Cohn and L. M. Falicov, Phys. Rev. Letters 5, 544
(1960).

'4 D. F. Gibbons and L. M. Falicov, Phil. Mag. 8, 177 (1963)."J.D. Gavenda and B. C. Deaton, Phys. Rev. Letters 8, 208
(1962)."B.C. Deaton and J. D. Gavenda, Phys. Rev. 136, A1096
(1964)."E.Alekseevskii and P. Gai'dukov, Zh. Eksperm. i Teor. Fiz.
43, 2094 (1962) I English transl. : Soviet Phys. —JETP 16, 1481
{1963)j.

'8 M. P. Shaw, T. G. Eck, and D. A. Zych, Phys. Rev. 142, 406
(1966).

's D. C. Tusi and R. W. Stark, Phys. Rev. Letters)16, 19 (1966l.2' R. W. Stark and L. M. Falicov, Phys. Rev, Letters 19, 795
(1967).
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In any plane J L0001j, cadmium is considered to be a
completely compensated metal. Its positive Hall re-
sistivity can be considered to be a result of a balance
between the electron and the hole contributions when
the hole mass is the lowest. "Indeed, for Cd the mass of
the electrons is larger than the masses of the holes. "~ "
Only closed orbits are possible in these planes. Such
orbits lead to p2~ ~H and AR/EO~H' behavior. Mag-
netic breakdown eGects can occur at the zone boundary
and they have been observed" between the hole surfaces
in the first and second zones above 30 kG. This break-
down will not cause any change in the character
of the hole orbits and cannot account for the sign
reversal in p2i.

It is possible to describe p~~(H, T) curves with the
two-band formalism, ""using the ratios between the
electron and hole concentrations or between their mo-
bilities as adjustable parameters. As the expression for
p2i contains terms of the di8erence between the products
of concentration and mobility, the parameters can be
adjusted to account for the sign reversal. Computer
analysis of the data showed that these descriptive
parameters were inconsistent and, therefore, could not
indicate an acceptable physical interpretation. A more
consistent result was obtained when besides an adjust-
able mobility ratio, a field-dependent scattering param-
eter Lsuch as r '=so '(1+aH)j was introduced. The
shape of the pm'(H, T) curves could be represented
reasonably well and the variation of the coefII.cient a
indicated a more or less consistent temperature and
impurity concentration dependence. The analysis, how-
ever, is not acceptable for several reasons. Not only is
the concept of a field-dependent scattering time in-
compatible with its generally accepted definition, but
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the analysis leads to p» remaining negative at 1.4 K
for B—+~. There is experimental evidence' that Cd
with approximately twice the present r value exhibits
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a psr (Q) curve which at low temperatures bends towards

the p»=0 line at about 13 kG. But if anything, the
analysis indicated that an attempt to find an interpreta-
tion of the observed behavior as an eGect in the relaxa-

tion time rather than as Geld- or temperature-dependent
variations in the carrier concentrations or their mobili-

ties might be more successful. In a preliminary publica-
tion, ~ the concept of scattering between adjacent sheets
of the second-zone hole surface has been suggested as a
possible explanation for the observed behavior of the
Hall resistivity. In a following paper, "a discussion of
this kind of scattering will demonstrate that the ob-

served relations, as reported here and in the literature,
between p» and the parameters temperature, Geld, and

impurity content (with no variation in e/a) can be
derived in a formal manner. This approach requires
the introduction of one adjustable parameter only,
namely, the intersheet scattering time V', the inverse of
which is a measure of the probability for this scattering
to occur. The sign reversal is a consequence of the inter-
sheet scattering. Some discrepancies remain. Though the
deviations from the Kohler relation hR/Re=AH" can
be explained, the reason for the observed change in n
that occurs between low and high aux regions in par-
ticular remains unsolved. Further, the formalism is not
very accessible to a quantitative test. The concept of
intersheet scattering and the result of its formal dis-

cussion, however, suggest the variation of p» with
hydrostatic pressure.

It has been known"" that under sufBcient large

-l00

E
-200

o
'0

cu -300

hydrostatic pressure the Fermi surface of Cd is trans-
formed into a surface similar to that of Zn by the
disappearance of the gap between the adjacent sheets
of the second-zone hole surface. Recent results "
support this. Under pressure a continuous increase of
the second-zone hole surface areas cut by the FEM
plane is indicated. This increase in area would lead to a
smaller gap distance between two adjacent sheets.
Consequently, this ~ould induce an enhanced intersheet
scattering probability and a lower V. The formal dis-
cussion" describes the net p» value as the sum of two
parts: (a) the holelike diiference between the electron
and hole contributions (compensated in number of
carriers but having a hole character because of the
much lower hole mass) and (b) the contribution of the
intersheet scattering which has an electron character
because the scattering results in the occurrence of
electron orbits. In a magnetic 6eld contribution (a)
reaches a maximum for small ao7 and approaches zero
for large ror values, and (b) increases continuously with
~V' for not too large values of co. It is obvious that under
equal circumstances a decrease in V' will shift a psr(H)
curve to higher 6elds. This is what was observed (Fig. 8)
when a pure Cd sample was subjected to a hydrostatic
pressure in an ice bomb. The behavior is similar to the
eBect of an increase in impurity content. Even though
this result has been predicted more by deduction rather
than by direct proof, it seems to be consistent within
the line of thought. The similarity between the effects
of pressure and impurities on the intersheet scattering
is a point of interest and requires further investigation.

As a final conclusion, we are inclined to state that the
present investigation has demonstrated a certain con-
sistency in the behavior of p» in relation to external
parameters and that these relations indicate that the
concept of a single static scattering time may have to be
abandoned for certain special cases. Notwithstanding
the summary character of the formal development of
the concept of intersheet scattering, this concept could
be used for a qualitative prediction of the dependence
of p» on an external parameter which was not considered
in the construction of the formal description.
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FIG. 8. EGect of hydrostatic pressure on p~j,
of a Cd sample at 1.35 K.
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