Resistivities of rubidium and potassium at helium temperatures

B. N. Aleksandrov, O. I. Lomonos and E. D. Semenova
Physico-technical Institute of Low Temperatures, Ukrainian Academy of Sciences

(Submitted September 6, 1972)

Zh. Eksp. Teor, Fiz. 64, 576-581 (February 1973)

The resistivities of Rb and K are measured between 1.6 and 5.1 K for samples of various
purity (Ro/Rage=1.1X10"2-1.2x 1072 for Rb and Ro/Rae = 5.7X 10"*=1x 10" for K). It is
found that the relative resistivity of Rb can be described by the formula & = 5,+AT* for
T = 3.3 K. With increasing temperature, the dependence of 5 on T decreases and tends
toward 5(T)=BT® at ~5 K. For K, the resistivity can be described by the equation

8T =5, +AT® through the helium temperature region.

INTRODUCTION

On the basis of the recently published researches of
MacDonald et al.,'*”? it has been considered as estab-
lished that the Bloch law (p~T®) is observed for all
alkali metals at low temperatures, and the resistivity
law p~T® at helium temperatures has been observed
only in Na. In these researches, the dependence of p
on T for Rb has been studied in the temperature range
1.5-20 K on a sample having & =po/ngo* =(1.8-3.2)

x 10721 and in the interval 2.7-5K on a sample having
60=2.63x107>."2) In the first paper, it was shown that
p~T*?® in the temperature range 1.8-3 K and p~T*"*
in the range 4.5-20 K. In the second, it was reported
that p~T® in the temperature range 2.7-5 K. It was
shown in the same studies that for potassium the Bloch
law is observed in the temperature range 4 K=T=T7K
on samples with §,=(2-7)x 1073,

With the availability of purer metals, the possibility
arose of a more thorough study of the temperature de-
pendence of resistivity. Quite recently, it was shown
that for Cs with 8, =1.1x107* the resistance p~T® at
1.6=T=5.16 K (and not p~T®),"* and for potassium
with 8 =(1.2-1.7)x10"* p~T*™" for 1.5=T=<5.2 K and
p~T" for 2<T=4.5 K. Thus, different authors observed
two strongly differing dependences of p on T for
potassium in the same temperature range for metal
samples with almost identical 80. All this suggests that
the dependence of p on T in alkali metals at low tem-
peratures is far from completely understood. Therefore,
just such an investigation is of great scientific interest,
since it offers an opportunity for scrutiny of singulari-
ties in the scattering of conduction electrons in alkali
metals. Unfortunately, theory cannot yet predict this
dependence completely (especially at low temperatures);
and much space is therefore devoted to experimental
studies.

Since impurities heavily mask the true scattering
inherent to metals of high purity, it is therefore of in-
terest to study carefully the dependence of the resistivity
p on T for metals as their chemical and physical
purity increase, i.e., with decreasing residual resis-
tivity po. Our purest Rb has a value of & ~1x1073,
i.e., smaller by a factor ~2.5 than in MacDonald et al.!?!
The value 5 ~1x10"° for Rb can be regarded at the
present time as the lowest for Rb.!? If it is taken into
account that for Rb the Debye temperature is very low
(©~60 K), then a decrease of 5, by a factor of 2.5
should measurably facilitate establishment of the actual
character of the electron scattering at helium tempera-
tures (from 0 to 5 K), in which the resistance of our Rb
changes by a factor of about 2. OQur potassium samples
were, to judge from their 6, 3.5—-4.5 times dirtier than
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those of Tsol and Gantmakher'® and Ekin and Maxt'ield,[s]
but 4-12 times purer than those of MacDonald et al.'*2!
Therefore, it was of interest to make clear the tempera-
ture dependence of p for potassium with an intermediate
value of 5.

EXPERIMENTAL RESULTS AND THEIR
DISCUSSION _

The temperature dependence of resistivity of five Rb
samples and three K samples was measured in the range
1.6-5.2 K, as was described previously.m The resis-
tance was measured by a potentiometric method using
an R-348 compensator with a circuit sensitivity of
5% 10 V. Rubidium and potassium of purity ~99.99%
were contained in glass capillaries of diameter 0.5 and
1.2 mm and length 22 and 45 mm, into which were sealed
potential and current leads in the form of platinum or
molybdenum wire (of diameter 0.3 and 0.5 mm, respec-
tively), as had been done previously for cesium.” The
measurement current at helium temperature was equal
to 3 A, and at room temperature, 65 mA, The maximum
error of a single measurement of relative resistivity
oT = RT/Rzgo* , for the purest sample of Rb, No. 4,
amounted to 0.1% at 5 K and 0.15% at 1.6 K, while for
sample No. 1, it was 0.17 and 0.3%, respectively. The
error of a single measurement for the purest sample of
K amounted to 0.2% for the entire range of helium
temperatures.

Both pure metals wet glass very well; therefore,
upon cooling from 17° C to 4.2 K mechanical stresses
appeared in them. To remove these, the samples were
maintained at a temperature of 77-100 K for two days.
At these temperatures, which are close to the tempera-
ture of the onset of recrystallization Tyec=60-100 K,
the samples were annealed, after which values of 67
were obtained that were reproducible.

The results of the measurements of the resistance of
Rb are shown in the form of graphs in Figs. 1 and 2,
and in Table I. As analysis of the curves showed, for all
the samples of rubidium at helium temperatures, there
was no single law of dependence of p on T, nor did the
Bloch law p(T)=oT® appear in any form. Since the ex-
ponent n in the dependence p~T™ usually increases with
increasing purity for normal metals,m we should have
been able to find p~T° on samples that were purer than
in 7 if this law is actually observed. However, our ex-
perimental results do not confirm such a dependence.
The conclusion of MacDonald et al.’ that the Bloch law
is observed in Rb, as also in Cs, is in error and evi-
dently resulted from insufficient care in carrying out the
experiments for Rb (there were only four points in the
temperature range 2.7-4 K).
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FIG. 1. Dependence of the rela-
tive resistivity 67 of Rb on the
temperature: sample No. 1 -8, =
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FIG. 2. Dependence of the ratios §(T)/T? and 8(T)T/T* on the tem-
perature for Rb (samples No. 4 and t).

As follows from Fig. 2, the ideal relative resistivity
8(T)= 6T = 8o =AT* for T=3.3 K. Upon an increase in
temperature, the dependence of 6 on T decreases and
tends toward 5=BT" in the range near 5 K. Using the
graphical dependence p(T) for Rb from '’
that p(T)~T>*! in the temperature range 5.5=T=<8 K,
which (if we take into account the error in taking the
points from the graph) is in excellent agreement with
our data in Fig. 2. Table II gives the values of the con-
stants A and B, 60, 0:.6° and the values of the change in
the resistance of Rb from 4.2 and 5.1 K to 0 K, whence
it follows that the resistance of the pure metal decreases
between 5 and 0 K by a factor ~2, The values of & and
A for all samples were obtained by reduction of the ex-
perimental data by the method of least squares on a
computer. The maximum departure of the computed val-
ues of the resistivity from the experimental amounted
t0 0.13% at 2 K and 0.8% at 3 K.

The constants B were estimated for each sample
from graphs similar to Fig. 2, where the initial slope
of the straight line gives the value of the quantity A.
For the first four samples, which have neighboring
values of &, A=2.3x10"° and B=9%x107%, and for the

" dirtiest sample, No. 5, the coefficient A=3.0X10"° and
B=12.8x10"°%. Like the constant ¢ in Bloch’s law,
which increases with increasing &, as was found for Cd,
Sn,™ A1,"*7 and In,"** the constants A and B also in-
crease with &, i.e., they depend on the purity of the
metal, although not very strongly (see Table II).

Attention is drawn to the fact® that for Rb, as for Cs,
there is no dependence p(T)~T®, either in the ‘““pure”’
form or in the form of an additional term. For both
metals, there is some form of a p(T)~T? or T* depen-
dence. However, while the coefficient of T for Cs is
~100 times greater than that for T*, this difference in
the coefficients is only fourfold for Rb.

The dominant term at helium temperatures is the
term ~T? for Cs and the term T* for Rb, evidently be-
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1.35 X 1073, No. 4—6,=1.085 X 1073

, we established

TABLE [
T, °K 5p 100 d(T)-10* T, °K BT {0s 8(T)-10¢ T, °K 31; 100 d(T)-10¢
0 1.08 | -- 2.8 1.23 | 1.421 42 | 1714 | 6.60
1.6 1,10 | 0,15 3.0 127 | 1841 4,410 188 | 7.593
1.8 1'11 | o262 3.2 1.32 | 2372 4’500 | 1.950 | 8.669
2.0 1,12 | 03724 || 3.4 1.3 | 3.028 4,750 | 205 | 9.703
2.2 114 | 05172 || 36 1.46 | 3.772 4,805 | 2.16 | 10.737
2'4 1.16 | 07655 || 3.8 154 | 4,531 5.035 | 2.32 | 11.703
2.6 1.19 | 1.048 40 1.63 | 5.483 5.16 | 2.38 | 12,972
TABLE II
Sample| g, | RuctOh | Sl | Yoy | Gea | Gegs [RewRo|Reme
1| 122 | o463 1350 137 | 235 | 95 [15 | 192
2 | 124 | 05038 | 1.300 132 | 207 794 | 145 | 1.83
3 | 051 | 156 1200 121 296 | 90 | 155 [ 200
4 | 054 | 145 1,085 110 | 229 | 930 |16 |217
5 | 123 | o507 | 121 1215 | 30 128 | 107 | 114
TABLE II1
Metal n AT seto | Tt x| Pty
Li 5—455| 11—20 3—5 | 6-8 370 | 99.95
[r219] 35 10—30 .
34—25 | 65—90
126 | 200—300
a 6 4—9
[hais) 5 370 [fos—oa| 4 165 | 9995
485 8120
3 30—4 _
2.2 50—60 | %7 56
126 | 150—300
_ 0,12 2
[|,z,5,5§o,u.|ej g Lg_:;g 0.17 } >99.99
5 22-35 | o027
5+ 95516 | 0,57 25 100 |~9999
5 4—7 27 4
3 10—20
1,2 50—300
Rb 4 33 1.08 L5
[2] 3" 58 60 } 99.99
2,2 920 26
: 195 | 42—20 | 18 2
Cs 3 15—8 0,113 15 99.995
| | 2.7 45—6,5 2-3 40
169 8—20 | 10—20

*Data of the present paper.

cause of the difference in the Debye temperatures for

the two pure metals. Inasmuch as the Debye tempera-
ture for Cs is © =40 K and for Rb © =60 K, then the
temperature region where 5~T* is already clearly evi-
dent for Rb, while for Cs it is only beginning to appear

(a small coefficient for T*), although 8 for Cs is only
one-tenth the &, for Rb. Upon a further significant de-
crease (by another factor of 10) of 5, for Rb, the Bloch
law can also appear at T=4 K, and in the case of Cs, it
can appear at lower temperatures, probably at T=2-2.5 K.

The law p~BT?® at 4.2=<T=38 K for Cs"’ evidently"
corresponds to the resistivity of the pure metal, i.e., on
a further decrease in §, this dependence on T does not
change above 3.5-4 K and pertains to its transition re-
gion. The same can be said of the cubic law for Rb in the
region 5.1=T = 8 K, although the decrease in &, in con-
trast with Cs, should have some effect on this dependence

(B decreases somewhat and the temperature range AT

remains practically unchanged).

Some indirect evidence in favor of the above is pro-
vided by Table III, where values of n in the dependence
o(T)~T™ are given, as well as the temperature interval
AT in which the given law is observed and the tempera-
ture Treg at which it can be assumed that pT=p, for
all alkali metals, according to the published data. It is
seen that with decreasing O, the interval AT where
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FIG. 3. Change in the relative resistivity 8 of Ca and the ratio

108 - §(T)/T® with temperature. Sample No. 1—8,=5.7 X 107; No. 2—
8§,=9.8 X107

p~T® becomes narrower, shifting in the direction of
lower temperatures. Similar remarks can be made
about the dependence p~T?® and, while Bloch’s law ap-
pears sufficiently clearly for Li and for Na of purity
~99.95%, then for Cs with ©~40 K a purity ~99.995%
is insufficient for all the processes of scattering that
are characteristic for Li, Na and K to appear. The de-
pendence p~T* for Rb below 4 K and for Cs below 2.5 K
(where Bloch’s law should appear), is evidently con-
nected with insufficient purity of both metals and is the
result of superposition of the scattering of electrons by
phonons and inelastic scattering on impurities.***?]

Figure 3 shows the dependence of 6T on T for both
samples of K (the purest with 6, =5.7x10~* and the
dirtiest with 5,=9.8x107"). Processing of the curves
for all three samples of potassium showed a dependence
5(T)~ AT® for T<5 K, which is clearly seen from the
graph of the dependence (‘)(T)/T5 on T for the purest
sample (Fig. 3). The coefficient A is almost identical
for all samples and is equal to ~3.9%10~%, which is in
excellent agreement with A=3.8x10"° for K with
80=2.7x10"*.1° Neither p~T** nor p~T"" was ob-
served. This is possibly connected with the fact that
oux['4s%mples were 4.5-3.5 times dirtier than those
of “°1,

Thus, at the present time, the Bloch law has been ob-
served only for Li, Na and K among the purest alkali
metals available. With increase in purity, this law will
evidently also appear in Rb and Cs. Furthermore, it
can be expected that the strongest power-law dependences
of p on T (p~T®, T7), which are observed for Na and K,
will also appear in the other three alkali metals, while in
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the case of Rb and Cs, at very low (=1-2 K) temperatures,
when it becomes possible to reduce the quantity 6o signif-
icantly (by an order of magnitude or more).

DThe samples of rubidium and potassium were prepared by E. P. Lokshin
and O. S. Ignat’evich at the Institute of the Chemistry and Technology of
Rare Elements of the Kola Branch, Academy of Sciences USSR at
Apatity, to whom we express our thanks.

It was mistakenly reported previously [3] that the experimental data
satisfy the dependences 81 =80+ oT3 +8T* and 61 = 8§+ o/ T3+ TS
in the same degree. In actual fact, only the first dependence is found to
be in good agreement.

'D. K. C. MacDonald and K. Mendelssohn, Proc. Roy.
Soc. (London) A202, 103 (1950).

’D. K. C. MacDonald, G. K. White and S. O. Woods,
Proc. Roy. Soc. (London) A235, 358 (1956).
°B. N. Aleksandrov, O. I. Lomonos, O. S. Ignat’ev,

0. G. Gromov and E. P. Lokshin, Zh. Eksp. Teor. Fiz.
55, 2065 (1968) [Sov. Phys.-JETP 28, 1092 (1969)].

V. S. Tsof and V. F. Gantmakher, Zh. Eksp. Teor. Fiz.
56, 1232 (1969) [Sov. Phys.-JETP 29, 663 (1969)].

’J. W. Ekin and B. W. Maxfield, Phys. Rev. 4B, 4216
(1971).

°H. Mayer and P. Schmider, Helv. Phys. Acta 41, 1036
(1968).

"B: N. Aleksandrov, O. I. Lomonos, S. V. Tsivinskii
and N. N. Antonova, Zh. Eksp. Teor. Fiz. 53, 79 (1967)
[Sov. Phys.-JETP 26, 53 (1968)].

®B. N. Aleksandrov and I. G. D’yakov, Zh. Eksp. Teor.
Fiz. 43, 852 (1962) [Sov. Phys.-JETP 16, 603 (1963)].
°R. Reich and V. K. Kena, Comp. rend. 256, 156 (1963).

1°y. S. Tsoi, Fiz. Met. Metalloved. 28, 565 (1969); J.
Garland and R. Bowers, Phys. Rev. Lett. 21, 1007
(1968); Phys. Condens. Matter 9, 36 (1969).

Yu. M. Kagan and A. P. Zhernov, Zh. Eksp. Teor. Fiz.
50, 1107 (1966) [Sov. Phys.-JETP 23, 1107 (1966)].

123, 1. Masharov, Fiz. Met. Metalloved. 13, 166 (1962);
23, 15 (1967).

13H. M. Posenberg, Phil. Mag. 1, 738 (1958).

3. S. Dugdale and D. Gugan, Proc. Roy. Soc. (London)
A270, 186 (1962).

Ww. Holzh#user, Cryogenics 10, 249 (1970).

%yan den Berg, Physica 14, 111 (1948).

Translated by R. T. Beyer
63

B. N. Aleksandrov et al. 296



