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Abetract

We have measured the temperature dependence of beth the
zero-fleld resistivity and the transverse magnetoreststance of
polyerystalline potassium wires (9(300 K)/f(h.a K)= 140 to 6000)
In filelds H =€ 35 kG and at temperatures T£4.2 K. Our principal
findings are: 1) The presence of a large magnetic field H=_5 kG
does not alter the temperature d'ependence of PFfrom that observed
at H=0; below 4,2 K the T-dependent part of the resigtivities,
Pr(H=0) and pr(H=35 kG), fit well to the function exp ¢8/1)
with the sane 6':23-1(. 2) Deviations from Matthiessen's rule
are significantly reduced in e strong fleld so that the magnituds
of pr(H=0) approaches that of ‘OT(H =35 kG) as sample purity
Jecreases. 3) The slope of the high-field linear magnetoresistance
increases slightly (£8%) from 1.5 K to 4.2 K. We attribute the
exponentlal temperature dependence of PT(H) to the freezing out
of elsctron-phonon umklapp processes ag has béen shown for the
zero-field resistivity. The reduction 1in deviations from
Matthiessen's rule at high flelds can be understood within semi-
classical theory, but the latter cannot explain the fallure of
eT(H) to saturate at high fields., A proposal by Young that
alectron-phonon uamklapp béatterinp‘ may contribute a T~-dependent

high-field 1inear magnetoresistance in potassium is considered.



I. Introduction

In this paper we shall be concerned with the effect of a
strong magnetic field on the contribution of electron-phonon
scattering to the electrical resistivity of a free-electron-like
metal at 1ow temperafurea. The metal which we have choaen for
this study‘is potassiuvm aince it 1s known to have a nearly
spherical Fermi surface.lsiwe report measurements of the tempera-
ture dapondent papt of the resistivity of potassium in a trans-

verse fleld H,

pPrit)= p(H,T) - o(H,T=0)

as well as the corresponding zero-fleld resistivivy,
PT(H=0)= P(H=09T) - f(ﬂ‘—'O,T:O).

in samples of a wide range in purity. Our interest in this
problem has been stimulated by the understanding of the electron-
phonen contribution to the zero-field resistivity which has re-
cently been achieved, Independent measurements of PT(H::O) in
potassium2'3 agree well with each other ard are also in good
agreement with calculations2’4v5 which 1nciude umklapp scattering

in the electron-phonon interaction., The ldentiflcation of electron~
phonon umklapp processes ias simplified in potassium by a nearly
exponential T-depsndence of the reaistlvltys at liquid helium
temperatures. Thia 18 not true of other simple metals such as
alupinum and indlium where the Fermi sphere contacts the first

Brillouin zone boundary) allowing umklapp processes to persist

N



to the lowest temperatures.

Another reason for investigating electron-phonon ecattering
in the magnatorésistlvity of potassium 18 the preesence of a
linear magnetoreaslstance which has always been observed at high
fields.” 1In contrast to tﬁe zéro-rield resistivity, the linear
wagnetoreslistance 1s generally not reproducible in measuremente
of different investigators and conflicta fundamentally witn the
semiclassical predict;on of a saturating magnetoresistance at
high fields, By Qtudying the effect of high fields on & scatter-
ing mechanism which 1s relatively well understood at zero-field,
one may gain a new ﬁerspective on the puzzling magnetoresistance

of potassiunm,
1. Exyperimental Technique

Experimentaily, the problem wilth the magnetoresistancp_of
potassium has been to obtaln reproducible results with this soft
and reactive metal. Thus we thgﬁeht it cructial to measure both
PT(H"' 0) aﬁd fT(Hr.)S kG) of the same sample. Comparison with
previous measurements of fT(H=.O)2'3 couid-then be used as a means
of standardizing our samples as well as check sn our wmeasurement
technique, ' ™~

The samples used in this investigation are summarizqg\;n
Table I. They are the seme ones used in our pbevious study \QPQ
range in purity from a residual resistance ratio RRRe f(300 K)/\\\\
9(4.2 K) of 135 to 6090. The samples were helically-wound S
(Pitch £30) polyecrystalline extruded wires with potemtial contacts
~80 cm apart located ~6 cm from the current contacts, The
wires ranged from 1.5 mm to 2.2 mm diameter in the purer samples,

Besides annealing each sample for at least one week at room
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temperature.7 we also took t‘he precautiowof slow-cooling the
samples to 77 K overmight, As can be seen from Table I, this can
result in a doudbling of the RRR in the purest samples as previ-
onsly noted by Ekin and Mmd‘.ie‘ld.z

A conventional four-terminal de¢ technique was used for the
reslativity measuraments.T We simultaneously measuread f(H=0)
and p(H =35 kG) at each temperature (T24.2 k) by first measuring
the sample voltage in one fiegld polarity, at H=0, and then in
the opposite field peclarity. In addition, for each sample,
?(H'T) vs H was measured in both fleld polarities for at leaat
two temperatures, 4.2 K and eilther 2.5 K or 1.5 K. After averaging
out thermal and Hall voltages, we estiwate a relative precision
for p of 40.02%. Absolute resistivity values are computed using
the specimen RRR and the room temperature resistivity p(293 K)=

-6
T.19 x 10 Licm reported by Dugdala and Gugan.e

To compute fq,
the residval resistivity P(T: 0) was taken to be the resistivity
et T=1.5 K. Thls introduces negligible error in fr for T2 2.5 K.
In the purest samples at 4.2 K, the relative preclsion of PT

is~ *0.3% with an accuracy of + %34,
II1X. Experlmental Results and Comparison with Previous Measurements

Our first observation is that “he presence of a large trans-
verse magnetic field does not alter the T-dependence of the resist-
37ity of our samples below 4,2 K. Fig, 1l 18 a semi~log plot of
fT(Hno) vs 1/T for a high~purity sample (lower curve) together
with fT(H =35 kG) {uppei* curve), That is, we have repeated the
same measurement at a field of 35 kG which is well into the range

where the magnetoresistivity is linear in H {see Flg, 3)., Although

there 1s clearly a maenetoresist‘anc;a effect, Pr(Hu35 kG) > fT(H’ o),

v e B e i



the moet striking feature is that both_c_urvea are characterized
"by the same exponentlal T-depemdence. The lines drawn correspond
to the function exp(-g"/T) with "< 23 K. This value of e. is in
‘good agreement with previous measurements of Ekin and Haxneldz
and ('Jugem3 in the same temperature range, The magnitude of
PT(Ha O)= 0.282 necm at 4.2 XK alao agrees, to within our experi-
mental accuracy, with their values for samples of comparabla
purif.y.

The second observatiorn we have made is that devliations from
Matthlessen's rule are significantly reduced ir a strong field.
Thatv is, fT(H =35 kB) 13 less dependent on sample purity than
'p;r(H'-.-.o). As shown in Table I, at 4.2 K pT(H= 0) increases about
12% aa sample RRR decreases from 6000 to 1000 while fT(H.‘:}S kG )
remains constant to our accuracy of 3%. This uniformity in
‘.‘FT.(H.:.- 35 kG) occura despite an order of magnitude range in the
i(ohler slope S of the dominant T-independent linear magmeto-
}eslstance. We do not observe a chanrge in the T-dependence of
elther Pr({H =35 kG) or rT(H'-‘-O) with sample purity so that the
tifapér curve in Fig., 1 remains fixed as sample purity decreases
while rT(H:.O) rises maintaining its slope. Hence the T-dependent
part of the magnetoresistance 1s quenched as sample purlty
decreases, o ‘

We may regard the addition of impurities to a pure sample ag
h‘aﬂng the same effeg:f. on f’.r aL a large magnetic fleld: both t.end
to increase P‘I‘ without altering 1ts temperature denendence, This
is well 1llustrated in Fig. 2 where we have plotted fp(H=0) for
the lowest purity samwple, RRR=135, as measured by Ekin and
Maxfield” and Pr(H «35 k@) for one of the highest purity samples,
RRR 25380, We see that the two curves very nearly coincide. The
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éimilarity in the T-dependence of PT(“=°’ and f‘l‘(" #35 kG) found
here conflicts with a previous measurement of Babliskin and
Siebenmann.g They report a larger value of éa28 K for fT{H).
15 kG2 H £35 kG, in measurements on encapsvlated wire samples,
We shall return below to possible reasons for this discrepancy,

We have also investigated the field dependence of ‘OT(H) in
our samples, 1In Filg., 3 the mapnetloresistivity of the purest
sample, RRR= 6090, is plotted at both T=4.2 K and T»2.5 K. The
high-field linear magnetoresistance is evident at both temperatures,
To a good approximation, the difference between the curves also
plotted in Fig. 3 will be the T-dependent part or the magnetoresis-
tivity at 4.2 K, Polii, 4.2 K) = P {H, 4.2 K) - p(H, 2.5 K). We
see that fT(H) rises to a "knee" at H210 kG which 1s followed vy
a region lirear in H., The fallure of fT(H) to saturate by 35 kG
implies that the slope of the high-field linear magmetoresistance
18 increasing slightly as the temperature 1s raised., This T-de-
pendence of the slope was present in all the samples measured, the
largest increase being ~ 8% for KX 26 in Fig. 3. The T-dependent

component of the slope can bz defined by

ZT=—-£J§{,-(§’ ; 15k € H £ 35 ko

which has dimensions _QLcm/kG and is demoted by a Greek letter
to-distinguish it from the dimensionless Kohler 'slope S. Valuaze
cof Z.(4.2 K)w 2(4.2 K) - Z(2.5 K) have been listed in Table I.
At both 4.2 K amd 2,5 K, e(H.T) wRs measured at 5 kG intervals in
the range 15 kG to 35 kG, _and at each tempurature Z was obtained
from a leest squares it over the five field points, The
nagnitude of Z‘l‘ tends to increase in the higher purity samples,
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In the case of sample KX 13 we voriflied that the T-dopendonce of
the slope persinted to 95 kG,.although the valun of ZT wan

somewhnt smaller than for the other aampnles,
in voowae ol aanpla EXO1Y wa voarifiog et “
¥ tl%ho f—denendg;t’linonr term 1s a nmall rrwrtinn of the hiyh-
- , S e AT YR, oYY ogh ea
¥1e1d linenr mnpnetorﬂslstance and wae not obsnrvnd !n our pre-

3iobg?é%u&}17"ln'tﬁat work'ﬁe éstimhtéa's granrhicnlly only to a
relatlve rreciéio%vsf; 3{ rQZEn}’t%n;‘sLbstractinr the co;;gggond-
1ng magnetoreslstivxiia;‘ht eacﬁ‘temberuture pnint-byawoint'hé"

dore here.’ Babilkin and Siebenh;;;9 ;iﬁo.did nnt chaerve 1

l oo

T~ dependeht component of the"ii;éér.ﬁﬁgnetoresiq ance of ﬂotaséiagz-
They found FT(H) to eaturate'atxﬂ;;ié kG xor T&n.2 X, '3 shéwn

by the dashed lime in Fig. 3 our'value of plt, 4.5 11 - @(K, 2.5 k)
1s 5t1l1 apnroa;hing.tﬁelr value from below at ¢ k3. Bablskin
and Siebermanr do not’ specify thé annealiﬁp %ime or 2coli~g raie

of their samnles, but the prlncipal dlffarenr' i\» =z-wrle nrecaration
awd handling appears to be the D‘astic gncaps - atio- which iﬁey
used, The effect of dilat&onai strain on the "nro~”1eld re °1st1v ty
of potassium sealed in glass capll]ary tubes hng benn ob;erved ‘
previously by Dugdale and Gugan 10 e they h:ve cr tilonad against
the use of ewcapsulated samples in T-depe-de~: 9 meaiurements,

It 1s unforturate that Bsbiskin and Siebenzarn did =t also

measure fT(Hﬁso) to confirm that it agreed with rrevious results,

LI L2

Cpee 1rn- 3Ve Discuasion

N IR RS SIRE & SIS ave i ta,
Some'time ago Kohler derived the followinp equality

between the 1deal resistivities in:the high-field and high-

lopurity limits for a free alectron gas:
Same tims ago Kahler ' darived tho

betwold)ore ldgﬂ‘]uph(ﬂr’cﬂ)- . rimwf?(ﬂ s0), © e

trpurlity Linmiln for n free nlectrer gan:

(1) Pel_ph(H-’rua)s F:‘,m[?f,\“(hwn) '
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Here Pel-phm""') 18 the saturating traraverae magretoresie~
tivity at high flelds due to normal electron-phonon scattering
in a sample of arbitrary purity and Pti'fg;"(ﬂ =0) 1p the electron-
phonon contribution to the zero-fielad resiativity in the impure
14mit ('0077 Fel-ph)' Recently, Hspnerle has extended Eq. (1)

to Inc’ude umklapp scattering using an approach based on the
theory of Lifshitz, Azbel, and Xaganov.15

' Qualitatively, Eq. (1) expresses the fact that a large
nagnetic field has the aame randomizing effect on the free
electron distribution function as laotropic impurity scattering,
Wagner's derivation depends on the relation Pe1 _ph(H-v )=
Pv{ft:‘.‘.} 14 where rv{E'E} 1s the variauona} expression for the
electron-phonon contribution to the zero-field resistivity,
evaluated for the trial function Tc-?: (l? being the wave vector
of the electron, E the electric field)., This trial function

18 exact in the cese of a sphericsl Fermil surface for Zopurlty
scattering describable by a relaxation time, and 1t appeara to
be a gvod approximation for electron-phonon scattering in low
purity samples of pot.asaiuu.]';‘:-’ We note that Eq. (1) implies
the validity of Matthiessen’'s rule at high fislda. The residual
and electron-phonon resistivities are additive since fel-ph‘“"‘)
is the same value independent of sample purity., In addition,

if fel-ph(“’ 0) is the zero-field electron-phonon reeistivity

of a sample of arbitrary purity, then Eq. (1) can de rswritten as

(2) Por-pn{H= ) = oy _p(li=0)= Fi:-‘-’:;e‘“" 0) = Po1-pn(He0l.

This states that the emhancement of the electrom-phonon rasise-

tivity in the high-field 1limit 48 equal 2 the deviation from



~8-

Matthiesasen's rule at zero field.

Thore are some features of our results which can be inter-
preted consistently within thia semiclassical theory. Firet,
the constaney of -FT(H =35 kG) for samples of all purities indi-
cates that Mestthiessen's.rule is obeyed at high fields. The
equality of Pp(H=0) of the lowest purity sample, KX 20, and '
h.(H =35 kG) of KX.27 sh;)vm in Fig. 2 also appears to agree with
Eq. {1). Referring to Eq. (2), wo can say that the magneto-
resigtance of XX 27, f’TKx 2T (4 =35 kG) - FTKX 27(H=O) (the
differerce between the two curves in Fig, 1), i3 within experi-
mental error equal \t.o the observed deviation from Matthiessen's
rule at zero field, Pof* 20(n=0) -.FT‘U‘ 2T{H=0). Finally, .
our observation that a large magmetic fiel.d does not alter the
T-dependence of FT {(see Fig. 1) can be related by Eq. (1) to:
pr.e'vious observations?+J that the T-dependence of PoplH =0)_does
nol. depend significantly on sample purity.

This semiclassical analysis derends on identifying the
lowest purity samplie with the impure 1imit of Eq. (1) and assuming
that the high-field 1imit has been attained by 35 kG. Although
at 4.2 K ro/f.relso for KX 20, fT(H=O) covld contirue to in-
crease in samples of even lower purity. It would be valuable-
to check experimentally whether pn(H=0) becomes independent of
purity in samples of RRR £100., The tallure of fT(H) to saturate
by 35 kG rajses the question of whether the high-field 1imit of
Eq. (1) has been satiafied. Using the values of ZT in Table I,
we estimate Pp(H= 100 ¥G) 2 0.42 nfem and 0.37 nacm for KX 26
and XX 17, reaspectively. This suggests that at extremely high

fields one would begin to observe deviations from Matthiessen's rwle
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comparable to those found at zero field.

It 18 ponsidble that the eioctrnn—phonon magnetoreaiativity
dogs saturate by 35 kG. The onset of the hish-fierld regime could
be associated withk the "kmee" in PT(H) {see curve at the bottom
of Fig. 3) which occurs at ~10 kG -or° wc'cZIO where T = m/near(}{zo,‘r)
is8 an effectivae electron relaxation time and "’c is the cyclotron
frequency. However, this leaves open the question of the oripin
of the high-field linear term in PT(H). The other possibility
which we have considered is that the linear tern in fT(H) 18 due
to electroﬁ-'phonon umklapp scattering, The freezing ouvt of
electrovi-phonon umklapp processes 1a gererally thought to dbe
the source of the nearly ea.tponential T-deperdence of h‘“=°’-2-6
Therefore, it seems rearonable to assume that umklapp scattering
is alsc dominating 'oT(H=35 kG) which has the identical T-dependence.
On. the basis of 2 simple model of loecalized umklapp scattering on
a spherical Fermil surface, Youngls has suggested that electron-
phonon umklapp scattering could contribute an observable, T-
dependent linear magnetoresistance in potassium, If so, we would
expect the T-dependent slope of the lirear term, tT, to have the
same exporential T-dependemce as fT(H-: 0) and fT(H « 35 11:G).6

As a %est of Young's proposal we have measured 2T of one
of the purest samples, KX 27, at temperatures below 4.2 K, using
the fitting procedure described earlier. In Fig. 4 we have
plotted IT @ 3(T) - £(1.5 K) on a semilog scale vs 1/T. The
stralght 1line indicates the functional dependence exp(-a'/'l‘)
with 5n= 23 K as observed for rT(Hz 0) and PT(H.-.'iS kG) in the
same sample (Fig. 1). In the narrow temperature range near 4 K

where the errvr bars are small enough to permit comparison, we
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see that the fit to the line 1es satlefactory. A log-log plot
6

ylelds n ~T" dependence over ﬁho same temparature ranyge, Thus
we belicve Young's proposal cannot be ruled out at this tinme,
Clenrly, 1t would be desirabdle to have hlgher preclsion measurs-
ments of Z& on pure samples at fiélda above 35 kG.

In sunmary, unlike the dominant T-independent linear term, -
the T-dependent component of the magnetoresistance of
potassium is sufficiently reproducible to make detaliled comparison
with theory worthwhile. Although FT(H) fails to saturate at
high fields, we have found several features of the T-dependent
magnetoresistivity to be consistent with a semiclassical analysis,
Further theoretical work on a non-saturating component in the
magnetoresistance of potassium due te slectron-phonon umklapp

scattering would be cof particular interest.
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Flg. 2.
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Figure Captions

Semi-log plot of the T-dependent part of the resistivity
of high-purity potassium at H=0 (lower curve) and Ha35
kG (upper curve),

Semi-~log plot of the T-dependent part of the reaistivity
of a high purlty potassium wire at H=35 kG (this work) and a low-
purity wire at H=0 as measured by Ekin and Maxfield, Ref. 2.
Field dependence of tﬁe iransveree magnetoresiativity

of potassium at 4.2 K and 2,5 K. Difference curve (below)
approximates pT(HS: 6¥;§.dashed line indicates the value
of p(H,4,2 K) - f(H.2-5 K) measured by Babiskin and
Siebenmann, Ref, 9.

Semi-log plot of the T-dependent part of the slope of

the linear magnetoresistance of high-purity potaasium,

The error bars have been astimated assuming a precislon

of ¥0.02% in p(H,T).

Table Caption

Table I. Sample prepertles at 4,2 K.




Table I, Sample properties at 4.2 X,

sample  RRR  p.(H=0) o (He35 kG) 107s%  Z,
. _ . (lo-l%cm) (lo'lo.ncm) (10'13.Acm/k_(‘.l

XX 20 135 3.64° ’ 0.47

KX 17 1020 3,11 3.55 0.64 3.2

KX 7 1730 3,08 3.58 2.04

Kx 27 2630° 2.96 3.60

KX 13 2060° - 2,01 3,61 0.38 1.0¢

Kx 25  3240° 2.90 3.57 0.42 5.6

KX 27 5260 2.82 3.63 0.41

KX 27 5380°  2.83 3.73 0.59 8.6

KX 26 s470%:f 2,79 3.64 . 0.20 6.6

KX 26 6090 2.89 3.77 0.24 8.4

Byohler slope Sz @M PV (W)

Das measured by Ekin and Maxfield, Ref, 2.
CSample guenched from 200 K to 77 X.

dz determined for 40 kC<£H €95 kG.

?Second run after amealing at 77 K for 12 weeks,
Sample not annealed,
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