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Magnetoresistance of Very Pure Polycrystalline Aluminumt

F. R. Fickett
Natromal buvvaw of Stemdards, Bouldey, Colarndn 30302
(Heceived 31 August 1970}

The behavior of the resistance of polycrvstalline sluminum wires as a function of magnetic field
and purity at temperatures of 4, 135, and 19.6 K is reported. Both longitudinal and transverse
coafiguraiions were measured. The residual reststance ratios of the specimens varied from
1600 0 31000, The measured magnetoresistance (AR/R,) is separated into a saturating and
a lincar part. The value of the saturating compoment is high at 19,6 K but is shown to be lesa
tham ¢, even in the limit of infinite specimon purity. The hinear component varies with hoth

temperature and purity, Possible sources tor the Inree <1ty

‘ing magnewresisiance values

and for the variations ohserved in the e piruon are discusaed. An analvsis scheme is

presented which allows prediction of the suturuting com

ponent from zero-field resistance

values. A deviatiom from Matthicssea's rule ouserved here, and by several other experimen-

ters, is presented and discussed.

I. INTRODUCTION

The magnetoresistance of aluminum has been

studied extensively.'~* Both single- and polycrys-

talline specimens have been measured. Most of
the measurements were made only at 4 K on speci-
mens of relatively low purity. Frequently, the
specimens used were very small in at least one
dimension, leading to the possibility of size eifects,
Several experiments, however, have been per-
formed on large high-purity specimens and al tem-
peratures up to 20 K. %" These measurements in-
dicate that the magnetoresistance (AR.'K,) rises
dramatically with temperature, reaching as much
as four times the value measured at 4 K.

The experiment reported here was designed to
cover a range both of temperature (4-20 K), and
of specimen purity [residual resistance ratio
(RRR) = 1000 - 30000]. Magnetoresistance mea-
surements were made both in the transverse and
longitudiral configurations. We hoped, by this
technique, to arrive at a phenomenoloey which
would characterize the magnetoresistance of alumi-
mm, at least in the form of polycrystalline wires,
over this range,

It has become almost axiomatic that the ~ sra

“
limgle metals, in the free-elvciryn svnae, Lxnibgt
magnetoresistance effects which are 3t odds with
theory,

." Aluminum, '~7 indium, * potassium, ' and
sodium' all show a linear magnetoresistance at
bigh fields. A typical curve for aluminum is shown
i Fig. 1. Furthermore, no simple metal which

has been investigated over a wide range of purity
and temperature has been observed to obey Kohler's
rule. This indicates that the relative effects of dif-
ferent scattering mechanisms are more complex
than the rule anticipates. More recent theoretical
treatments such as those by Young, '*!* and Pip-
pard, ! although promising some success in par-
ticular cases, have not yet shown wide applicability.

The Fermi surface of aluminum is well known
and theoretical calculations of the major features
have been adequately confirmed by de Haas-van
Alphen and other experiments.* In one instance,
transverse-magnetoresistance rotation diagrams
for several crystal orientations were calculated,
based on early models of the surface; however,
agreement with available experimental data was
not good.

Recently, a good deal of dtscussion has taken
place as to the presence or absence of magnetic
breakdown effects which could lead to extended or-
bits on the Fermi surface. ™!%14'% The gituation
is still not totally clear, but it seems that magnetic
breakdown may well oceur in aluminum with the
field along the { 100) direction.

An extended orbit confiruration., whatever its
rause. would be expected to lead to a significant
amisotropy of single-crystal transverse-magneto-
resistance rotation diagrams. Early experiments
showed no such large anisotropy. ! whereas more
recent work on higher-purity aluminum? does show
a considerable effect. ’

Firally, the creation of a significan: linear mag-
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FIG. 1, General behavior of the magnetoresistance
and definition of terms.

netoresistance in a polycrystalline specimen by the
proper combination of crystallites with quadratic
and saturating magnetoresistance does not appear
likely, even in metals known to have open orbits. !
The remainder of the paper is constructed as
follows. Section I describes the specimen prep-
aration and the electrical measurements, A dis-
cussion is included ar size-effer: sforrections, The
experimental results are preserted in Sec. II.
Section TV gives a description of the analysis and
a discussion of the results. Finally. Sec. V" pre-
sents our conclusions and some suggestions for
further work.

H. TECHNKUES
A. Magnel, Dewar. and Vollage Detecion Sysiems

The macgnet used [ur these measurements is gz
conventional superconducting solenoid with a l-in.
tore. The maximum field used wixs 40 %Qe, The
field homogenery is 0. 3. uver the specimen re-
gion.

Voltages are detected with a de system described
in an earlier publication. ' The system detects
signals at the nanovolt level with an imprecision
of 50 picovolts. T ronrperate 0ty TEoan g
4s 300 nV und in the presence of microvoit ther-
mzls. Specimen current was ebiosen o oL
nal leved s 7YV oyt vasae lor the ue-
tection system, in all cases where this was pos-
sible. The current runced from 10 to 500 mA, de-
pending on the specimen measured and the tempera -
ture. In all cases measurements of current de-
pendence of the resistunce with the magnet otf con-
firmed that magneturesistive effects of the speci-
men current werce neglivible,

An jsolation Dewar within the magnet bore con-
tains the cryogente fuid, hydrogen or Lelium,

This Dewar can be fpumped for temperature control,
The specimen. cnclosed in 4 vacuum can with 3
low pressure of helm gas for heat transter, is

O

immersed in the cryogen and centered in the mag-
net bore. A system of gear-driven push rods ig
used to align the specimen with respect to the mag.
netic field.

B. Specimens

Table I gives a summary of several properties
of the specimens. Figure 2 shows the mounting
configuration. The tight winding of the transverse
specimen on the aluminam form is made necessary
by the small magnet bore. The longitudinal speei-
men is attached with varnish to an aluminum pallet
for the measurements.

The slugs for the wires are prepared from the
bulk material by compressing to ~ 0. 1-in, -thick
plate, sectioning into strips. chemically cleaning,
annealing, and finzlly swaging tothe desired diame-
ter. The wires are chemically cleaned and anneale:
after passing through every other die. The cleanty
solution used (70% H,PO,. 255 H,580, 5% HNO,}
will give either an etch (2 min at 60 *C) or a polish
{seconds at 100 'C). The final treatment of the
specimens varies: some low-purity specimens are
etched. some polished. All high-purity specimens
are etched. The anneal procedure is the same in
all cases, 1 hat 300 C and a furnace cool. The
transverse specimens are given a final anneal after
winding.

The longitudinal and transverse specimens of 2
given purity are not necessarily from the same
wire. as is indicated by their designation. In the
instances where the two specimens are [rom the
Same wire and of high purity (4.0-T. L of the table
and severa) not reported herel, the winding of the
iransverse specimen caused a slight (<105 ) in-
crease in its residual resistance. The cause of thit
increase appears to be 2 slizht otfsetting of the
rather large grains during winding. Grain diamete
inwires Nos. 3and 4tendstobe 1 ~ 2mm;: the less purt
wires have significantly smaller grains.

The wire processing described, exclusive of the
windirs. muintains the purity of the bulk material
for all puritics except the highest. The purity of
the bulk aluminum is me isured by an eddy current
“UaY mcbd betore processing is besun.  The
hichest-purity aluminum has an cddy current ratio
near 35000 Our de measurcmoent gives 31 000 in
the wire. Errors in the two different size-effect
corrections involved are such that the difference
may not be meaningiul,

Cuppr current caps are lightly crimped to the
wires and hilied with a low -melting-point solder.
The current leads are then suldered into the €aps:
Potential beads of No. 34 copper wire are luoped
arouna the specinen, twisted and the joint is €0¥°
Cred with conducting cpoxy,  This type of contact
has proven tu be reliable un repeated cveling fro®
oM temperature to 4 K and resuits in minimum
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Linear magnetoresistance due to sample thickness variations: Applications to aluminum

G.).C. L. Bruls, ). Bass,” A. P.van Gelder, H. van Kempen, and P. Wydcr'
Research Institute for Maierials, University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands
(Received 23 October 1984)

A model of transverse magneloresistance M

R) in metals due to sample-thickness variations is

presented. It predicts larger magnetoresistance then do previous models. The model is applied to
magnetoresistance data on well annealed. polycrystalline alurmnum plates which are wedge shaped,
or which contain surface defects such as steps, grooves, or projections. For wedge-shaped samples
or samples containing a surface step. the model predicts magnetically induced voltages which differ
on opposite sides of the sample, and w hich are not strictly linear in magnetic ficld strength B. Both
phenomena occur with the predicted magnitudes. For groosves oF projections which extend com-
pletely across the width of the sample, the model predicts a MR which is linear in B (LMR) and
directly proportional to hoth the groove iprojectiont depth fheight) and rhe sample width. The dats
are found to be i guan.taine agrecment Wil prediclion. 7T e predicuion and observation of a very
large LMR for large surface defects provides at jeast a pantial resolution of a disagreement in the
literature concerning the magnitude of LMR in single-crystal Al samples when B is directed along

the {110] crysuallographic axis. Thermal magn

etoresistance IMEasUTEments are shown 1o be con-

sistent with the electrical measuremenis. Measurements are also reported on (i) the angular varia-
tion of MR when B is rotated away from the perpendicular to the sampic surface; (i) MR for sur-
face defects which extend only part way across the sample; and fiii) MR for surface defects in unan-

nealed Al plates.

I. INTRODUCTION

Linear magnetoresistance (LMR) in simple metals such
as K, Al, and In is a phenomenon which has puzzied
physicists for decades. On very general grounds,' the
magnetoresistance of a homogeneous uncompensated met-
al with no open orbits in k space should saturate with in-
creasing magnetic field to a constant valuc p,. There 1s
continuing disagreement over whether the observed LMR
is intrinsic or extrinsic. The most ably defended potential
intrinsic source is Overhauser's charge-density-wave
model (Ref. 2). Proposed extrinsic sources include
magnetic-field nonuniformity along the sample length,’
dislocations in the sample.! and the ~reserce ~f vo'lume
defects (voids) in the sampic.  Macloscopic vouds Gave
been shown to produce 2n LMR proportional to their
volume fraction in the sample.®® In carcfully prenared
samples, however, this volume fraction is 100 smail
produce the observed LMR. Although surface defects
were also previously suggested as & source of LMR,® ex-
tension of the volume-void theory of LMR to surface de-
fects yields an LMR too small to explain published data.
Moreover, the volume-void theory of Refs. 57 i3 only
applicable to defects which are small with respect to sam-
ple dimensions, because the change in Hall field can be
neglected in this case. For sample-thickness variations
stretching across the whole width of a sample this approx-
imation is no longer valid.

In a presious letter,”” we showed that surface imperfec-
tions of this latter kind produce 2 transverse LMR which
is larger than expecied from the void theonies. We
showed also how these LMR can be understood quantita-
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tively. In this paper, we provide further details of both
our datd and our model for surface-defect-induced EMR.
The paper is orgamzed as follows. In Sec. 11, we first out-
line the volume-defect theory of LMR as background.
We apply it to surface defects, and demonstrate its inade-
quacy. We then describe our new model and derive the
equations needed 10 analyze our data. In Sec. I1I, we
describe our experimental technique and procedures. In
Sec. IV, we present and analyze our data. Section V con-
1ains a summary of the most important results, and our
conclusions.

II. THEORY

We are interested in the transverse magnetofesistance
Pux Of 8 sample whose thickness varies along the direction
of an applied magnetic field B=B,Z. We limit ourselves
to consideration of a homogeneous, uncompensated metal
with no open orbits. In the high-field limit, B=w,7>>1,
the transport equations for such a metal rclating the elec-
tric field E to the current density J are

E: =Pl(Jx +ﬂ'ly’ .

E,=p(—Bli 7,0 i
E, =Per .

Here w, =B /#c is the cvclotron frequency and p, is the
saturation magnetoresistance of the homogencous .
In Eqs. (1), E; and J, (i =x.y) are functions of x, y, and
2. As our measure of the LMR we use the dimensionless
Kohler slope 5
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Current—voltage reciprocity in the magnetoresistance of simple
metals

L L Soethoutt. H van Kempent, J TP W van Maarseveent. P A Schroeder}
and P Wydert§
4+ Research lnstitute for Materials, University of Nijmegen, Toernooiveid. 652% ED
Nijmegen, The Netherlands
$ Department of Physics and Astronomy, Michigan State Universty. East Lansing. M1
48824-1116, USA

- § Max-Planck-Institut e Festhorperforschung. Hochickd Magnetlabor, 168X, F-18042
Grenoble Cedex., France

Received 31 March 1987

Abstraet. High fickd magnetoresistance measurements have been made on unofkmed single
cristals of potassium and polycrysialline samples of indium and aluminium in lickds up 1o
7.5 T. The measurerxnis show that a reversal of the applied magnetc ficld may be replaced
by an imterchange of current and potential leads on the sample. no matter what the pusition
of the contacts and ke shape of the sample. Onsager's theory of reciprocal relations in
irrev ersible processes provades a proof of this phenomenon.

1. Introduction

Usually the high-ficld magnetoresistance is measured using the four-terminal method. The
sample under investigation necds four contacts. two as source and sink for the current and
iwo for measuring the voltage difference due to that current. To obtain the real
magneloresistance two reversals are necessary: a reversal of current 1o eliminate the effects
of thermal EMEs and a reversal of magnetic ficld to climinate the contribution of Hall ficlds.
Qur cxperiments show that the cffect of this last reversal can also be obtained by
interchanging the current and potential leads. A preliminary reporl of our experimental
findines was given by Sehroeder ef al (1986). A theoretical prool was lirst given by Ciminuir
(1945). using Onsager’s (1931) theory of irreversible provesses. Recently. Bituker (1U86)
zave a derivition of the basic Onsager relations, starting {rom current conservation sl
time reser~al invanance, The wory indicates that Ko atl2, 34) should be eyual W
RN N R.o11.2/3.4) s detined 2> the resistance (7 voltage) between contacts
Poand 2 e e amme fanies from Lortact 1 to contact 4. the magnetie licld being

0 arhitpary posiiive direcion.

2. Experiment

We have verified the expected relations by measurements on wamples of different shape,
sometimies with 21 very low syimmeiry. The samples consisted of petissiim. o and

0305 d60% 8T U019 - U6 S02.50 € [uRT 1OF Publishine Lid L1129
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Magneloserpcntinc Effect in Single-Crystal Potassium

A. W. Overhauser
rdue University, Weg; Lafaverse, Indiana 470g;

(Received 10 August 19§7)

POLass1Ium indicates that open orbits, created by 4 chargc-dcmi:_\-uavc structure, are presen;. Apparent
Regative resistance for $0me orientations of he magnetic field shows 1hay large charge-density-wave Q
domains can cause the current 1o foliow scrpentine paih kaving 2 reversed direction between the vol;-

age contacts.

PACS aumbers: 1215.Gd, 61.55 Fe

Twenty vears ago Garland ang Bowers! siudied the 1.e.. the resistivities at 4.2 K were =2x107"0 cm. A
transverse magnetoresistance of single-crvsia) ¢ylinders Magncuc held (H =75 T) was oriented petpendicular 1o
of Naand K Versus magnet angle. Their work was never the cylinder X, and the angyjar dependence of the
published because the results were (then) Incomprehensi- resistance was found for alj directions of H In the per-
ble. Recently Soethout ¢; g 2 bhave reported high-ficld pendicular plane. Thermal emf 5 were eliminated by
data on single crystals of K which deserve altention and current reversals, and Hall voltages were eliminated by
explanation. Thejr rescarch was focused on verifying H reversals. '
that equal resistance valyes are oblajned jf current and The 7.5.T resistances (versus magnet angle) of the
voltage leads are terchanged and | IS reversed.’ two erystals are shown jn Figs. 1 and 2. The horizonta|

K. In, dashed lines (for H=0) are the anticipated high-field
ich | de- values for 3 simple meta] having a (simply <onnected)

scribe and explain below, appeared 10 be a serendipitous spherical Ferm; surface. Such simplicity s clearly not
discovery, MRt 1y K. The large (30-40-fold) resistance
The K crysials were 3 ¢m long and 2 mm mn diameter, €nhancement 3nd the peaked structure can only arise

i ment and oLt _STucture can only g

Ble. | have Ciiculured (he voltaze bering the Contseiy B,
C as a function of R/r. The resulting benavior of the ap-
Parent resistance g shown jn Fig. 3 The voltage
changes sipn near Rir=50 larger values the

@er=200 at H=15 T in pure K, the resistivity ratio
needed for the serpentine effect js casily achieved.
Juxiapasition of the data of Figs. | and 2 proves that
two identical crystals of A can exhibit vastly disparate
Properties. For metals having 3 CDW broken symmetry,

r XXX NN
w.ﬂL*;.ﬂEp.s MAkELT T . 4.0
R oRoh kL SRR LY
1»-. "h“\'ﬂs‘!k“ - ! { % .
Lt f = feft” -

FIG. ). Resistor network modeling a K single crysiy) having
ree lurge Q domains. The two domuins having the variybic
sistors (panped together) allow imitation of an open-orbit
$HSLIVIlY peak. The other resistors hyve tixed resistance »,

KOH crus Differential therma) Stress can then capse
nucleation and growth of 4 pew Q-domuin pattern for
cach therma) cycle, Cons:qucnll_\'. inadvertent preferred
vrizntations can occyp M This is pasticularly relevany in
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The easiest way to simulate a large A is merely 10 rotate
a sample by 90" so that the magnetic field points along the
potential arms rather than perpendicular to the plane of
the arms. This is not quite the same as having Jong pro-
jections or deep grooves in the proper geometry, since now
the voltage is being measured on arms which point along
the field direction. However, as we will now see, the re-
sults are similar to what is expected for the proper
geornetry.

Figure 11 shows the magnetoresistivity for a sample
containing no deliberately introduced surface defects, with
the field oriented both in and perpendicular to the plane
of the arms. With the field perpendicular to the plane of
the arms we sec only the small LMR appropriate to a flat
sample. With the field along the arms, however, we sec a
much larger LMR, with a value of S about half of L, /L,
the upper bound indicated above. The magnitude of this
LMR is about the same on the two sides of the sample
and also approximately symmetric under field and current
reversal,

To see whether or not the behavior shown in Fig. 11
was associated solely with electrical magnetoresistivity,
the thermal magnetoresistivity p,(B) was measured on a
sample of the same shape,' prepared from the same Al
plate as the one used for Fig. il. Data for parallel and

& (K
P =104, (5F)
2
"t
w0k T= 494K
EII
9 -
8 p—
7F
S I
5 -
o
‘ -
3 F
-
2 Bl
o——2 d o
1 ¥
=]
L ] \ i ) n
0 1 2 3 4 5
B (T

FIG. 12. Thermal resistivity py under comditions similer 10
those in Fig. 11.

perpendicular fields are shown in Fig. 12. For parallel
ficlds, where the effect is large, it is possible to calculate
the Wiedemann-Franz ratio, {1/T)pa(B)/pu(B)), using
the two linear slopes. lts value of (2.2+0.2)x10™
(V/K? is in good agreement with the Lorenz number
244X 1074 (V/K ).

We 1ake this consistency check, plus the fact that § for
the electrical LMR is comparable to the upper bound of
Eq. (25), as additiona! evidence for the basic validity of
our model. We can also use this geometry, and these re-
sults, 10 study further the fundamental physics underlying
surface LMR.

It is easily demonstrated that the average electric field
throughout the entire sample should be independent of the
magnitude of the magnetic field B, provided that p, is it-
self independent of B. We begin with the first of Egs. (1),

E,=p,{J,+8),). 1)
If we average this equation over the entire sample volume,
we find

(E,)=p,{J, )}, (26)
since (J,) =0. Because we maintain {(J; ) constant as we
increase the magnetic ficld, Eq. (26) predicts that {(E,)
will be independent of magnetic-field strength B. This re-
sult is not only valid for B perpendicular to the plane of
the sample arms (where indeed we observe a nearly con-
stant p, with =102 in well-annealed samples with no
deliberately introduced surface defects), but also for B
parallel 1o the arms (where we observe a huge LMR with
S >10""). From Eq. (26) we must infer for B parallel to
the arms that the large electric fields giving rise to the

. huge LMR observed in the body of the sample must be

balanced off by large oppositely directed fields in the
arms.

To search for such a field, we attached potentisl Jeads
across one arm of the sample as indicated in the inset of
Fig. 13, and used these beads w0 measure the potential
differences across this arm as a function of the magnitude
of B. For B direcied perpendicular to the plane of the

¥, ia¥) vyiny)
Vl\

-nfb ﬂ H Q :ELE.: g ﬂ lnl

-% / -4

[ ] e b e i a ]
[ ] ' 2 3 4 ]
| Nat}

F1G. 13. Voiage ¥, (across a sample arm) and F; [between
two different snnple arms (sex mact)] as functions of magnetic
fudd strength B. Note that the data for ¥, and ¥; have
ite sigme.
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Pg. 15. (a) Sapes and welative eises of partial gwooves (g) ond
projections (p). .
(2) Xohler slopes s Jor the partial defects (opem eiveles)
oompared with erpeetation Jor full defects (evosses) having the same ,

UpoR amnealing, but sometimes decreased. Such divergent behaviour is
Bot what would be expected for simple additivity. Wher “met” LiRg were
calculated by subtracting out the LRy for flat pieces on the same
annealed or unannesled sample, then these “met” LiNRs almost always
increased wpon Azaealing. The various behaviours Juat described are
Lllustrated 1in Pig. 17. ¥e currently bave mo explarstion for the
increase iz "net” LNR gonsrally cbaerved upon sample anneeling.
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