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LETTER TO THE EDITOR 

Anisotropy of the temperature dependence of electrical 
resistivity in aluminium single crystals 

Y Ueda, H Tamura and E Hashimoto 
Laboratory of Crystal Physics, Faculty of Science, Himshima University, Higashi-Hiroshima 
724, Japan 

Received 30 August 1994 

Abstract. The anisotropy of the temperahlredependent p a ~ I  of the electrical resistivity has been 
measured in the range 4.240 K on aluminium single crystals with a wmmon surface orientation 
(1lO)andspecimenaxes (100). (1ll)and (110). Thespecimens werecutfromonesingle-crystal 
rod with a residual resistance ratio of about 50 000. The temperaturedependent pan of the (100) 
specimen, p&(T), is larger ulao that of the (111) specimen. &,(T), below about 25 K. Then, 
&(T) becomes smaller than p $ , ( ~ )  above that t empewe .  ~t higher temperanues, the 
anisotropy gsadually disappears. On the other hand, the temperamre-dependent pan of the (110) 
specimen, p%(T), is smaller than &(T) at low temperatures and ulis anismpy vanishes 
rapidly at higher temperawes. A mechanism for the anisotropy that arises from the anisotropic 
distribution of conduction electmns m an elecbic field applied along (100) is suggested. 

Recently, we have reported experimental results that manifest the anisotropy of residual 
electrical resistivity in high-purity aluminium single crystals at 4.2 K [l]. Prior to studying 
the present subject of the temperahue dependence, we briefly describe the results of this 
anisotropy of residual resistivity. 

Figure 1 shows the experimental values of the resistivity p(4.2 K), obtained so far, as 
a function of P/ZA, where P is the perimeter of a cross section and A the sectional area 
of a specimen. The main surface, about 3 mm in width, is cut parallel with [l00) for all 
the specimens, prepared from one singlecrystal rod with the residual resistance ratio RRI( 

= R(300 K)/R(4.2 K) of about 50000. The specimen axis along which a current flows is 
directed in one of three principal orientations (loo), (111) and (110). The dependence of 
p(4.2 K) on the orientation of the specimen axis is distinct for P/ZA < 3 x lo3 m-I: the 
resistivity increases in the order of (110), (111)  and (100) directions. The anisotropy of 
p(4.2 K) decreases in thin specimens in which the scattering rate of conduction electrons 
at the specimen surface is large. As the thickness of the specimens decreases, the p(4.2 K) 
values of the (111) and (100) specimens rapidly approach the p(4.2 K) value of the (1 10) 
specimens for P / 2 A  t 3 x Id m-’ and 4 x lo3 d, respectively, reducing their 
increment with P/ZA. These results suggest that the anisotropic distribution of electrons in 
an applied electric field is homogenized by the increased surface scattering. 

If the anisotropy of p(4.2 K) with the axis orientations arises from a break of the cubic 
symmetry due to impurities aligned in a certain direction or due to defects and microstructure 
produced in the surface layers during spark-cutting, the anisotropy will remain constant 
or increase in thin specimens. As the thickness of the specimens decreases, the volume 
fraction of the defects and microstructure becomes large, resulting in the increased resistivity. 
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Figurr 1. Experimental values of ~(4.2 K) as a function of P I U .  Here, P is the perimeter 
of the c m s  section and A the sectional area of the specimen. The notation (hkl) repmen@ 
the orientation of the specimen axis, and the orientation of the main surface is (110) for all Ihe 
specimens. Solid c w e s  are oMained accordiig to the FuchsSondheimer theory assuming lhat 
p = 0 and pblb = 0.87. f0. mz. Dashed curves are drawn to guide the eyes. 

Therefore, the result in figure 1 that the anisotropy decreases in thin specimens shows that 
the impurities, the defects and the microshuchxe are not the cause of this anisolzopy. 

Solid c w e s  in figure 1 are drawn through the data points for each axis orientation 
according to the Fuchs-Sondheimer theory [2]. As the specimens have been etched with 
aqua regia and annealed in air at 300 "C, the surface of the specimens is rather rough. 
Therefore, the surface scauering of conduction electrons was assumed to be diffuse, i.e., the 
specularity parameter p = 0 [3]. A value of 0.82 fa mz was used for the product of bulk 
resistivity and bulk mean free path [3,4]. Each of these curves gives a good fit to the data 
obtained, except those for the thin (100) and (111) specimens, and for the thickest (111) 
and (110) specimens. 

In thick specimens, the surface scattering on the side surface becomes large. The 
side surface of the (100) specimen has the same (110) orientation as the main surface. 
However, the (1 11) and (1 10) specimens have { 112) and (100) side surfaces, respectively. 
These side surfaces may give a different size effect from that from the (110) main surface. 
This effect must necessarily be pronounced in thick specimens. For example, the value 
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of p(4.2 K) for the thickest (110) specimen suggests that the size effect due to the [l00] 
surface is significantly larger than that due to the { 1 IO} surface. This is consistent with 
previous experiments on the anisotropic size effect in  thin aluminium films [SI. If such a 
contribution from the side surface is negligible to the total resistivity, the Fuchs-Sondheimer 
theory with a suitable value of pblb as described above will be plausible to estimate the 
bulk residual resistivity, pb(4.2 K), for the specimen studied. 

The salient feature of the results shown in figure 1 is the anisotropy of the bulk residual 
resistivity pb(4.2 K). The resistivity increases in the order of the (110). (111) and (100) 
directions: the values along (100) and (111) are 50% and 20% larger than that along (110). 
respectively. This result is noteworthy for the transport phenomena of electrons because 
aluminium is a normal metal and has cubic symmetry. For this reason, it has been generally 
believed that the resistivity is isotropic [6]. 

As far as the system is cubic and Ohm's law i = cr. E stands, the conductivity tensor 
U becomes a scalar and the resistivity is isotropic. In order to examine the appearance 
of the anisotropic resistivity due to the deviation from Ohm's law, we further measured 
the current-voltage characteristics on specimens for three principal axes and for a current 
from 0.08 A up to 1.2 A at 4.2 K. The voltage was measured with a superconducting 
chopper amplifier 171 with the optimum resolution of 2 pV. The linearity of an electric 
field E against a current density i was confirmed within the experimental error for all the 
specimens. Thus the anisotropy of the resistivity is not the non-linear effect of the current- 
voltage characteristics. The above linear behaviour also means that the possibilities of the 
influence of Joule beat and magnetoresistance that increases as i2 are discarded. Therefore, 
we conclude that the anisotropy of pb(4.2 K) obtained in this work is the intrinsic b u k  
property under the influence of the electric field. 

As described above, the anisotropy of p(4.2 K) decreases in this specimens in which 
the scattering rate of conduction electrons at the specimen surface is large. The scattering 
rate of conduction electrons also increases with increasing temperature. Therefore, it is 
expected that anisotropic behaviour, similar to that found for p(4.2 K) as a function of 
P/2A,  exists for the temperature dependence of the resistivity. In this letter, we present 
measurements of the temperature dependence of the resistivity in high-purity aluminium 
single crystals in order to study the mechanism of the anisotropy of electrical resistivity. 
Extensive investigations of the electrical resistivity and its temperature dependence have 
been made on pure aluminium [3,8]. However, the anisotropy of resistivity as a bulk 
property is not reported in these previous works. 

The measurements of the temperature dependence were performed on two sets of single- 
crystal specimens with the (170) surface about 0.5 mm x 3 mm in cross section and 15- 
30 mm in length. Each set consists of three specimens with the principal axes [IlO], [I 111 
and [001] parallel to a current direction, respectively. These specimens were cut with a spark 
erosion machine from the close part of one aluminium single-crystal rod produced by zone 
refining. The residual resistance ratio twx of this rod was about 50 OOO in the bulk value and 
its growth direction was nearly parallel with the orientation [112]. The surface normal and 
the axis of the specimens were accurate within &lo. The specimens were chemically etched 
with aqua regia and rinsed with distilled water to remove contaminations and damaged layers 
on the surface. Four zone-refined aluminium wires 0.3 mm in diameter were spot-welded on 
the specimens as the electrodes for the standard DC four-probe measurement. The potential 
contacts were placed sufficiently far inside to avoid the end effect. All the specimens were 
annealed in air at 300 "C for 3 h, and fumace-cooled to room temperature. 

In order to obtain a resistivity difference between two specimens, one pair of specimens 
was mounted on a copper disc 38 mm in diameter and 13 mm in thichess, attached to 



L640 Letter IO the Editor 

a helium pot in a stainless steel vacuum can. The copper disc was electrically insulated 
with thin adhesive polyester tape. The vacuum can was filled with 1 atm helium gas. 
The cryostat was spontaneously warmed from 4.2 to 80 K over about 30 h to maintain a 
uniform temperature distribution in the copper disc. Temperatures were monitored with a 
thermocouple of Au-0.07 at.% Fe versus chrome1 placed between the pair of specimens, 
and a thermal EMF was measured with a digital voltmeter withim a measurement error of 
f0.07 K. A resistance ratio between the pair of specimens at temperatures 4.240 K was 
measured on a bridge circuit composed of the pair one of the pair as a reference specimen 
RI and the other as an unknown specimen Rz. A small potential difference AV between 
these specimens was measured with a DC comparator potentiometer with a resolution of 
f0.5 nV (Guildline, Model 9930). The resistance ratio was determined from the relation 
Rz/R, = (Zl/ZZ)[l + AV/(ZlRl)], where Z, and ZZ are the currents through RI and Rz, 
respectively. The specimen with the (1 1 1 )  axis was used as the reference specimen. The 
size factor a(- A / f , )  was determined from the relation a = p / R  using a measured value of 
R(300 K) and a value of 27.33 nS1 m for p(300 K) [9]. Here, A is the sectional area of the 
specimen and I ,  the distance between potential electrodes. The thickness d was determined 
from the relation d = (fp/w)a, where w is the width of the specimen. Specifications of the 
present specimens are listed in table 1. 

Table 1. Specifications of tk specimens in sefs A &d 8: the crystallographic orientation of the 
specimen axis [hkl], the thielme& d ,  the width w. the distance belween potential elecaodes 4, 
the measured resistivity p(4.2 K), the size-corrected resistivity ~ ( 4 . 2  K) and the extrapolated 
resistivity p(0) at 7 = 0 K. The surface orientation (170) is common to all the specimens. 

d W 1" ~ ( 4 . 2  KY d 4 . 2  K)b do1 ... . . . .  
Specimen [hkl] (mm) (mm) (") GQ m)' @Q m) @Q m) 
A1 [1101 0.428 2.954*0.003. 8.06io.01 i .4oi io .w3 0.473 1.43 
A2 11111 0.469 2.983f0.005 20.04iO.01 1.44i0.03 0.56 1.32 
A3 i00lj 0.331 2.857i0.011 15.19i0.01 1.88i0.03 0.69 1.72 
B1 [I101 0.421 3.049f0.004 8.38zt0.01 1.402101343.. , ,  ,0457 , , 1,31 , , 

82 [ I l l ]  0.558 3.049i0.004 12.69i0.01 1.312iO.003 0.544 1.24 
B3 10011 0.457 3.062i0.003 12.1310.01 1,63633,003 0.716 1.54 

Values obtained by the direct current comparator potentiometer are listed for specimens A2 and A3, and those 

Values estimated according to the FucWondheiier b r y  assuming thal p = 0 and pblb = 0.82 fQ mz. 
a b e d  by the superconducting chopper amplifier for specimens Al. B1, BZ and 83. 

In order to obtain the temperature-dependent part pPh(T) of the resistivity, the residual 
partp(0) was subtractedfromthe total resistivity p ( T )  (= p(0)+pPh(T)). The value of p(0) 
was determined by the least-mean-squares fitting of a polynomial, Ao+AzTZ+A3T3+A5T5, 
to the data of p(T)  obtained below 15 K. The value of p(0) (= Ao) is listed in table 1. Here, 
it should be noted that a contribution to the resistivity from the surface scattering, as well 
as the contribution from impurities and other defects, is already subtracted for pPh(T). The 
ratios p&(T)/p&(T) and p$o(T)/ppf;(T) are shown in figures 2 and 3 for the specimens 
in sets A and B, respectively, where p$(T) means pph(T) in a specimen with the (hkl) 
axis. The deviation of the ratios from 1.0 represents the anisotropy of the temperature 
dependence of resistivity. The reproducibility of the measurement is good. The behaviour 
of pph(T) is similar to the total resistivity p(T)  [I]. 

A remarkable anisotropy is observed in the temperaturedependent part pph(T) at low 
temperatures. At temperatures below about 25 K, &(T) is larger than p$,(T), but 
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Figuref. Ratiosofrhetemperahlrc-d~-d~tpendent~ftheelectricalresisti"ity~~~~(T) top$,(T) 
as a function of temperahue for the aluminium single-crystal specimens with the (MI) axis in 
set A. 

p::,,(~) is, in contrast, &]er than the latter: P&(T) > p ; F I ( ~ )  > P $ ~ ( T ) .  In this 
temperature region, p * Q )  has the larger value in the order of symmetry of the specimen 
axis. These features are the same as those of pb(4.2 K) reported previously [I]. The 
ratio ,$o(T)/p~~l(T)  rapidly approaches 1.0 with increasing temperature. On the other 
hand, the ratio &(T)/p;:,(T) approximates to 1.0 at about 25 K and takes the minimum 
value between 30 and 35 K. Then, it gradually approaches 1.0 at higher temperatures. The 
relative difference of p@(T) between specimens with the different axis orientation is large 
at temperatures below 20 K, and this large anisotropy seems to persist even in the lowest 
temperature region, although the data are scattered. 

The behaviour of the anisotropy of pph(T) described above shows a good 
correspondence with that of p(4.2 K) as a function of P / 2 A  in figure 1. The anisotropy of 
pPh(T) in the region T 4 25 K, where the rate of the electron-phonon scattering is small, 
is the same as that of p(4.2 K) in the region P/2A < 3 x lo3 m-'. In the region T z 
25 K, where the scattering rate is large, the anisotropy of pPh(T) decreases similarly to that 
of p(4.2 K) in the region P/2A > 4 x lo3 m-l. 

In high-purity aluminium for the present experiment, the electron-impurity scattering is 
largely reduced. Eventually, the anisotropic electron-phonon scattering at low temperatures 
and the electron-dectron scattering relatively increase their influence on the electrical 
resistivity. In fack pPb(T) in the present specimens deviates from the Bloch4riineisen 
expression [lo] at temperatures below 20 K where the anisotropy of pph(T) is remarkable. 
In aluminium, the second-zone Fermi surface is nearest to the Brillouin zone boundary 
that is perpendicular to the high-symmetric direction (100). Moreover, it contacts with the 
third-zone Fermi surfaw near the W point. When an electric field is applied in the (100) 
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Figure 3. Ratios of &(T) to &(T) as a function of temperature for lhe aluminium single- 
crystal specimens in set B. 

direction, the electron distribution deviates from the equilibrium in this direction towards 
the zone boundary. A possible suggestion to explain the anisotropy of pph(T) is that the 
probability of the Umklapp process is enhanced due to this deviation of electron distribution 
by the electric field along (100). When the temperature is raised over 20 K, the scattering 
rate of electrons due to the normal process increases and the electron distribution will be 
homogenized. Then, the anisotropy of pPh(T) will decrease. The change in the process 
of electron-phonon scattering will be a cause of the detailed behaviour of &,(T)/p$,(T) 
in figures 2 and 3 that shows the minimum between 30 and 35 K. The mechanism of 
the anisotropy that work in pph(T) may relate to that of the residual resistivity. Further 
investigations, both experimental and theoretical, are needed to elucidate the mechanism of 
this anisotropy of the electrical resistivity. 
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