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Dislocation resistivity in Cu: dependence of the deviations 
from Matthiessen’s rule on temperature, dislocation density 
and impurity content 

R Ziircher, M Muller, F Sachslehner, V Groger and M Zehetbauer 
Institut fir Festkarperphysik, Lhivmitiit Wien. Svudlhofgasse 4. A-I090 Wien, Austria 

Received 28 November 1994, in final form 30 January 1995 

Abstract Measurements of dislocation resistivity and the deviations from Matthiesseu’s rule 
(DMRs) are reported for polycrysWline Cu samples with various dislocation densities, impurities 
and phonons. Since this DMR can reach the same order of magnitude as the dislccation resistivity 
itself, its quantification is essential in using the elechical resistivity for dislocation density 
measurement. In the framework of the cl3ssical two-group model, a formula for the DMR is 
derived for the three independent scatterers. The fits by this formula are satisfactory provided 
that isotropic phonon scattering is chosen for samples with high dislocation densities. While 
samples with a high purity (residual resistivity ratio (Rm) > 300) show dislocation scattering 
anisotropies Ad,, 1 0.1 irrespective of d i s l d o n  density, the more impure material (purity 
99.994%) (RRR = 130) exhibits a significvlt decrease in AdiJ at low dislocation densities, 
indicating some contribution of enhanced strain fields in the dislocation structure. This leads to 
an enhanced DMR contribution in this material and makes the determination of the dislocation 
density N by the elatrid resistivity method less reliable. Nevertheless, in the whole purity 
mge considered, the elecuical resistivity yields at least the same measuring resolution as m 
of about AN  ̂ I 1 x IO9 cm-l, but a better performance for high dislocation densities up to the 
order of IO’( c m 2  

1. Introduction 

Deviations from Matthiessen’s rule (DMRS) have been thoroughly investigated for a long 
time, which is well reflected in the reviews of, for example Bass [ 11 and Cimberle et a[ 
[2]. However, the overwhelming part of their papers was concerned with point defects with 
respect to temperature, i.e. the phonon density, and not so much with other crystal defects 
such as dislocations. This means a real lack of knowledge because it has turned out in 
the last few decades that many other crystal defects such as large and small-angle grain 
boundaries and point defect clusters basically consist of certain arrays of dislocations [4,5]. 
Moreover, efforts have been made in the last few years to use the electrical resistivity 
as a measuring tool to determine the dislocation density [3] and, consequently, the total 
grain boundary area [6]. Therefore the first tasks were to check the pre-conditions for this, 
one being the question of the scattering contribution of the dislocation core or strain field 
[3]. Furthermore DMRS (which are expected to arise when different scatterers with different 
scattering anisotropies coexist [7]) impede proper determination of the dislocation density 
using the electrical resistivity if they cannot be accounted for in the quantitatively correct 
way. 

So it is the aim of the present paper to investigate thoroughly the DMRs in the presence 
of dislocations, as a function of their density, impurity content and temperature. This also 
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appeared to be a good idea since research in the last few years has revealed the specific 
dislocation resistivity to be largely independent of dislocation density and arrangement 
because of the dominance of scattering by the core [3,8,9] or at least by near-core regions 
[IO]. Conceming the quantification of the DMR iIself, the conditions under which the concept 
of the classical two-group model (TOM) can be used are also of interest. This question was 
also treated in a recent paper [ 111 which discusses the possibility of simultaneous description 
of the DMR and the low-field Hall effect by the EM. 

2. Experimental details 

Samples were prepared from high-punty copper with different impurity contents as shown 
in table 1, (for simplification the different copper types will be denoted by the letters A, B, 
M and 2 as indicated). 

Table 1. Impurity contents of the different types of copper used. 

Impurity content (ppm) Tor the following types of Cb 

MBOF’NCu OFE 101 Cu Cu c u  
(purity, 99.99%) (purity, 99.99%) (purity, 99.99+%) (purity. 99.9999%) 

Element Mnter*l Z Material M Material A Material B 

Ag 9 14 7 
zn 1 0.8 
Pb 8 5 <0.05 
Fe 3.2 4 2 
Sb 1.8 I .4 <O.lO 
S 22 15 co.10 

P 5 C l  
CA Cl 

Mg co.05 
Mn 0.40 
CO co.05 
All co.05 
Si 0.2 
Sn co.05 

Pieces of materials B, M and Z were cut by spark erosion and rolled to thicknesses 
between 7-50 and 100 .um. The rolling was performed in a sandwich with copper plates so 
that any contamination by iron atoms was avoided. Material A was delivered as a foil of 
250 pm thickness which could be used directly as the sample material. The copper foils 
were then annealed in a high vacuum (annealing time f, annealing temperature T and total 
pressure p )  to give different residual resistivities pi at 4.2 K as shown in fable 2. 

Material A was additionally annealed at a partial oxygen pressure p‘ = 4 x lo-’ mbar 
[12] in order to oxidize the Fe impurities [13], lowering the residual resistivity by a factor 
of almost 10. 

The foils were deformed by tension up to a true strain E = 0.t5 and by rolling to 
0.15 < E < 1.04. The rolling was again performed with copper plates to avoid direct 
contact with the rolls. The samples were cut by spark erosion to ensure well defined leads 
for cnrrent and potential difference. 
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Table 2. Annealing conditions. 

C" I T P pS4.2 K) 
type (h) ('C) (mbar) (nil cm) 

A 16 950 2 x  5.51 
10 950 2 x  I0-I 0.598 

M 16 600 I x 5.681 
z 16 600 I x IOn6 12546 

B 16 500 2x10-7 1.182 
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The measuring current was 0.5 A; the voltage was measured with a resolution of fl nV. 
The electrical resistivities of all deformed samples were measured at 4.2 K, 77 K and room 
temperature in Dewar baths of liquid helium, liquid nitrogen and alcohol. The temperature 
of the alcohol was measured with a Beckmann thermometer with an accuracy AT of 
+0.01 "C. Temperature-dependent measurements between 4.2 and 150 K were performed in 
an evaporation cryostat with controlled helium flow [14]. The measurement temperature was 
kept constant to fO.O1 K for T z 40 K and to f0.005 K for T c 40 K. The temperature 
was measured by means of a carbon glass resistor which gave highly reproducible results. 

The shape factors G of all samples were determined by electrical measurements after a 
second annealing treatment at 500°C from 

R(293.2 K) - R(4.2 K) 
~ ~ ( 2 9 3 . 2  K) G =  

assuming Matthiesen's rule for these samples at 293 K. The absolute error in G was lower 
than 1%. The value for the phonon resistivity ~ ~ ( 2 9 3 . 2  K) was taken from the literature 
1151 to be 1679 nQ cm. 

The measured dislocation resistivity (rd) of the samples is given as 

rd(T) = Pp.i.d - pp,i,d=O (2) 

which is the difference between the specific resistivity of the deformed sample, with 
phonons (subscript p). impurities (subscript i )  and dislocations (subscript d )  as scatterers, 
and the specific resistivity of the undeformed 'reference' sample (subscript d 0) with 
the conditions before deformation. The resistivity of the reference sample was in good 
agreement (10.1 nQ cm) with the values of the deformed samples after the second annealing 
procedure. 

The quantity rd contains not only the true dislocation resistivity pd but also some DMRS 
due to the different scattering mechanisms in the deformed and in the undeformed condition, 
respectively: 

p = pp + pi + pd + 6pid PRef Pp + Pi + &pi (3) 

where p and p ~ e f  are the resistivities of the deformed sample and reference sample, 
respectively, and 6 is the DMR. It then follows that 

rd = P - PRef = pd t 6pid - 8,i. (4) 

In all cases, Gpid >> 6,i is valid and therefore rd reflects mainly the first DMR contribution. 
At 4.2 K (where pp was set to zero), rd(4.2 K) contains not only pd but also the DMR caused 
by the common presence of impurities and dislocations 6id, which therefore must he known 
well enough to find the true dislocation resistivity pd. 
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3. Formulation of the two-group model for three independent scatterers 

The TGM divides the Fermi surface into two characteristic regions of necks and bellies (with 
non-interacting 'groups' of  electrons), each of them having a typical contribution uo and q, 
to the total electrical conductivity U: 

U = U" + Ob 
and therefore 

1 1 1  --- - f -  
P P" Pb' 

In each group the sum of partial resistivities caused by the different scattering mechanisms 
j gives the total resistivity of the group: 

P"=cP: 
i 

and 

P b = E p ; .  
i 

From (5b), one obtains 

P"Pb 
P" + Pb 

p=- 

and 

n b  
Pj Pj pj = - 

Pf + P,"' 

From (6) and (7), 

(7) 

The DMR 6 is given by 

g = P - - C p j  (10) 
i 

and can be written as (by inserting (8) and (9) into (IO)) 
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which results for three scattering mechanisms j = I ,  2 , 3  in 

with p4 PI. p5 p2. 
With anisotropy parameters Ai [7,16] for each scattering mechanism j given by 

the DMR S for three independent scatterers can be written as 

with A4 = A , ,  A5 = Az. b is the band-structure term [16]: 

where U is the Fermi velocity. 

4. Results 

4.1. Measurements 

Typical results of the DMR measurements in Cu polycrystals with different impurity contents 
are shown in figure 1 .  For characterization of DMR we used the expression 

From equation (4)  and the above comments, D follows as 

- 1. pd + 6ptd - Spi 

pd + &id 
D =  

Since << Spid and Sid << pd we arrive at 
pd + zpid 

pd 
D1. - 1  

which in fact reflects the temperature dependence of the DMR Gpid; D equals zero if no 
DMR occurs. While at low strains D depends on the impurity content of material (figures l (a)  
and l(b)),  this dependence becomes markedly smaller with increasing strain (figure l(c)). 
Nevertheless, the temperature variation D ( T )  remains considerable; rd differs by a factor 
of about 2 between the lowest and the highest temperatures measured. This is also reflected 
when comparing the DMRs at selected temperatures, in the full range of dislocation densities 
in figure 2. The values of rd(4.2 K) plotted on the x axis are divided by pi(4.2 K) to 
give an impression of the contribution of dislocations in relation to the impurities. The 
pi(4.2 K)-values were obtained from the RRR and shape factor G of annealed samples (the 
material-specific values of pi(4.2 K) are given in table 2). Material 2 with the largest 
impurity content is also included in figure 2. For all materials a tendency of D(T)  to 
decrease with increasing dislocation density can be recognized. 
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Figure 1. 'Qpical varialions in measured n o d i r e d  dislocation resistivity D = 
rff(T)/rd(4.2 K) - I ,  as n function of "ing tempemure T. after different me strains 
E ,  for different materials A (0). B (0) and M (t) (for details, see section 2): ( U )  E = 0.05; 
(b) E = 0.17; (e) E = 0.5. The lines me dnwn % a guide to the eye. 
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4.2. Fitting calculations according to the two-group model 

We tried to achieve an optimum fit to the experimental D(T)-values by means of 
equation (14) for the calculation of Gpid. This was done for fixed values of the band-structure 
term b and the scattering anisotropy Aim of impurities, with the dislocation scattering 
anisotropy Adr as the only free fitted parameter and result of interest. As for the phonon 
anisotropy involved, it turned out that beyond a certain strain &, a good fit of experimental 
data required us to use isotropic phonons for all temperatures (figure 3(b)). For samples with 
E < good fits of D ( T )  were achieved using some qmi-isotropicphonon chracteristics 
to model the scattering processes by phonons more isotropic than usual (figure 3(a)). In 
the quasi-isotropic phonon model, Aph was taken as the arithmetic mean between Aph = 1 
(isotropic) and Aph as given by Bamard 1171. For the limit of temperature T approaching 
0 K we then found Aph N 0.6. Only in some special cases (in the limit of low dislocation 
densities and additionally rd/pi << 1) was it necessary to use the usual phonon anisotropy 
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dependence as given by Barnard 1171 to obtain a good fit. In figure 4, the three phonon 
anisotropy characteristics used are demonstrated graphically. 

2 

15 

I -  

-5 
0 

lbl 

- 

150 

0 so a0 150 
T 6 

F I N  3. Fits of D ( T )  curves with the TOM by different ch;lracteristics of phonon scaltcring 
misobopy (material A; E, = 0.35) form applied swain E of (a) 0.13 < &  and (b)  0.82 > e.: 
...... . isotropic phonons; - . . ., quasi-isotropic phonons; -, anisotropic phonons (see also 
figure 4); 0. experimental values. 

Figure 5 presents the resulting fitted values of dislocation scattering anisotropy Aai. for 
all materials investigated, each for two fixed values of impurity scattering anisotropy (for 
comments see discussion). 

5. Discussion 

Before analysing the calculated values for dislocation scattering anisotropy A,, as a function 
of dislocation density, content and scattering anisotropy of impurities, we have to discuss 
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Fwrc 4. Differences in temperature characteristics of electron-phonon scattering anisotropy 
Aph. . . . . ... isotropic phonons; -. --, quai-isotropic phonons: -. anisotropic phonons. (After 
Bmard [17].) 

the increasing temperature dependence of phonon anisotropy for decreasing dislocation 
density. In our opinion the main reason for this is that the TGM neglects the contribution of 
small-angle scattering processes to the phonon scattering anisotropy. Obviously, these are 
strongly sensitive to the number of additional defects; this means that the isofmpic character 
of scattering increases as the number of additional defects increases. An analogous example 
for alloying atoms as defects in various concentrations has been given by Groger 1191 in 
Hall-effect studies of several Cu-Be alloys. The idea that both the number of dislocations 
and the number of impurity atoms are important for the phonon anisotropy behaviour is 
confirmed by the following. Although E, is different in the different materials according to 
their impurity contents, we find that rd(4.2 K, E<) +pi is about 11-13 nQ cm. For example, 
for material A, E, N 0.35 (dislocation density N 2: 1.35 x lOI5 m-2) and, for material M, 
cc N 0.17 (N N 5 x loJ4 &). 

For low dislocation densities and rd(4.2 K)/pi << 1 the strong temperature dependence 
of phonon scattering anisotropy as given by Barnard was found only for the impure 
materials M and Z whereas the quasi-isotropic characteristics appear for the pure materials A 
and B. This change in the temperature dependence of Aph below 80 K with dislocation 
density and impurity content makes it clear that the classical TGM is rather overstrained 
in giving a full characterization of electron-phonon scattering processes because of the 
relaxation time approximation involved. 

Considering now the calculated values Adis for different dislocation densities in materials 
with different impurity contents (figure 5), the general behaviour is a slow decrease 
in Adis with decreasing dislocation resistivity. Below a certain dislocation resistivity 
(rd(4.2 K) < (2-3)pj). however, the value of Adis depends sensitively on the value Ai, 
(impurity scattering anisotropy) chosen, i.e. it either strongly decreases (for Ai, = 1; 
isotropic) or increases (for Ai, < 1; anisotropic) in approaching the smallest dislocation 
resistivities measured (figure 5). Although DHVA measurements yield relaxation times which 
are not weighted correctly for the case of electrical resistivity, it can be seen from such 
results on dilute alloys 1181 that, in general, Ai, does not equal 1. Thus it is preferable to 
measure the anisotropies A:, by low-field Hall-effect (ME) experiments on undeformed 
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Figure 5. AniSOMpies Adi, of electron-dislocation scattering, from fitting calculations with 
b = 0.219, calculations were done with Aim = I (-) as well as the experimental value A:, 
from the Hall effect [ I  I] (--- -). The lines are drawn as guide to the eye: (a) material A (0, 
for A:, = 0256; A. for Aim = I )  and material B (0, for A:, = 0,161; V. for Aim = 1); (b) 
material M (M, for A;, = 0 . m .  t. for Ai,,, = 1); (c) Material 2 (#, for A:, = 0.313: $, for 
Aim = 1). 
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samples with minimum dislocation density [I l l .  These values were used for the fitting 
calculations, yielding the graphs of AdiJ in figure 5.  The anisotropy parameters A:, of 
impurity scattering are surprisingly small and very different from unity. As already argued 
in [ l l ]  for polycrystalline Cu samples in comparison with single-crystal samples, these 
values are probably dominated by the scattering (anisotropy) of grain boundaries which are 
thought to consists of certain arrays of dislocations and therefore have similar scattering 
anisotropies. After the measured values A;,, are included in the calculations, they now 
exhibit some increase in Adis when proceeding to lowest dislocation resistivities, except for 
material 2 with the highest impurity content. Thus a general feature of the results for Adis 
in the low dislocation density range is roughly constant or slightly increasing characteristics 
on decreasing the dislocation resistivity, with an absolute value of about Adis = 0.lt for the 
'pure' materials A and B (having impurity resistivities of less than 1.5 nS2 cm) and only a 
slightly higher value of Adis = 0.14 in material M (pi = 5.68 nS2 cm). 

In great contrast with that, material Z with an impurity resistivity of 12 nS2 cm shows 
quite a different behaviour of Adls as a function of (low) dislocation resistivity. Regardless 
of the choice of Ai,, all values Adis decrease markedly with decreasing dislocation content. 
Considering the impurity contents and impurity types contained in this material (see 
section Z), we suggest the following explanation. Besides the high impurity content 
itself, material Z contains phosphorus which is known to be an effective constituent in 
strengthening Cu. In contrast with the (fewer) constituents in materials A, B and M, the 
phosphorus a t o m  act as strong barriers to the moving dislocations in deformation, favouring 
the formation of stress-(strain-)field-intensive dislocation arrays. If we recall the findings of 
Barnard etal [21] from a combined resistivity-TEM investigation of deformed Ag, arrays of 
pinned dislocations with their considerable strain fields are suspected to provide particularly 
high scattering anisotropies Adis of the order of 0.01, in contrast with low-energy dislocation 
arrays exhibiting, as mentioned, an Adi,-value of about 0.1. 

From equation (14) it is obvious that the resulting DMRs become larger with increasing 
difference between the anisotropy parameters A1.2.3 involved and/or with increasing 
resistivities pl ,~ , , .  From this point it  is quite clear that, at temperatures T > 100 K, a 
higher number of impurities only leads to enhanced DMRs if the scattering anisotropy Ai, 
is highly different from the anisotropy of the combined dislocation-phonon system. 

At 4.2 K, when no phonons are present, DMRS occur only as a result of impurities and 
dislocations. Larger DMRs are expected in impure materials particularly with dislocation 
pinning obstacles (e.g. material 2) and on proceeding to lower dislocation densities. This 
yields larger corrections if one wants to measure dislocation densities exactly using the 
electrical resistivity. These corrections are considerable (a factor of about 2 in the region 
E < 0.2 for the pure materials A and B and a factor of up to 10 for material 2) where Ai, 
is about 1, which means that the values of Ai, and Adis are highly different. However, 
as the values of Ai, measured by the LFHE are closer to Adis than to unity, the correction 
of the measured quantity rd(4.2 K) to the 'true' dislocation resistivity pd decreases rather 
drastically. 

If we take the measured values of A:,,, as the anisotropy parameters for impurity 
scattering, the correction in dislocation density N does not exceed a few per cent. An 
estimate of the maximum correction for the sample materials used can be obtained from 
the values of Ai, rx 0.6 resulting from LFHE measurements on copper single crystals [ I l l ,  

t The band-structure term b slightly influences Ihe absolute value of Adi, but has no effect on Ihe general tendencies 
presented here. Choosing b = 0.219 minimizes the difference between the averages of resistiviry and Hall effect 
[11.20], and the corresponding neck angle of 18.7" is in good accordance with the usupl models of the copper 
Fermi surface. Therefore. this b-value accounts for the most reliable Awvdues calculated here. 
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which corresponds to the limit of dominant impurity scattering in polycrystals. In this case 
of vanishing grain boundary influences the corrections in the region E .c 0.2 are a factor 
of about 1.7 for the most impure material Z and smaller than 1.25 for all the others. For 
E > 0.2 the values of 4 4 . 2  K) and p d  differ by less than 10%. In all cases (as shown in 
figure 6) the difference between measured and corrected dislocation densities is largest with 
the most impure material. It is clear that the correction to pd at temperatures T > 4.2 K, e.g. 
at T = 77 K with measurements in liquid nitrogen, is much more complicated because of 
the uncertainty in Aph. Without any correction the accuracy of determination of dislocation 
densities at T = 77 K cannot be in general higher than a factor of 3-5 even in very pure 
materials. 

18 

16 

- .. x 
I4 

12 

1 
0 5 a 15 20 

rty4.m) in n nom 

Figure 6. Factor N/N,,. to correcl the dislocation density because of contributions from D m s  
(calculated for A,, = 0.6): symbols ax JS figure 2. 

A final test of the reliability of resistivity measurement as a method for dislocation 
density can be achieved by comparing the results with those of "EM investigations 
[22,23]. At E = 0.1 and E = 0.05 we find that N = (2-2.6) x 10'O cm-' and 
N = (1-1.3) x loro cm-*, respectively, whereas E M  yields N = 3 x loro cm-' and 
N = 1.3 x 10'O cm-2. So we can conclude that resistivity leads, to a high degree, to 
the same results on dislocation density as the analyses by TEM do. Also, the measurement 
errors are of the same order of magnitude: A N  r, 5 x IO8 c d .  However, it is well known 
that dislocation density measurements by TEM are restricted to N not larger than some 
10" cm-' which is clearly not the case with resistivity measurements. Because of numerous 
findings that the strain field of dislocation (arrays) plays only a negligible role in electron- 
dislocation scattering compared with the dislocation core [3,8,9], the resistivity method in 
principle can be applied with no serious limit up to the highest dislocation densities, except 
when the distance between dislocations becomes smaller than 2b (b is the Burgers vector). 
This leads to an overlap of dislocation cores and thus to an apparent decrease in specific 
dislocation resistivity in spite of an actual increase in the dislocation density 161. Such small 
dislocation distances can of course only be reached locally, i.e. at small- and large-angle 
grain boundaries. Here, Nakamichi [6] indeed measured a decrease in specific dislocation 
resistivity with a high-resolution SQUID method. Thus, the above dislocation distance of 
2b can be regarded as some upper limit where the resistivity method correctly operates; 
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it corresponds to a dislocation density of about 4 x lOI4 cm-*, which means that this 
method exceeds the TKM technique by at least four orders of magnitude. Moreover, besides 
the advantages of a comparably simple experimental method, it yields an average global 
dislocation density for a sample volume which is in most cases much more representative 
for comparisons with other physical properties (strength, neutron diffraction, stored energy, 
etc) than the microvolumes studied by TEM. The TEM method also sometimes suffers 
from influences of the preparation method and is mostly restricted to room-temperature 
observations. 

6. Conclusions 

(1) In the framework of the TGM and an exact equation for three independent scatterers, 
various DMRs in the presence of dislocations can be calculated, i.e. for different dislocation 
densities, impurity contents and temperatures. 

(2) Satisfactory fits of DMRs caused by dislocations require isotropic phonon scattering 
at high dislocation and/or impurity contents, and increasing anisotropy of phonon scattering 
when these defect densities are smaller. This specific behaviour is attributed to the variable 
contribution of small-angle scattering processes to phonon scattering anisotropy which is 
not taken into account in the classical TGM. 

(3) In high-purity Cu and in internally oxidized Cu, the anisotropy Ads of electron- 
dislocation scattering is roughly independent of both dislocation and impurity contents, 
giving about Adis N 0.1. In Cu with a typical purity of 99.99% and special constituents 
which favour the formation of high-internal-strain-field arrays of dislocations, Adis decreases 
drastically in the low-density range by about one order of magnitude, reaching Adis N 0.01. 

(4) In the case of special types of strain field formation due to some sort of impurities, 
the DMR increases strongly as well as the corresponding correction which is necessary to 
obtain the true value of dislocation density. Therefore, using the resistivity for dislocation 
density measurement, the resolvable dislocation density is about twice that in the pure 
material. 

(5) Compared with usual TEM techniques, the resistivity method allows at least the 
same accuracy at low dislocation densities, provided that the impurity content does not 
exceed 99.99%. However, proceeding to high dislocation densities, the resistivity method 
markedly exceeds the limits of TEM (a few 10” cm-’) and even reaches l O I 4  cm-2 where 
the overlap of dislocation cores occurs. Furthermore, the resistivity method is a relatively 
simple method and offers all advantages of a non-local defect density measurement. 
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