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Abstract. In the present paper the results of studies of the deviations from Matthiassen's rule 
(DMRs) in single-crystal AI-Y alloys in magnetic fields up to 8 Tare represented. The results 
obtained bear wimess to the anisompic behaviour of the mechanisms of conduction elemon 
scattering from phonons and impurity atoms. In the analysis of experimental data. a correlation 
was revealed between the behaviour of the temperature dependences of the DMRs and the 
direction of the magnetic field relative to the crystallographic orientation of the specimen. and 
an explanation of the negative value of the DMR observed in the experiment is given. 

1. Introduction 

Deviations from Matthiessen's rule (DMRs) in charge-transfer processes in metals at low 
temperatures remains at present one of the most inbiguing and contradictoly phenomena. 
In the large number of publications devoted to this problem, beginning in the 1970s and 
1980s r1-61, there appeared more than ten theoretical models and a large number of various 
experimental results, which often contradict each other. 

The most detailed studies of the DMR on electron-impurity scattering were carried 
out on pure metals, alloyed by nonmagnetic impurities with concentrations not exceeding 
1 at.%. The temperature and concentration dependences of the impurity part of electrical 
resistivity A.p(T, e), which in fact is a measure of the DMR A, were used as the objects of 
these investigations. 

All the researchers have a common point of view concerning the linear character of 
the A ( T )  dependence at high temperatures in conditions of dominant elastic electron- 
phonon scattering, but in the low-temperature region, where the DMR has a large value 
and complicated behaviour, the investigators give various analytical treatments of their 
results. All the authors recognize that, in general, the problem of the low-temperature 
behaviour of A(T)  deals with the competing processes of electron scattering from phonons 
and impurity atoms, but they introduce various mechanisms for these types of scattering. In 
one group of studies, experimental data were satisfactorily explained by the interference of 
inelastic electron-phonon scattering and elastic electron-impurity scattering processes [I,  21; 
in another group of research papers the explanation deals with the anisotropic character 
of scattering processes on the local regions of Fermi surface [3,4]; in a third group of 
investigations, according to the point of view of their authors, it is stated that taking into 
account the diffusion type of electron motion during the small-angle scattering process is 
sufficient to explain the results [5 ,6] .  

Most experimental investigations were made on dilute alloys of AI, which traditionally 
became the model object of research. Generalizing the results of the DMR studies on AI 
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alloys (for example [2,3,7]), the reasons can be named which in our opinion did not allow 
us to analyse these results from a united point of view. 

(1) In the main, the studies were made on alloys with impurity concentrations in the 
range 0.05-1 at.% and with low values of residual resistivity ratio (RRR < 100). 

(2) The investigations were performed mainly on polycrystalline specimens, containing 
an uncontrolled quantity of crystal lattice defects. 

(3) Practically, such studies have not yet been made in strong magnetic fields, which has 
a substantial influence on the scale of the anisotropy of the conduction electron distribution 
function. 

In the present work, for the example of AI-Y dilute alloy single crystals, we attempt 
to show that, when detail studies of structurally perfect specimens in strong and transverse 
magnetic fields are carried out, the general features of the DMR at low temperatures and 
correlation between dominant electron scattering processes and the anisotropy of the electron 
distribution function can be determined. 

S E Demyanov et a1 

2. Specimen preparation and experimental methods 

During the present research, measurements of the electrical resistance and transverse 
magnetoresistance of AI single crystals alloyed with Y in the range 10-4-10-2 at.% were 
made. The concentration of alloying addition of Y was lower than its limit of solubility in 
AI, which equals 0.051 at.% [8]. AI was chosen as the metal matrix because its electron 
structure and electron scattering mechanisms, which are dominant at low temperatures, have 
been studied sufficiently welI. The choice of an alloying component is caused by the fact 
that Y is isovalent to AI, and it has a considerably larger atomic radius than Al. Even 
a small addition of Y must lead to the appearance of a significant value of the impurity 
resistance and, correspondingly, A. 

Single crystals of AI-Y alloys, which are dilute solid solutions, were grown in high 
vacuum by means of the Czochralski method. The single crystals were studied by x- 
ray radiometric analysis with the use of '09Cd as the radiation source. The analysis of 
the Y content in AI was made at different angles to the growth axis of crystal. It was 
found that the nonuniformity of the Y distribution through the volume of AI-Y ingots does 
not exceed 10%. This result was confirmed by precision measurements of the electrical 
resistance (up to lo-'* V) and the thennopower (which is the parameter, being most 
sensitive to the impurity concentration). These measurements were made on single-piece 
AI-Y ingots, before specimens were cut from them. Moreover, it was found that even 
a small nonuniformity of the Y impurity distribution in AI is stochastic, and it does not 
correlate with crystallographic plates. After x-ray orientation, specimens were spark cut 
with a [ill] orientation of the long axis. The specimens, having a parallelepiped form 
were spark cut on an electro-erosion machine tool, which afforded plane-parallelism of 
their sides, and similarity of their geometry and dimensions. The square cross section of 
the specimens 1.5 nun x 1.5 mm was measured with a micrometer with an accuracy of 
up to 0.005 nun. The length between potential probes, which was equal to 12 mm, was 
determined with an accuracy of up to 0.05 mm. Therefore, lhe error in the measuremen& 
of electrical resistivity, caused by errors in the measurements of the specimen's dimensions, 
does not exceed 7 4 % .  Specimens were etched to remove the surface layer, which was 
deformed during the cutting process, and mounted for electrical measurements. 
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For the research specimens were chosen with three impurity concentration levels, having 
the following values of the RRR: 10200,7700 and 1600. The RRR was used as a sufficiently 
exact parameter to characterize the value of impurity concentration in each specimen. 

The low-temperature holder, in which it was possible to perform simultaneous 
measurements on four specimens was developed specially for precise temperature and 
magnetic field measurements. To decrease the errors in each series of measurements, two 
specimens of each value of impurity concentration were placed in the holder. From this, 
during the measurement of specimens with the lowest impurity concentration value (those 
with RRR = 10200), together with these specimens were mounted specimens of highly 
pure (99.9995%) AI single crystals of [ill] orientation, with RRR = 14000, which were 
used as a primary standard. These measurements methods enabled us to reduce considerably 
the systematic error and to increase the accuracy of determination of the impurity part of 
the electrical resistivity. 

The electrical measurements were performed by the standard four-probe technique in a 
transverse magnetic field of a superconducting solenoid up to 8 T and in the temperature 
range 4.2-30 K. During these measurements the holder with the specimens was placed in a 
calorstat, and control of the temperature was performed with a gallium arsenide resistance 
converter, which had thermal contact with the specimens [9]. The temperature measurement 
error in this temperature range did not exceed 0.1 K. Adjustment and maintenance of the 
specified values of temperature and magnetic field strength were performed by a computer 
controlled by a signal from a thermal sensor. 

3. Experimental results 

The crystallographic onentation of the specimens, specified in the experiment, signifies 
that during measurements in a transverse magnetic field its vector H lies in the (111) 
plane. With such geometry of the experiment there was excluded the possibility that the 
magnetic breakdown effect was exhibited, which is characteristic of aluminium and changes 
the magnetoresistance behaviour in strong magnetic fields at low temperatures. The above- 
described arrangement of the experiment made it possible to cany out studies of AI-Y 
specimens in various magnetic field directions. For AI-Y specimen with RRR = 10200 
the magnetic field was oriented near the [I101 crystallographic direction and, for two other 
specimens with RRR = 7700 and RRR = 1600, the field was deflected from this direction 
by 15”. 

In figures 1-3, experimental results are represented in the form of the temperature 
dependences of the DMR A ( T )  at values of the magnetic field strength from 2 to 8 T. 
It is important to note that for the specimens studied in this H region the high-field limit 
condition wcr >> 1 (where w, is the cyclotron frequency and 5 the electron relaxation time) 
was valid. The temperature-dependent DMR A ( T )  both in the presence of magnetic field 
and in its absence was traditionally determined as 

A V )  = (piq(T, H) - ~imp(4.2 K, H)) - ( ~ p u r e V ,  H) - ~pme(4.2 K, H)) 

where pimp is the complete electrical resistivity of the metal with impurities and pp,, is the 
complete resistivity of the pure metal. 

In figure 1 are shown the A ( T )  dependences of the specimen of RRR = 10200 for 
magnetic field values of 0, 2, 4 and 8 T and for the H direction along the [110] axis. 
As can be observed from the figure, in the absence of a magnetic field the value of the 
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Figure 1. T e m p c m e  dependence of the DMR for an AI-Y specimen with RRR = 10200 for 
various values of the magmetic field: 0.0 T, 0 . 2  T; A. 4 T; 0. 8 T. 

DMR is close to zero up to about 15 K, next it increases, achieving a not sharp hump near 
25 K, and then it decreases to the region of negative values. The origin of such a weakly 
expressed A ( T )  dependcnce is understandable, if we take into account that the Y impurity 
concentration in this specimen does not exceed 3 x at.%. This situation abruptly 
changes not qualitatively but quantitatively during the applied magnetic field influence. The 
hump becomes sharply distinguished, its height increases with increasing field strength, and 
its position shifts into a higher-temperature region. At T > M 2 5  K all the curves decrease 
to the negative-A-value region. 

The A ( T )  dependences represented in figures 2 and 3 were measured on specimens 
with RRR = 7700 and RRR = 1600, respectively, in conditions when H was deflected 
from the [ l lO] direction by 15". It is obvious that these curves principally differ from 
those in figure 1, and this difference is especially clearly expressed in the applied magnetic 
field. First of all, our attention is drawn to the lack of humps on all the curves in the 
temperature range researched. The second, somewhat unexpected difference in these results 
is the negative value of DMR beginning from the lowest tempemturcs. For this in the rcgion 
of 4.2-12 K the curves are equidistant from each other and thc value of A almost docs not 
vary with changes in temperature and magnetic field. With the increase in temperature the 
value of A begins to increase abruptly in the region of negative DMR values and also DMR 
increases in this region with increase in magnetic field strength. 
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Figure 2. Temperature dependence af the DMR for an AI-Y specimen with RRR = 1700 for 
various values of the magnetic field 0 . 0  T; 0, 2 T; A.  4 T; 0, 8 T. 

4. Discussion 

Comparison of the dependences represented in figures 1-3 shows that their qualitative 
difference is not caused, first of all, by the impurity concentration nor by the magnetic 
field value. In this case the main cause is the magnetic field direction relative to the 
crystallographic orientation of specimens. With this distinction in mind an analysis of the 
experimental results will be made. 

In spite of the large number of theoretical models of DMR existing at present, none 
of them gives an explanation of the DMR for broad ranges of temperatures and impurity 
concentrations. The most consistent are the theories in which the source of DMR was 
considered to be the competition between electron scattering mechanisms, one of which 
increases the anisotropy of the electron distribution function and the other suppresses it 
[ I ,  IO]. In the present research the increase in the electron distribution function anisotropy 
may be caused by the electron-phonon scattering processes and its isotropization may be 
caused by elastic scattering on impurity atoms. In connection with this, the measurements 
of the DMR in a strong magnetic field are useful, since the anisotropy of the transverse 
magnetoresistance, existing in the main only in the presence of the electron distribution 
function, is a peculiar measure of this anisotropy. At present we are aware of only one 
experimental research study of this kind, which was carried out by Mitchel et a1 [ 111 on 
alloyed Al. In this work it was shown that, in a strong magnetic field oriented along the 
main crystallographic directions of single-crystal specimens the DMR vanishes. 

The results of the measurements performed by us in similar conditions and represented 
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Figure 3. Temperature dependence of the DMR for an AI-Y specimen with RRR = 1600 for 
various values of lhe mapetic field 0.0 T, 0.2  T: A .  4 7; 0, 8 T. 

in figure 1 contradict the data from [ I  11. These results bear witness to the presence of a 
strong DMR, explained by the competition between the anisotropic electron-phonon and 
isotropic electron-impurity scattering processes. As a result, a hump was observed in the 
A ( T )  dependence. An increase in the height of the hump and its shift into a higher- 
temperature region on increase in the magnetic field strength demonstrates the correlation 
between the scale of the electron dish-ibution function anisotropy and the magnitude of the 
DMR. 

Qualitatively similar results were obtained and corresponding conclusions were made 
during the study of the temperature and deformation dependences of the magnetoresistance 
of pure AI in conditions of anisotropic electron-phonon and electron-dislocation scattering 
processes, which compete with isotropic processes [12,13J. Thcrefore, the main point of 
the Kagan-Flerov [ I ]  theory is confirmed, where the common nature of the characteristic 
properties of the behaviour of electrical and galvanomagnetic quantities connected with the 
particular role of the electron distribution function anisotropy in metals has been shown. 

The form of the curves in figure 1 is typical for the A ( T )  dependences obtained by 
most authors [2 ,3 ,7 ]  on polycrystalline specimens of dilute alloys of AI in a broad range 
of impurity concentrations. The difference in these dependences from the typical ones lies 
in the fact that all salient features of these curves (increase in A, appearance of the hump, 
and linear change in the dependence with temperature) are exhibited at temperatures lower 
than 30 K. In comparison with the data of the preceding work the range of all these salient 
features exhibition is 'compressed' on the temperature axis from the range 200-250 K to the 
range 25-30 K. Obviously, this is connected with the low value of Y impurity concentration 
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in AI, the high degree of perfection of the specimens and the magnitude of their RRR. This 
demonstrates that ascribing a particular DMR model to a specific temperature range is not 
a correct procedure. 

The analysis of the electron-phonon scattering mechanism for the specimen where 
Hll[llO] should be made by comparing the dependences in figures 2 and 3, which are 
principally different in form from those in figure 1. The absence of humps on these curves 
enables us to suppose that, in conditions when the magnetic field is oriented not near the 
main crystallographic directions, the efficiency of anisotropic electron-phonon scattering 
is not large. From this it is quite natural to consider that electron-impurity scattering is 
isotropic and does not depend either on the magnetic field value or on its direction. Hence, 
the particular mechanism of electron-phonon scattering is a factor which determines the 
difference in the A ( T )  characteristics. 

As is well known, small-angle electron-phonon scattering at low temperatures consists 
of processes of electron diffusion over the Fermi surface and umklapp processes. In a strong 
magnetic field the efficiency of umklapp processes can be increased if the field is guided 
in such a way that electron orbits would pass through the equivalent ’hollows’ (‘hot spots’) 
on the Fermi surface [5]. This situation takes place in aluminium when at Hll[l lOl the 
electron orbits pass through small sections of the Fermi surface in the second zone near 
W symmetry points. This leads to a sharp increase of the electron distribution function 
anisotropy and, as a consequence, when there is competition between phonon and impurity 
scattering processes, a hump appears in the 4 ( T )  dependences. If the magnetic field is 
oriented Far from [ I  101 direction (e.g. Hll[110] + IS’), the diffusion scattering mechanism 
dominates. As a consequence, the DMR is almost not observed at low temperatures and it 
becomes an increasing function of temperature for T z 15 K. 

As was mentioned above, an interesting distinction between the dependences in figures 2 
and 3 is not only the absence of humps but also the negative DMR in the whole temperature 
region, beginning from the lowest temperatures. Dependences of this type were not 
observed and analysed before. during the study on the impurity part of the resistivity. 
The possibility of the appearance of a negative DMR was theoretically shown in [I41 for 
electron-dislocation scattering, which for a small dislocation density is substantially small- 
angle scattering due to the scattering on strength fields of remote action. In our experiment 
the sources of such remote-action fields may be represented by the regions of dynamic 
disturbance, the appearance of which is connected with the character of impurity atom 
oscillations, different from those of matrix atoms. Comparatively long ago such conclusions 
were made on the results of 4 p ( T .  c) measurements in AI alloys [ 151. For this the larger 
the difference between the ion radii of the impurity and matrix atoms, the more effective 
is the influence of these regions on the electron scattering processes. FOI AI-Y alloys this 
difference is so large (the ion radius of Y is 2.5 times that of Al) that it could be the reason 
for the observed negative DMR. 

5. Conclusions 

Measurements of the temperature dependences of the DMR for AI-Y single crystals related 
to the impurity concentration, magnitude and direction of magnetic field enable us to make 
the following main conclusions. 

(1) In strong magnetic fields the orientation of the magnetic field relative to the 
crystallographic geometry of specimen has the main influence on the behaviour of the 
4 ( T )  dependences. 
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(2) It is shown that the hump on the A ( T )  dependence at low temperatures demonstrates 
the competition between the electron scattering mechanisms, one of which increases the 
anisotropy of the electron distribution function, and thc other suppresses it. For the clectron- 
phonon scattering process of umklapp type, which is effcctive in conditions when the 
electron orbits pass through 'hot spots' on the Fermi surface, is anisotropic. 

(3) Thc negative DMR, observed in conditions of diffusive electron-phonon scattering. 
may be connected with small-angle type of electron scattering in regions of dynamic 
disturbance, which are determined by the character of oscillations of impurity atoms, 
differing in size fiom the matrix ions. 
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