perature interval near T (H), in which the contribution
of the surface fluctuations to the magnetization is more
substantial. From (20), (21), (31), and (38) it is seen
that this temperature interval should satisfy the condi-
tion

(T—Tos(H))/T s (H) <tol/RA. (39)

Here £,=vp/T3(H)~10"*cm. In the experiments of Ref.
7, R~0.1 cm and A=(eH)?”? ~10"* cm. H we put /~10"%
cm (the order of magnitude of the electron mean free
path in the alloy Pb+4 at.% T1), then the condition (39)
is satisfied in the temperature interval (T=T,,)/T,q
<10"%, which agrees with experiment” in order of mag-
nitude (the data given in Ref. 7 for the surface-fluctua-
tion diamagnetism are insufficient for a detailed com-
parison of our results with the experimental data.

In conclusion, the author thanks A. F. Andreev for a
discussion of the results.

Un Ref. 9 the author calculated the response of the system to
an external perturbation that is a function of only the time co-
ordinate. In the present case A, is a function of only the spa-
tial coordinates.
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The resistance of four beryllium samples, differing greatly in respect of the residual mean free path of
electrons and magnetic impurity concentration, was measured in the temperature range 2-70°K. All
samples exhibited an increase in the resistance as a result of cooling with a minimum in the region
between 10 and 17°K. The temperature dependences in a magnetic field were also determined. The
observed anomalies were largely due to the influence of magnetic impurities.

PACS numbers: 72.15.Eb, 72.15.Lh

INTRODUCTION

We reported earlier that the temperature dependence
of the resistance of beryllium has a minimum and that
the position of this minimum and its depth are in agree-
ment with the theoretical estimates of Kozlov and
Flerov.? The theoretically predicted anomalous temper-
ature dependence? is due to the following reasons: at
low temperatures in metals when the characteristic
wavelength of thermal phonons becomes greater than the
electron mean free path governed by the scattering on
nonmagnetic impurities and defects, these two proces-
ses—i.e., the scattering by phonons and impurities—can
no longer be regarded as independent and the phonon
contribution to the resistance is no longer described by
the usual Bloch~Griineisen law p o« 7°. The characteris-
tic range of temperatures T where this law is replaced
with a logarithmic temperature dependence of the resis-
tance is defined by the relationships

Tleb

h
T.«<T<T,; T.= IL9Y 8y, T,= .
TEp gr
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Here, ©, is the Debye temperature; 7 is the Planck con-
stant; 7 is the collisional electron lifetime; £ is the
Fermi energy; c is the concentration of impurities and
defects. The effect under consideration is most likely to
be exhibited by beryllium: the exceptionally high values
of the Debye temperature ©,=1416°K (Ref. 3) and of the
ratio ©,/¢, (in the case of beryllium this ratio is ano-
malously large compared with other metals and €,=0.7
eV) make this range of temperatures not too narrow and
convenient for measurements. For example, if c¢~1-2%,
these temperatures are ~10 °’K. Moreover, the ratio €,/
&, determines the absolute value of the effect.

On the other hand, it is known that in the case of
metals at low temperatures the scattering by noninter-
acting magnetic impurities may give rise to a logarith-
mic temperature dependence of the resistance, first dis-
covered for gold:*'® this is known as the Kondo effect,®
which is responsible for the resistance minimum. The
sample investigated by us earlier' contained a small
amount (~10°%%) of the iron impurity and this could also
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increase the resistance at low temperatures because of
the Kondo effect. In spite of the enormous number of
theoretical and experimental investigations of this ef-
fect, the sources available to us (including reviews”®)
indicate that the Kondo effect has not yet been investi-
gated in beryllium and, moreover, there is even one
negative result' in which the nickel impurity did not give
rise to this effect. Therefore, the question of a possible
influence of magnetic impurities on the resistance of
beryllium would seem to be of intrinsic interest.

The results obtained for a single sample were insuf-
ficient to determine reliably the nature of the tempera-
ture anomaly' even when measurements were carried out
in longitudinal and transverse magnetic fields. There-
fore, it seemed extremely desirable to investigate simi-
lar temperature dependences of the resistance of beryl-
lium samples with different concentrations of magnetic
impurities and different values of the residual resis-
tance. The results of such measurements are given be-
low: they were carried out on beryllium samples avail-
able to us and these had different impurity compositions
and different electron mean free paths; moreover, the
precision with which the temperature was measured was
somewhat higher than in our earlier work.!

EXPERIMENTS

The principal properties of the investigated four sam-
ples are collected in Table I. Here, the quantity o
= (P00 = P4.2)/P4.2 is inversely proportional to the residu-
al resistance, which is governed by the total number of
impurities and defects in a crystal. The composition of
the principal impurities dominating the residual resis-
tance is generally unimportant in the experiments of the
kind described below. Table I gives the results of an
analysis of the content of the principal magnetic impur-
ities, which can give rise to the Kondo effect. The anal-
ysis was carried out by emission spectroscopy and was
accurate towithin ~30%. Samples 1, 2, and 4 were single
crystals, whereas sample 3 was polycrystalline.

The sample mounting procedure was the same in all
cases. A thin (~0.2-0.3 mm) plate was cut from the
original ingot in such a way that its plane coincided with
the basal plane of the crystal. This was necessary be-
cause of brittleness of beryllium, which cleaved along
the basal plane. Next, the plates were ground down to a
thickness slightly less than 0.1 mm and cut into “serpen-
tine” samples” by spark machining (this was done also
for sample 3 which was cut from a polycrystalline ingot).
In their final shape, samples 1-4 had room-temperature
resistances R of 0.23, 0.32, 0.37, and 0.05 Q. Next,
each sample was bonded by a thin layer of wax or BF-2
adhesive to the same ingot from which it was cut so as

TABLE I.
Impurities, 10-2 at.%
Sample
a

No. Fe Ni { Mn Ti v cr Co
1 61 13 | 065 | 0.4 <3| <t | <t <1
2 105 | 10 16 |09 <3| <t | <t <1
3 16 | 14 9 1.3 20 20 <1 <i
4 11 6 2.2 0.38 8 20 <1 <1

*Polycrystalline sample; the others were
single crystals.
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to minimize possible stresses during cooling. The di-
mensions of the ingots were 2 X(5-10)X25 mm. The
width of our samples was 0.25-0.4 mm and the length of
each section of the serpentine was an order of magnitude
greater than the width, i.e., 5-10 mm (this made it pos-
sible to assume that the magnetic field directed along the
cuts was basically longitudinal relative to the current).

The current and potential contacts were beryllium
bronze springs 0.2 mm in diameter. Thermometers
were attached directly to the ingot: a junction of a
copper-constantan thermocouple and an Allen-Bradley
thermometer were attached with the aid of BF-2, and a
TSG-2 resistance thermometer (made at All-Union Sci-
entific-Research Institute of Physicotechnical and Radio
Engineering Measurements, Moscow) was bonded with
Wood’s alloy. The ingot and the thermometers were
placed inside a copper can fitted with a heater. The
temperature of the ingot could be varied over a very
wide range by altering the heating power and the pres-
sure of the heat-exchange medium (helium). The tem-
perature of the sample and ingot could be regarded as
equal within the limits of the necessary precision. The
temperature rise due to the passage of a measuring cur-
rent of ~200 mA was only ~0.1K at T < 4.2K, which was
demonstrated clearly by a comparison of the results of
measurements on a liquid and a gas, and also those car-
ried out using various currents; at higher temperatures
the heating effect could only be less.

The temperature of the sample was measured with the
TSG-2 thermometer in the range 2-3K to within
10,05%K. Its calibration below 4°’K was checked against
the saturated helium vapor pressure. Above 30K, we
used the thermocouple, which was calibrated with the
aid of TSG-2 and against the boiling point of pure nitro-
gen. In magnetic fields the temperature was determined
with the Allen-Bradley thermometer, whose magneto-
resistance was allowed for. The total error in the tem-
perature measurement throughout the range from 2 to
70K did not exceed +0.2°K. The resistance was mea-
sured by the four-contact method using an R-348 poten-
tiometer and the precision of these measurements was
2Xx10°5,

RESULTS OF MEASUREMENTS

The temperature dependences of the resistance are
plotted in Fig. 1. The ordinate gives the resistance of a
sample reduced to the phonon component at room tem-
perature: p(T)=R(T)/[R(300)-R(4.2)], i.e., the dimen-
sionless quantity closest to the resistivity, whose direct
measurements would have resulted in much greater er-
rors because of the irregular shape of the samples. The
numbers of the curves in Fig. 1 are the same as the
numbers of samples in Table I. Curve 2 represents the
results obtained in Ref. 1. Since the amounts of impur-
ities (including the magnetic impurities) were lowest in
sample 1, we may assume that the impurity component
of the temperature dependence of the resistance of this
sample is minimal and the phonon part of the resitance
is approximated satisfactorily by the p < 7*"**2 law in a
wide range of temperatures (the p < 7° law is not ob-
served). It is clear from Fig. 1 that all the dependences
can be represented conveniently by
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FIG..1. Temperature dependences of the resistance. The num-
bers of the curves are labeled in the same way as the samples.
The lines are drawn in accordance with the poT%7 Jaw. The
scale is the same for all the dependences but the resistances

at absolute zero are displaced, for convenience, by ~p,.

p(T) =pa+AT*"+p(T),

where p,,(T) is the correction to the resistance due to
the presence of impurities. For the first three samples
the constant A is the same, but for sample 4 it is slight-
ly higher. This is probably due to the fact that the main
impurity in this sample was copper, whereas in the
others it was oxygen.

Figure 2 shows parts of the dependences p(T) plotted
on a linear temperature scale at T <30%K. The numbers
of the curves correspond to the numbers of the samples,
exactly as in Fig. 1. The scale is the same for all the
curves.

It is clear from these results that the temperature de-
pendences of the resistance of all the samples are ano-
malous because of the rise as a result of cooling, which
is responsible for the minimum of p(7T'). The position of
the minimum shifts slowly from one curve to another in
the temperature range 10-17°K. Moreover, sample 3
(the lowest curve in Fig. 2) exhibits another fall of the
resistance below 10K and this gives rise to a second
minimum.

A comparison of the results obtained for the various
samples differing in respect of p, (i.e., in respect of the
mean free path of electrons) by a factor of almost 60
shows no correlation in the observed anomalies of p(T)
which might be related to the theory of Ref. 2, where the
main variable parameter is p,. In fact, the correction
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po(T) at low temperatures
plotted on a linear temper-
ature scale. The positions
of the curves from top to
bottom correspond to in-
creasing order in the mag-
netic impurity concentra-
tion.
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Pin(T) is approximately the same for all the samples in
the investigated temperature range although T,~c©,
varies (as pointed out above) by more than one order of
magnitude. Moreover, the absolute value of p, (T) is not
correlated with the residual resistance: the value of p;,
for sample 4 is less than for sample 2, although the re-
sidual resistance of the former is an order of magnitude
higher than that of the latter. This appears particularly
clearly when a comparison is made of the dependences
p(T) of samples 1 and 2 (Fig. 3), which differ most in
respect of the magnetic impurity content. Hence, we
may conclude that the influence of the magnetic impur-
ities predominates in the observed effect.

It follows from Table I that the number of magnetic
impurities in all the samples is small (compared with
the total number of impurities), which suggests an in-
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1 b/ 20 Jj
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2

FIG. 3. Dependences p(T) plotted on a logarithmic temperature
scale for the “purest” samples 1 and 2. The ordinate scale of
sample 1 is magnified by a factor of 7.5.
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crease in the resistance because of the Kondo effect. In
this case®® the correction to the resistance p,,(T) asso-
ciated with the scattering by magnetic impurities rises
logarithmically as a result of cooling in the range T~ T,
where Ty is the Kondo temperature.’!* The absolute
value of p,, increases with the magnetic impurity con-
centration. If the curves are arranged in the order of
increasing p, , as in Fig. 2—which is identical with the
standard dependences p(T) of the samples exhibiting the
Kondo effect and arranged so that the amount of the mag-
netic impurities increases in the downward direction
(see, for example, Fig. 3 in Ref. 8 for the Kondo effect
of manganese atoms in a silver matrix), it is found that
the sequence of samples 1, 4, 2, and 3 corresponds ap-
proximately to the increase in the concentrations of the
iron and manganese impurity atoms, which is approxi-
mately proportional to the depth of the minimum; it
should be noted that the amount of iron is in almost all
cases an order of magnitude greater than the amount of
manganese (Table I). We can therefore make the pre-
liminary assumption that the main contribution to p,(T)
is made by the magnetic iron and manganese atoms.

The phonon part and the logarithmic correction p, (T)
should give rise to a minimum in the temperature de-
pendence of the resistance and the position of this mini-
mum should vary weakly with the magnetic impurity con-
centration: T, <« cV " where »n is the power exponent of
the temperature dependence of the phonon part of the re-
sistance (for the Bloch law we usually have p o T° and
n=5). In the sequence of curves 1, 4, 2, and 3 in Fig. 2
(this is also clear in Fig. 3), the position of the minimum
varies from 10 to 17K, and in the same range the con-
centration of the iron (and manganese) atoms increases
by a factor of almost 10 (see Table I). This is in satis-
factory agreement (within the limits of the experimental
error in the determination of the temperature of the min-
imum 7T, and the impurity concentration) with the ex-
pected dependence T, o« c¥/>",

On increase in the magnetic impurity concentration the
interaction between the nearest atoms becomes stronger
and cooling results in short-range magnetic ordering
(spin glass) suppressing the resistance p,,, as found for
sample 3.

The results obtained can be used to find the Kondo
temperature T, which is defined as the midpoint of the
linear part of the temperature dependence of the Kondo
correction p,,(T) plotted in the coordinates p;, and log T
(Refs. 9 and 11). The temperature-dependent correction
Pin(T) can be separated with satisfactory accuracy for
samples 1, 2, and 3 because—as pointed out above—this
correction is small for sample 1 and the constant A is
the same for all three samples. Hence, it also follows
that the residual (nonmagnetic) impurities in these sam-
ples make no significant contribution to the phonon spec-
trum and the correction p,_(T) is governed entirely by
the magnetic impurities. Figure 4 shows, on a logarith-
mic temperature scale, the corrections p,,(T) obtained
in this way. If we replot these dependences with p_(T)/
¢ as the ordinate (c,, is the concentration of the mag-
netic impurity), we should obtain a universal curve,®:!
which is in approximate agreement with the obtained re-
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FIG. 4. Dependences pyp, (T) on a logarithmic temperature
scale. The points are labeled in the same way as the samples.

sults. However, we can only assume that the main con-
tribution is due to the iron and manganese impurities
and, therefore, the exact value of c, is not known.
Nevertheless, the results obtained give the value of Ty
with satisfactory accuracy: we can see from Fig. 4 that
this value lies in the range 20-30%K.

MEASUREMENTS IN MAGNETIC FIELDS

We also investigated the influence of a magnetic field
on the resistance of samples at various temperatures.
The measurements were carried out in transverse and
“longitudinal” mutual orientations of the magnetic field
and current in the sample. The longitudinal orientation
corresponded to the direction of the magnetic field paral-
lel to a long section of the serpentine (in this case a
small part of the sample was in a transverse magnetic
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FIG. 5. Dependences p"(T) for sample 2. The ordinate scale
is the same for all the curves but the values of the resistance
at absolute zero are displaced. The numbers alongside each
curve give the magnetic field in kilooersted; the left part of
the figure gives curves obtained in longitudinal magnetic fields
and the right part those obtained in transverse fields (the mag-
netic field was always applied in the basal plane of the crys-
tal).
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field).

The magnetic-field dependences of the resistance p’(H)
of all four samples were nearly quadratic. Figure 5
shows the temperature dependence p(T) obtained in
longitudinal and transverse fields for sample 2. Similar
dependences for sample 3 are plotted in Fig, 6. The dif-
ferences between the influence of the longitudinal and
transverse fields are in the latter case so small that
only one figure is given. No clear changes in the anoma-
lous behavior p#(T) could be observed for the other two
samples. In the case of sample 1 the dominant contribu-
tion to p#(T) in the longitudinal orientation was due to the
change in the magnetoresistance: only the fall of the re-
sistance on increase in temperature was observed. (For
this sample the Larmor radius became of the order of
the mean free path of electrons in a magnetic field of ~8
kOe.) For sample 4, the magnitude of the effect (depth
of the minimum) in a magnetic field became of the same
order as the experimental error and the latter increased
somewhat because of the magnetic field instability.

It is clear from these results that the application of a
magnetic field destroys the anomalous correction p;, and
that in the case of sample 3 this is observed in magnetic
fields of ~5 kOe. In the case of sample 2 with a lower
concentration of magnetic impurities the minimum dis-
appears in a much weaker magnetic field. This is gener-
ally in qualitative agreement with the current ideas on
the ordering influence of a magnetic field on the spins
of impurity atoms, which destroys the additional resis-
tance; however, it should be pointed out that some of
the observations are difficult to explain on the basis of
the Kondo effect. For example, in the case of sample 2
(Fig. 5) the depth of the minimum changes in different
ways in longitudinal and transverse magnetic fields, and
in the case of sample 3 (Fig. 6), an increase in the mag-
netic field has a greater influence on the maximum of
p(T) than on its position.

CONCLUSIONS

It follows from the above results that the anomalous
temperature dependence of the resistance of beryllium,
i.e., the deviation of p(T) from the Matthiessen rule be-
cause of the presence of impurities, cannot be explained
on the basis of the theroy of Kozlov and Flerov,? con-
trary to the earlier conclusion.! We must admit that,
unfortunately, all the samples had magnetic impurities
and although their number was much less than the num-
bers of the other defects, the whole or most of the ef-
fect was due to these impurities. Even in the case of
sample 4 with the lowest concentration of the magnetic
impurities (compared with the other samples) the value
of p,, was governed only by the magnetic impurities and
the other impurities simply resulted in a steeper tem-
perature rise of the resistance (and, clearly, of p,).

It follows that with the exception of some features man-
isfested in the effects of magnetic fields, the observed
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FIG. 6. Same as Fig. 5 but for sample 3. The magnetic field
was longitudinal (the dependence in a transverse field were the
same except for the much greater shift due to magnetoresis-
tance).

anomalies of the dependences p(T') can be described sat-
isfactorily by the theory of the Kondo effect. We may
assume that the absence of a significant contribution to
Pim(T), in conflict with the theoretical predictions of
Kozlov and Flerov,? is due to the high value of the pa-
rameter ©,/¢,, which—on the one hand—should give
rise to a considerable magnitude of the expected effect
in beryllium and—on the other—reduce the temperature
interval between 7, and T,; the latter effect may be
more important.
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