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Electron-spin-resonance measurements of Gd in LaA12 exhibit appreciable change of the g value and
linewidth upon alloying with other nonmagnetic impurities. This indicates the existence of a "bottleneck
effect—the relaxation rate for the conduction electrons to the Gd ions S„exceeds that to the lattice 5,L.
We are able to shift the g value from g =1.988+0.003 to g =2.11+0.01, opening the bottleneck
completely. The intermetallic compounds GdLa, „Al, are Abrikosov-Gorkov superconductors in the dilute
limit. Measurements of the transition temperature and the upper critical field depend upon 5„.directly and
8,1 indirectly. We are thus able to obtain parameters which determine superconducting critical-field and
temperature behavior from magnetic resonance experiments.

I. INTRODUCTION

Previous electron-spin-resonance measurements
of Gd in concentrated GdAlz indicate a negative g
shift'3 which has been interpreted in terms of a
negative exchange interaction between the Gd 4f and
the conduction electrons. Assuming a rigid-band
model, one wouM expect that substitution of La in
place of Gd would not appreciably change the con-
duction-band structure, and thus the g shift. It
was surprising, therefore, that the g shift of dilute
(in retrospect, partially unbottlenecked) LaAls . Gd
was found to be positive. ' The purpose of this pa-
per is to present new experimental data on this
system. We shall demonstrate the existence of a
bottleneck in the exchange relaxation mechanism.
By introducing other (nonmagnetic) impurities we
are able to shift the g value from g= 1.988 +0.003
(a small negative shift) to g= 2. 11a0.01 (a large
positive shift), opening the bottleneck completely.
We shall show that our experimental data, as well
as the electron-paramagnetic-resonance (EPR) re-
sults of others' ' for the dilute and the magnetical-
ly dense Gd„La& „A12 system, are consistent with a
two-band model. This removes the experimental
discrepancy" between the EPR results for the

magnetically concentrated and dilute alloys.

A condition for a bottleneck in the electron spin
resonance of dilute magnetic alloys is that the con-
duction electrons's relaxation rate to the paramagnet-
ic ions 5„exceeds that to the lattice 5,~. The
former can be changed by changing the concentra-
tion of the paramagnetic impurities. The latter is
very sensitive to any nonmagnetic dirt, " and
therefore to the hard-to-control method of prepa-
ration. An advantage of using I aAl& as a nonmag-
netic host is its superconductivity. The interme-
tallic compounds Gd„La~ „Als (in the dilute limit)
are Abrikosov- Gorkov superconductors, so that
T, measurements provide information about the
concentration and exchange scattering rate of the
magnetic impurities, while H~ measurements
(upper critical field) give in addition information
about the potential scattering rate of any nonmag-
netic impurities. This enables us to control and
measure &,~ directly and 6,& indirectly, indepen-
dent of the EPR results. The correlation between
these two techniques enables one to check the
Hasegawa model in a critical manner.

We shall present sample preparation and analy-
sis in Sec. II, the EPR results in Sec. DI, the
superconducting behavior in Sec. IV, the interpre-
tation in Sec. V, and the summa, ry of our results
in Sec. VI. We shall demonstrate that EPR can
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The Gd„Laq „Ala samples were prepared in an arc
furnace in an argon atmosphere. We used arc
furnaces at both the University of California,
Los Angeles (UCLA) and the University of Califor-
nia, San Diego (UCSD). All the samples were
melted many times, beginning with a master sam-
ple and step-by-step dilution. The superconductiv-
ity measurements were performed on arc-melted
balls (approximately 3 mm diam). The EPR was per-
formed on powder samples prepared from the balls.
Different EPR and correlated superconducting re-
sults were obtained for samples prepared in the
two different arc furnaces, even at the same Gd
concentration. X-ray analyses indicate that all
samples were of the LaAl2 crystal structure. Fig-
ure 1 exhibits the EPR results for two series of
samples prepared in the different arc furnaces.
The closed circles represent samples prepared at
UCSD; the open circles the same samples remelted
at UCLA. The differences are remarkable. To
our knowledge, the only difference between the two
furnaces was the purity of the argon. In both of
them, ultrahigh-purity grade argon from Matheson
was used. However, at UCLA the argon was fur-
ther purified by passing it through cold traps both
before and after bubbling it through a eutectic
Na-K alloy (Nae. 33KQ s7) to remove the! ast trace of
water and oxygen.

Superconductivity measurements provide further
information about the quality of the samples. (i)
The superconducting transition temperature T,
provides us with a measurement of the concentra-
tion of the magnetic impurities in the samples
(Gd). (ii) The width of the superconducting transi-
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FIG. 1. (a) Effective g value of Gd in Gd„La~~A12 as a
function of Gd concentration (nominal at 1.4 K). (b) Ther-
mal broadening bZI/DT as a function of Gd concentration
for the same Gd„La& jQ2 samples exhibited in (a). Closed
circles represent samples prepared at UCSD; open cir-
cles represent the same samples remelted at UCLA.

enable one to obtain those parameters which deter-
mine changes in the transition temperature and the
upper critical field of type-II superconductors.

II. SAMPLE PREPARATION AND ANALYSIS

tion, 6T„gives a measure of the homogeneity of the
Gd-impurity distribution in the samples. We ob-
tained a correlation between this width and the re-
sidual width of the EPR lines. (iii) Measurements
of the upper critical field H,a(T) gives information
about the nonmagnetic dirt" in the samples (or the
residual resistivity due to the nonmagnetic impur-
ities).

We found that samples prepared at UCSD, and
afterwards remelted at UCI A, exhibited roughly
the same T„while H,a(T) and 5T, changed appreci-
ably. We shall demonstrate in Sec. V that the dif-
ferences in H„(T) correlate with differences in the
EPR properties.

III. EPR RESULTS

The EPR was performed primarily at X band,
and as a function of temperature in the liquid-heli-
um range (1.4 & T & 4. 2 K). A few measurements
were also performed at Q band and at high tem-
peratures (13-20 K). However, the large linewidth
at Q band and high temperatures increased the
uncertainty in the measured value of the g shift,
and there were no truly conclusive results from
these measurements. We found that the g shift
and &H/&T (the temperature slope of the linewidth)
were extremely sensitive to the method of sample
preparation as explained above (see Fig. 1).

Figure 2 exhibits the linewidth vs tempera-
ture for some of the Gd„La~ „A12 samples prepared
at UCSD. For comparison, we also present the
linewidth of one sample after remelting at UCLA.
It is clearly seen that both the residual width and
the slope of the linewidth vs temperature are
appreciably smaller in the latter sample as com-
pared to the former samples.

The actual EPR absorption spectra, observed for
two Gd, La& „Al2 samples, are presented in Fig. 3.
The absorption associated with the superconducting
state below the critical field, as well as the EPR
signal of the Gd, is clearly seen. Below the con-
centration of 300-ppm Gd the critical field is large
enough to overlap with the field for the resonance
of the Gd, and no satisfactory EPR measurements
could be obtained. The EPR results can be sum-
marized as follows.

(i) The g value and linewidth ~ change appreci-
able from one sample to another (Fig. 1). Any in-
crease in the slope of the linewidth is always as-
sociated with an appropriate increase in the effec-
tive g value. This indicates the presence of a
magnetic-resonance bottleneck.

(ii) The lowest value obtained for g is 1.988
+0.003. This value was confirmed at the Q band.
The value obtained previously for GdA12 was 1.982
+0.005. The smallest observed value of &H/&T
was 20 G/K.

(iii) Substitution of ThA1~ in place of LaAl~ in
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measurements presented in this paper were per-
formed at 20-kc frequency. The change in the
voltage induced in the secondary coil (due to change
in the susceptibility as a result of the supercon-
ducting transition) is plotted in Fig. 7. The upper
critical field was determined by extrapolation as
shown in Fig. V. We shall denote the extrapolated
values by H, 2 throughout the paper.

There is some disadvantage in using the mutual-
induction technique for H,z measurements rather
than the specific heat. The reason is that the for-
mer is also very sensitive to surface superconduc-
tivity (H,s). Indeed, a slight frequency dependence
was found in our measurement of H, z. The broad
transition at the high critical field makes the exact
determination and separation of H, ~ and H,3 difficult,
leading (according to our estimate) to a 15%%uo error
in H, 2. However, in the present work we are inter-
ested in the relative change of H, z (compared to
"pure" LaAls). We found these relative changes to
be much larger than the error in H, ~ due to the

I

T (K)

FIG. 2. Linewidth vs temperature of some Gd„Laq +12
samples prepared at UCSD (starred in the figure). Por
comparison the linewidth of one sample (1440 ppm) re-
melted at UCLA is shown (not starred).

Gd,La, „Alz increases both &g and &H/&T (see
Figs. 4-6). The maximum value of &g and &H/&T
is 0.11+0.01 and 70 G/K, respectively. These
values are independent of further increases in Th
concentration (Fig. 6), and are identified as the
fully unbottlenecked g shift and linewidth.

(iv) The g value was slightly temperature depen-
dent, increasing by 0.01+0.01 in the high-temper-
ature limit. This effect, as well as low- and high-
field measurements, indicates that the dynamic
effect, ' though small at high temperature (4. 2 K),
cannot be completely neglected here. The increase
in &g was always associated with an increase in the
A/B ratio, where A and B are the heights of the
low- and high-field peaks in the derivative absorp-
tion spectrum referred to the base line, respec-
tively (see Fig. 3 for two examples of resonance
line shapes). The apparent g shift associated with
this increase is in the same direction as the dy-
namic effect, and is of nearly the same magnitude.
As a result we are unable to determine if the dy-
namic effect is present. If it is, it is small. The
difficulty of determining the A/B ratio at high tem-
peratures leads to the relatively large error bars
for the g value in that region.

IV. SUPERCONDUCTIVITY

The upper critical field vs temperature was mea-
sured using a mutual-induction technique. All the
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PIG. 3. Spectra observed for (a) the 1050-ppm Gd in
LaA12 sample at 1.4 K and (b) the same sample but after
introducing 1.5-at. % ThA12 in place of LaA12. The central
field is 2850 G. The spectra denoted by (1) in both (a) and
(b) were observed by sweeping the magnetic field over a
range of 5000 G; the sweep range for the spectra denoted
by (2), as well as for the DPPH marker, is 500 G. The
signal at the left-hand side of the figure is due to super-
conducting absorption below the critical magnetic field;
that in the center of the figure [in both (1) and (2)] is the
EPB of the Gd. The vertical dashed line is the field for
resonance of the Gd for a 500-G sweep. It is clearly seen
that the large g shift in (b) is associated with an increase
of the upper critical field.
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PIG, 6. Effect of substituting Th in place of La on
the linewidth of Gd and the g value. The solid lines are
the theoretical linewidths obtained by using Eq. (2b) and
the values of 6~1 extracted from the g-value-vs-concen-
tration plot.

FIG. 4. EPH linewidth of Gd (8330 ppm) in
Th„Lat~ 0.00233A12 as a function of temperature. The
Lorum concentration is denoted on the figure. The sam-
ples were prepared at UCLA. The effect of substituting
Th in place of LA is to increase both AH/AT and the re-
sidual wid&.

width of the transition. Thus, although the error
in the absolute value of H, s (as determined in Fig.
'I) may be large, we have confidence in the relative
values. The samples were measured in the form of
small bails or chips (almost no difference in results

400-

was obtained between the two forms). The coil axis
was parallel or perpendicuk 4o the external field
(again, with almost no detectable difference). The
superconducting transition temperature was deter-
mined by direct measurement and by extrapolating
H~(T) to H„(T,) =0. The values of H~(T) are in
agreement (i.e. , proportional) with those deter-
mined by microwave absorption (see Fig. 3). It
should be stressed that the extrapolations (in Fig.
4) have been done in a consistent way for all the
samples measured in order to diminish relative

I I I I I I I I I I I I I I I I I I I

I —1.23 K

2 —1.50
3 —1.70
4 —1.90
5 —2. 10
6 —2.30

308-

200. -.

CL

D
Ul

EO

O
tD

O

O

150
I

T (K)

FIG. 5, EPR linewidth qf Gd (1050 ppm relative to La)
in Th„Lao,„.0.00~0q~Alt as a function of temperature The.
samples were prepared at UCSD. One sample was re-
melted at UC~
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FIG. 7. Change in susceptibility of La~ „Gd+12 vs
magnetic field at various temperatures. The critical
fields are determined by extrapolation (dashed lines).
The Gd concentration was 1400 ppm (x =0. 0014).
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errors in +&p.
Figures 8 and 9 exhibit the effect of nonmagnetic

impurities (Th) on the upper critical field. It is
clearly seen that while H,z changes appreciably
(probably due to changes in the residual resistivity),
T, hardly varies. Figures 10 and 11 fit our exper-
imental data to the theory of Abrikosov and Gorkov.

In the dirty limit, the value of H,2 as a function
of T in the presence of two depairing mechanisms,
(i) externally applied field and (ii) magnetic impu-
rities, is given by' '"

ln(T, /T, )+g(-,'+p) —g(-', ) =0
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as a function of the reduced temperature T/Tc0 is
tabulated in Ref. 12.

For pure LaA12 (i. et t Gd absent), n=0. There-
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FIG. 8. Upper critical field H, 2 as a function of tem-
perature for various Gd„Th„Lat „~Alt samples. The value
of x is always x= 0. 001 050 (1050 ppm). The values of y
are as follows: The circles represent samples with y
=0.035; the inverted triangle with y= 0. 015; the triangles
with y = 0. 005 (5000-ppm Th); and the squares with y = 0.
The effect of substituting Th in place of La is to increase
H~2. The samples were prepared at UCSD.

where &t, o and 8,20 are the transport collision time
and the upper critical field for pure I aAl&, respec-
tively, and g(x) is the digamma function, defined by
g(x) =d(lnx()/dx. The tluantitiestt and n„are the
concentration and the critical concentration of the
Gd magnetic impurities, respectively. For
Gd„La,, „A12, n„= 0. 560 at. %. The normalized pair
breaking parameter, in the present case

T„H,2(T) n

Ttr0Hc20 (0) tter

T(K)

FIG. 9. Upper critical fieM as a function of tempera-
ture for various Th„Lat.+12 samples. The Th concentra. -
tion in the various samples is as follows: the squares
represent samples with x= 0. 042; the triangles represent
samples with x= 0. 023; and the circles represent samples
with x= 0.

fore, any variation in 8,2 from one sample to an-
other may be attributed to a change in T„/T„0.
Different LaA12 samples exhibit different H,2 (see
Table I). We choose the value of T„/T„0 to be
equal to 1 for the LaA1& sample with the lowest val-
ue of H~(T). This is possible according to Etls.
(1) if and only if the upper critical field at 0 K for
this particular sample is identical with H,20(0).
We therefore find H,20 (0) = 2400 G. The values of
Tt /Tt 0 for all the other samples are normalized
with respect to this particular LaA12 sample.

For samples which contain Gd ions (n &0) the
estimation of T„/Tt 0 is obtained in two steps.
First we subtract the effect of Gd impurities on B,~
using the method described by Parks. " This is
possible because T, and n/n are known. Then we
fit H, (T)2vs T to the Abrikosov-Gorkov result
(Figs. 9 and 10) to extract Tt /Tt 0 (again, normal-
ized to pure LaA12) for the various samples. We
assume that substitution of Gd for La does not
change ~t, appreciably. Such an assumption has
been made previously for (Gd„Lat „)2Al. ' Thus,
any change in 7&, is assumed to originate with non-
magnetic impurities.

Table I exhibits the values of Tt, 0/Tt as well as
T, and H,2(0), for various Gd„La, „A12 samples (see
Fig. 1). The value of T, directly yields the con-
centration of the magnetic impurities (gadolinium),
and we denote this value in Table I by the symbol
n~o. For comparison, we have also given the val-
ues of ~ and &H/&T found by EPR on the same
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The variation of from a negative to positive
values, as well as the fact that AH/&T has rela-
tively large magnitudes (at least 20 G/K), even for
samples which exhibit zero g shift, indicates that
a simple one-band model (free-electron picture) is
inapplicable here. We therefore propose a two-
band model of the following character. (i) The ex-
change interaction J~, between the Gd 4f electrons
and the s-band conduction electrons is positive.
The s band relaxes wegQy to the lattice and is
therefore bottlenecked. (ii) The exchange interac-
tion Z~ s between the Gd 4f electrons and the d-band
conduction el,ectrons is negative. ' The d band re-
laxes rapidly to the lattice and is therefore unbot-
tlenecked.

These assumptions lead to the following equations
for the linewidth and g shift ':

xa

~'((I+a)'+ *) (2a)

gPa

+ (&g.)'ff.(~.), » (2b)
x(1+x)+y'x "
. 1+x +y

samples. The remarkable "proportionality" be-
tween &g (and ~/&&) and 1/&&, is clearly seen.
Whenever the former two quantities are large, a
larger value results for the latter. This relation-
ship will be examined quantitatively below.

V. INTERPRETATION

dA= Jy~ Rg [I/(1 —a„)],
m. = ~, .n. I.I/(I —~.)],

(2c)

(2d)

where ~~ and ~, are the g shifts associated with
the d and s bands, respectively. I"& is a reduction
factor associated with the degeneracy of the d levels
at the Fermi energy, and x and y equal &,'i/&;& and

ZXy, H/6,', , respectively, in an obvious notation. The
quantities o'„o's, &,(o',), and &„(o'~) are enhance-
ment factors caused by exchange enhancement of
the conduction-electron susceptibility. They are
defined and tabulated in Ref. 15. Equations (2)
were derived in analogy with previous Knight-shift
and relaxation calculations for nuclei in cubic sym-
metry. According to these calculations, there are
no interference terms between s and d relaxation
mechanisms in cubic symmetry, even in the pres-
ence of s-d mixing.

The maximum negative shift observed in our ex-
periments is &g= —0.01+0.004. We suggest that
this shift corresponds to a situation in which the
magnetic-resonance bottleneck associated with the
s band is complete, but no bottleneck is present
for the d band. The negative g shift is consistent
with that found in the magnetically dense compound
GdA12. We assume, therefore, that ~g„= —0.01.
The value of ~, must therefore equal +0. 12+ 0.01.

With this assumption, Eq. (2a) agrees with ex-
periment. In the bottleneck regime (&;, &5;~),
the g shift is negative; in the unbottlenecked re-
gime (5;t, » 5,'q), the total g shift is by= 0. 11+0.01.
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Equation (2b) also agrees with experiment if we
take K,(&,) =0. 28. This value is in disagreement
with that obtained from Ref. 15 using a value for
n, derived from susceptibility enhancement (see
below).

Specific-heat measurements on LaA12, YAlz, and
LuAl, " indicate that the value of y for LaA12 equals
3.65 mJ/g atom K, to be compared with the value
of y found for YAlz or LuAlz, equal to 1.90 m J/
g atom K . After subtracting the electron-phonon
masi-enhancement contribution to the specific heat
using the formula of McMillan, we find a "bare"
density of states for LaA1~ equal to q„= 0.47 states/
eVatom spin. The density of states for YA12 or
LuA1, is 0. 35 states/eVatom spin, smaller than in

LaA12, indicating substantial narrow-band contribu-
tions to y in LaA1&. Additional evidence for the
existence of narrow d bands in LaA12 is provided
by recent resistivity measurements. ' ' A nega-
tive curvature above 150 K in the electrical resis-
tivity of LaA12 is found, and attributed to the scat-
tering of s electrons into the d states, as proposed
by Mott. The curvature in the resistivity of YA1&

is much less pronounced, indicating that narrow-
band (d-band) contributions are small.

We assume therefore that the following separa-
tion holds:

q, = 0. 35 states/eV atom spin,

g„=0. 12 states/eV atom spin.

The susceptibilities of LaA1&"'" and YA1& (cor-

rected for core and diamagnetic contributions) are
2. 25&10 emu/mole and 4. 83x10 emu/cm, re-
spectively. The densities of states associated with
these susceptibilities gx are much larger than those
associated with the specific heat g„ indicating
strong electron-electron exchange enhancement.
We estimate q„/q, to equal 2. 3 and 2. 4 (these val-
ues were calculated neglecting the electron-phonon
mass enhancement) for LaAlz and YAlz, respec-
tively. Because we assume that the d contribution
in YA12 is negligible, we can take the above ratio
for YA12 to estimate &,. We find +,=0. 56. The
value of K,(o.,) associated with this value of u„
according to Shaw and Warren, " is K(o.') = 0. 35,
larger than the value [K,(&,) = 0. 28] necessary to
fit our g shift and linewidth. It should be stressed
that the value of K(&) should be very sensitive to
the q dependence of the electron-electron interac-
tion, and may be completely different for LaA12
than for other materials, for the same &. The d
contribution to the linewidth is estimated to be less
than 5 6/K, whatever value of &~ we use. This is
less than the experimental error, and will be ne-
glected. The experimental value of &H/&T in the
unbottlenecked regime yields a value for the relax-
ation of the paramagnetic ions to the s band of &';,

=1.4&&10'Tsec '. The value of &'„. is found from
the detailed balance condition &',; = (g;/g', ) &';, .
Knowledge of &',

~ enables the extraction of ~,'~ for
the various samples, using Eq. (2a). The solid
lines in Fig. 6 are the theoretical linewidths [ac-
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0
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FIG. 11. Fitting of the results in
Fig. 9 to Abrikosov-Gorkov theory
(dashed line). The circles, triangles,
and squares represent samples with dif-
ferent Th concentrations (see Fig. 9).
The values of Tg p/Tg& for the various
samples are shown on the figure.
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TABLE I. Comparison between superconductivity and EPR results for various Gd„Laf~lf samples. T, is the super-
conducting transition temperature determined by extrapolating H~2(T) to H,2(T,) = 0. The error bars in T, are + 0. 06 K
for low Gd concentration (less than 1500 ppm) and +0. 1 K for high Gd concentration. T, ~ is the superconducting transi-
tion temperature in the absence of the magnetic field; nAG is the Abrikosov-Gorkov concentration of the Gd ion as deter-
mined from Fig. 7, knowing T, and n.„=0. 560 at. %. Vhe error limits for nAG are determined from the error limits for
T, (and n~). The ratio 7't, 0/7'tz. Was obtained by fitting H,2(T) vs T to the Abrikosov-Gorkov theory and normalized rela-
tive to 7't ~ p of pure LaAl2 (see text).

Nominal
Gd conc.
n (ppm)

0R

0R

609b
609

754b
754

1050b
1050

1089b

1239b
1239

1400'
140OR

1504b
1504

1750"
1750'

1990

2330

2810.'
2810

3460'

3550R

4020

Tc

3.20
3.20

2. 8'6

2. 92

2. 88
2. 88

2. 65
2. 76

2. 80

2. 66
2. 72

2. 64
2. 75

2. 48
2. 57

2. 44
2. 58

2. 24

2. 10
2. 11

l. 88

l. 52

3.17
3. 17

2. 81
2. 90

2. 79
2. 82

2. 54
2. 70

2, 67

2. 59
2. 64

2. 58
2. 65

2. 35
2. 53

2. 39
2. 47

2. 34

2. 20

l. 99
2. 05

1.695

l. 37

~AG

(ppm)

840
700

795
795

1340
1060

930

1320
1180

1370
1100

1790
1510

1810
1510

1865

2390

2590
2590

3060

3300

3790

Superconductivity
H„(G)
T=1.4 K

1700
2410

820
1260

1100
1450

870

590
1290

995
1240

460
1170

760
1000

610
670

380

140

1
1,4+0. 1

0. 6+0. 1
1.0+0.1

0. 8+0.1
1.1+0.1
0.4+1
0. 9+1

0.7+0.1

0, 5+0.1
1.2+1

0. 9+0.1
l. 0+0.1

0. 5+0. 1
1.1+0.1
0. 8+0.1
0. 9+0.1

1.2+0. 1

0. 5+0.1

1, 0+0.1
1.1+0.1
l. 0+0.1

0. 5+0.1

0. 7+0, 1

H„(G)
T=O K

2300
3200

1150
1830

1640
2200

720
1700

880
2000

1580
1830

770
1880

1280
1560

1940

680

1240
1390

1000

450

510

2. 019
2. 069

2. 050
2. 075

l. 992
2. 048

2. 022

1.992
2. 062

2. 038
2. 057

l. 988
2. 058

2. 030
2. 046

2, 037

1.993

2. 021
2. 029

2. 023

l. 996

2. 004

Aff/n T
(G/E}

46+5
65 +10

50+5
57+10

34+ 5
50+5

29+5
53 +10

46+5
60+ 10

20+ 3
48+5

47+ 5
49+5

37*5
41+ 5

40+5

26 +3

RUCSD samples. 'Remelted at UCLA as described in text.

cording to Efl. 2(b)] using the value &,(o.,) =0. 28,
as well as the values for 6',

&
and &,'&, quoted above.

The agreement is satisfactory.
Finally, the extraordinary correlation between

EPR measurements and superconductivity should
be noted. The EPR analysis yields values for &',~,
the spin-flip relaxation rate of the s-band conduc-
tion electrons to the lattice. H,2 measurements
yield values for I/v„, the collision relaxation rate
of the conduction electrons, assumed to be primar-
ily s band insofar as the superconductivity is con-
cerned. In the presence of nonmagnetic impurities,
one expects these two quantities to be proportional.
Indeed, when we extract values of &',f, and 1/~„
upon the addition of ThA12 into LaAlz, we find a re-
markable correlation (see Fig. 12). The solid line
in Fig. 12 is the relation

6,'f, —5,'f. '=14&&10" ~„o [(1/7.„)—(I/~I, ')], (3)

where &,~' and ~t, ' are the spin-lattice relaxation
time and the collision relaxation time in the start-
ing (Gd-doped) samples (i.e. , before adding the
ThAls). One can now use the resistivity data
to evaluate ~t, o. One finds the coefficient of the
sfluare bracket above to eflual (approximately)
5~ 10 . This implies that the spin-flip scattering
rate of the nonmagnetic impurities is two orders

.of magnitude smaller than the potential or trans-
port scattering rate. This ratio varies as
(A ff/b, ) [p /(1 +p )], where A.,« is the exchange
enhanced spin-orbit coupling of the impurity state,
b, its width; and the mixing parameter p = A/
(Ef; -E), where E is the impurity-state energy.
Impurity s states do not contribute to spin flip, but
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e„=0. 5, J&„„=—0. 035 eV. The value of the ex-
change interaction estimated from the initial de-
crease of T, upon alloying with Gd(bT, /nc=3. 6
K/at. %%d rare earth) is 0. 1 +0. 01 eV, leading to
some degree of support for the position that the
superconductivity originates primarily with s elec-
trons in LaAlz.

The initial slope of &«as a function of Th con-
centration (Fig. 12) yieMs a value

8$ ~' = (5+ 2) &&10' sec '/ppm Th in LaAls .
It should be mentioned that the same value (approx-
imately) of S5;~/Sc was observed from measure-
ments on three different series of Gd, Th„La, „„Ala
samples. This represents a remarkable success
of the theory of Hasegawa.

In order to determine ~&;~/Scfor Gd in LaA12, we
choose only those Gd„La& „Al~ samples which exhib-
it small values of ~„c/~„(~„c/v„=0. 5 in Table I)
to be sure that impurity contributions (other than
Gd) to &',~ are small. We find

&5;~/&c = (1+0.6) X10 sec '/ppm Gd in LaAlz.

VI. SUMMARY

FIG. 12. (a) Value of ~',1, (extracted from the g shift of
Gd„Th La~ „~AI2) as a function of Th concentration. The
triangles represent samples with x= 0, 001050 (1050-ppm
Gd); the circles represent samples with x= 0. 002330
(2330-ppm Gd). (b) A plot of (3) using the same values
for &',z as in (a). For the scale of this figure, &,z' is not
visible, so that the shift of the linear relationship between

~;~ and v&, p/T't& is due to the "residual" (before the addi-
tion of Th) Tg&0/Tg& . 1t& p/Tg& was extracted by fitting
H, 2 vs T to the Abrikosov-Gorkov theory.

do contribute to transport scattering. Reasonable
values for X,«, 6, and p give agreement with the
measured coefficient.

Using the value of &, and q„as well as the ex-
perimental g shift, we can estimate the exchange
interaction J&,. We find J&,=+0.13+0.01 eV.
Likewise, from the analogous quantities for the d
band, we find J~ z/(I —n~) = —0.071 eV. Assuming

The use of (3) to obtain &;~, and the reduction of
T, to obtain &;& and then &';, from detailed balance,
enables one to generate the complete magnetic-
resonance parameters from superconductivity mea-
surements, and vice versa. In terms of the mag-
netic-resonance experiments themselves, we are
able to break the bottleneck in LaAl2. Gd complete-
ly. Invoking the two-band (s and d) model, we are
able to explain the apparent discrepancy between
the g values for the concentrated compound and di-
lute alloy.

The close correlation between the parameters
determining the superconducting and magnetie-
resonance properties offers promise for the pre-
diction of one, given the other. Thus, in materi-
als where magnetic resonance is possible, it
should be possible to predict those parameters
which determine the thermal and magnetic super-
conducting properties.
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