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L. L. Isaacs
Department of Chemistry, University of Washington, Seattle, Washington 98195~

and Argonne Nationa/ I aboratory, Argonne, Illinois 60439
(Received 23 February 1973)

The specific heats of scandium and of a series of dilute gadolinium in scandium alloys were
measured in the 0.5-4- K range. In alloys with less than 0. 1-at. % gadolinium, there is a con-
tribution to the specific heat due to solute-matrix interaction. In higher-concentration al-
loys, the major contribution to the specific heat is due to long-range solute spin-spin inter-
actions. In a 1.0-at. % alloy, the phase transformation due to magnetic ordering is observed.
The electronic specific-heat coefficient increases rapidly with alloying. The spin-spin inter-
action is shown to be of the Ruderman-Kittel-Kasuya- Yosida type.

The anomalous properties of dilute solutions of
magnetic solutes in nonmagnetic hosts are well
known. i The strongly exchange-enhanced metal,
scandium, is readily spin polarized by the magnetic
solutes, gadolinium and dysprosium. In scandium
gadolinium, the polarization is positive, i.e. , an
enhancement of the effective moment per gadolin-
ium is observed. ' In alloys containing up to 0. I
at. % of gadolinium, the moment enhancement is in-
versely proportional to solute concentration. In
alloys with solute concentration in the 0. l-5-at. %
range, the moment enhancement is independent of
solute concentration. This behavior may signal
the onset of long-range magnetic order due to solute
spin-spin interactions. Specific heats, as a func-
tion of solute concentration, were determined in
order to elucidate the magnetic-ordering phenomena
in scandium-dilute gadolinium alloys.

The properties of scandium are extremely sen-
sitive to impurities. To minimize extraneous im-
purity effects, the experimental alloy specimens
were prepared by successive enrichment of a scan-
dium ingot with gadolinium. Analysis of the start-
ing material, reported previously, revealed a
rare-earth impurity content of 100 ppm. The spec-
imens were prepared by levitation melting and
casting into a chilled copper mold. The melts were
held in the liquid state for a prolonged time to en-
sure thorough mixing of the components, hence no
subsequent homogenizing treatments were applied.
Since no weight losses were detected in the prepara-
tion procedure, the nominal compositions were ac-
cepted as being correct.

The specific heats were measured using a recir-
culating mode helium-three cryostat and the heat-
pulse technique. The calorimetric addendum was
measured in a separate experiment. The system
performance and the technique was checked for
systematic errors by measurement of the specific
heat of a standard copper sample. 5 At least two
complete experimental runs between 0. 5 and 4. 2 K
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FIG. 1. Specific heat C& vs temperature for dilute
gadolinium in scandium alloys. Note the displacements
in the ordinate scale.

were made on each alloy specimen. Since no sys-
tematic differences were found from run to run,
individual runs on the specimens are not separately
indicated in the results presented.

The experimental results are presentedin Fig. l
in the form of specific-heat-versus-temperature
plots. Numerical values of the specific heats are
given at even intervals of temperature in Table I.
The measured specific heat of scandium fitted the
expression

C~,a, (T) = (10.72+0. 05)T+ (0. 042+0. 002)T

+(0.4+0, 2)T ~ mJmole ~K '
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TABLE I. Heat-capacity data for scandium-gadolinium
alloys. Units are T in K, C& in mJmole K and concen-
tration f in at. % Gd.

0.02

0.5 7.00 7.45
0.6 7.55 7.90
0.7 8.35 8.85
0.8 9.25 9.75
0.9 10.15 10.65
1.0 11.15 11.55
1.1 12.20 12.45
1.2 13.20 13.35
1.3 14.30 14.25
1.4 15,30 15.30
1.5 16.40 16.35
1.6 17.50 17.35
1.7 18.55 18.35
1.8 19.65 19.40
l.9 20.75 20.45
2.0 21.85 21' 55
2.1 23.00 22. 55
2.2 24. 10 23.60
2.3 25.25 24.70
2.4 26. 35 25.75
2.5 27. 50 26.85
2, 6 28. 65 28. 00
2.7 29.80 29.10
2.8 31.00 30.25
2.9 32.15 31.35
3.0 33.35 32.45
3.1 34.50 33.60
3.2 35.70 34.80
3.3 36.90 35.95
3.4 38.15 37.15
3.5 39.35 38.30
3.6 40.55 39.45
3.7 41.80 40. 65
3.8 43.05 41.85
3.9 44.30 43.10
4.0 45.60 44.35
4.1 46.85 45.55
4.2 48.15 46.75

Cp
0.05

7.70
8.15
8.95
9.80

10.65
11.60
12.50
13,45
14.45
15,50
16.55
17.60
18.70
19.75
20.85
21.90
22.85
23.90
25.00
26.05
27.15
28.25
29.40
30.55
31.65
32.75
33.85
34.95
36.15
37.30
38.55
39.40
40.95
42. 10
43.35
44, 60
45.90
47.15

0.10

9.50
10.10
10.85
11.70
12.65
13.60
14.55
15.50
16.50
17.50
18.55
19.65
20.75
21.85
23.00
24. 10
25.25
26.30
27.40
28.50
29.65
30.75
31.90
33.00
34.10
35.25
36.35
37.45
38.65
39.85
41.05
42.25
43.50
44.75
46.00
47.35
48.70
50.10

0.50

41.50
42.30
42. 35
42. 60
40.55
38.55
37.15
36.25
35.65
35.35
35.45
35.60
35.80
36.10
36.50
36.95
37.45
38.00
38.60
39.25
39.95
40.75
41.60
42.45
43.35
44. 35
45.30
46.30
47.30
48.35
49.45
50.55
51.65
52.70
53.80
54.90
55.95
57.15

1.00

45.50
52.80
61.00
67.00
73.00
78.30
82.90
86.85
90.95
94.00
95.70
96.75
97.55
98.15
98.50
98.75
98.95
99.15
99.30
99.50
99.75
99.95

100.15
100.40
100.75
101.05
101.40
101.85
102.35
102.90
103.50
104.20
104.90
105.65
106.35
107.10
107.85
108.65

over the temperature range of 0.6-4. 2 K. The
linear term in temperature represents the specific
heat of the conduction electrons, the cubic term in
temperature represents the lattice specific heat,
and the term proportional to T 2 represents the im-
purity contributions. The indicated uncertainties
in the coefficients are the standard deviations of
the least-squares polynomial fit to the data. The
results for scandium are in good agreement with
previous data. ' The Debye temperature corre-
sponding to this value of the lattice specific heatis
360 K, in excellent agreement with elastic-con-
stant data.

Inspection of the results for the dilute alloys
(0.02-, 0.05-, and 0.10-at. % Gd) shows that the spe-
cific heats of these are nearly parallel to that of

TABLE II. Calculated values of y, 0'. , and P for the
scandium-gadolinium system. Units are m J mole K
for &, mJmole K for 0., mJmole K for P, and at. %
Gd for concentration f.

0
0.02
0.05
0.10
0, 50
1.00

10.72 + 0.05
10.20+ 0.05
10.24 + O. 05
10.50 + 0.05
12.5 + 0.5
20+ 2

0.7+ 0.1
0.9+ O. l
2.6 + 0.1

0.042 + 0.003
0.042
O. 042
0.042
0.042
0.042

scandium. The raw data for the alloys were cor-
rected for the residual impurity contribution pres-
ent in the scandium matrix by subtracting anamount
equal to 0.4T . The corrected data were then fit-
ted to expressions of the form

Cp, ~)0~(T) = QT + pT + (X,

where yT and PT represent the electronic and lat-
tice specific heat, respectively, and a represents
the specific-heat contribution due to solute-matrix
interaction. The numerical values of P were found
to be invariant and identical to that of the cubic-
term coefficient for scandium within the limits of
one standard deviation. Thus the lattice specific
heat of scandium does not appear to change upon
the addition of small amounts of gadolinium. The
values obtained for y and n in the several alloys
are given in Table II.

The results for the 0.5- and 1.0-at. % Gdinsean-
dium alloys clearly indicate that for these alloys
the major contribution to the low-temperature spe-
cific heat is due to long-range magnetic ordering.
The magnetic ordering temperature is a function
of solute concentration. The ordering temperature
for the 0. 5-at. % alloy is near 0.5 K, the lower end
of the experimental data, while the ordering tem-
perature for the 1.0-at. /p alloy is about 1.45 K.

Since the magnetic contribution to the specific
heat is the dominant term, it is difficult to sepa-
rate, unambiguously, the various contributions to
the total specific beat without assuming a particu-
lar model for the magnetic interaction. In order
to obtain an estimate for the electronic part of the
specific heat, the lattice specific heat was assumed
to be invariant with solute concentration. This as-
sumption may be justified by noting that the specif-
ic-heat curve of the 0. 5-at. % alloy becomes nearly
parallel to the dilute alloy curves near the upper
temperatures of. the measurement. Furthermore,
any error introduced by this assumption will be
small since the lattice specific heat is only a small
fraction of the total specific heat over the temper-
ature range of the measurements. Thus the exper-
imental specific heat diminished by the calculated
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lattice specific heat is assumed to have the func-
tional form

where CM~ represents the specific-heat contribu-
tion due to solute-matrix interaction and solute-
solute interaction. Numerical values for y were
obtained by the asymtotic extrapolation of (C~(T)
—pT )/T against T. The reliability of these num-
bers is indicated by the uncertainty shown in Table
II.

The decrease in the value of the electronic spe-
cific-heat coefficient y in the dilute alloys relative
to the pure scandium is not an experimental or com-
putational artifact. Similar results were observed
by Lynam et al. ' The results are reasonable, if
one keeps in mind that the experimentally deter-
mined y value reflects not only the density of states
of the conduction electrons but also all the enhance-
ment effects due to electron interactions. There
is no a priori reason why the enhancement effects
would not be substantially smaller in the alloys
than in the pure scandium. One would expect that
there will be an increase in the unenhanced y values,
if the effect of solute addition is to drive the whole
system magnetic, thus splitting the energy bands
in scandium. Such an increase in the y values of
the alloys is observed.

The excess specific heat e of the dilute alloys is
temperature independent. It is tempting, there-
fore, to postulate the existence of small superpara-
magnetic clusters in these alloys. However, if
this would be the case, then n should be propor-
tional to the solute concentration. This is not the
case. It is, therefore, believed that a represents
the specific heat due to the interaction between a
single magnetic solute and the conduction electrons
of the host matrix. Such an effect would be expected
to be a weak function of concentration.

The qualitative difference in the specific heats of
the 0. 5- and 1.O-at. % alloys with respect to the
more dilute alloys is very striking. Not only is
the excess specific heat of these alloys tempera-
ture dependent, but a cooperative-type phase trans-
formation is observed for the 1.O-at. % alloy. This
excess specific heat must be due to a long-range
interaction between the solute spins. Only a semi-
quantitative interpretation of these results is war-
ranted.

If an interaction of the Ruderman-Kittel-Kasuya-
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FIG. 2. Magnetic specific heat CM~ vs reduced tem-
perature T/f for the 0.5 and 1.0-at. % Gd alloys.

Yosida (RKKY) type is assumed to exist between
the magnetic solutes, then the magnetic specific
heat per unit quantity (mole) of solute should be a
concentration-independent function of the "reduced
temperature" T/f, where f is the solute concen-
tration. In Fig. 2 a plot of the appropriate data
for the 0. 5 and 1.0 at. % is presented. The agree-
ment with the predictions of the model is reason-
able, bearing in mind the arbitrariness of the
method used to estimate the y values, and the fact
that no attempt was made to separate the single-
solute-matrix-interaction specific heat from the
spin-spin interaction specific heat. Thus we con-
clude that the long-range interaction between the
magnetic spins is of the RKKY type.

Finally, the most significant conclusion that one
may infer from the experimental results is that in
the dilute gadolinium in scandium system, long-
range magnetic interactions are operative at con-
centrations as low as about 0, l-at. % gadolinium.
From the data of ¹igh et al, ' one would have con-
cluded that to obtain the antiferromagnetic phase
one would need at least V at. % of gadolinium.

The data presented were obtained using the facil-
ities of the Argonne National Laboratory. The
technical assistance of R. Panosh and helpful dis-
cussions with D. J. Lam are gratefully acknowl-
edged.
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