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bee B-Gd and B-Dy, stabilized by Mg additions, exhibit spin-glass-like behavior. Both systems
show field-cooling effects in the magnetic susceptibility which is indicative of spin freezing reac-
tions. The B-Gd alloys order ferromagnetically (<80 K) first on cooling before undergoing a
Gabay-Toulouse-type reentrant spin-glass transition (<50 K) into a mixed ferromagnetic plus spin-
glass phase. Low-field ac susceptibility measurements show both the Curie and spin freezing transi-
tions. Low-temperature heat capacity (down to 1.5 K) shows evidence of both ferromagnetic and
spin-glass excitations. A magnetic phase diagram predicts a pure spin-glass phase for Gd concen-
trations up to 66 at. % Gd. The B-Dy alloys exhibit a cusp in the ac susceptibility characteristic of
spin-glass behavior. Field-cooled magnetic-susceptibility measurements suggest a close competition
between antiferromagnetism and spin-glass behavior. The occurrence of the maximum in the mag-
netic susceptibility at 1.4 T is evidence that some atoms may order antiferromagnetically. A large
linear heat-capacity term which is probably due to both the electronic specific heat ¥ and a spin-
glass contribution plus the presence of large T2 and T terms support the mixed-state hypothesis.
The metastable bcc Gd-Mg and Dy-Mg alloys are unique in that they have the highest concentra-
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tion of magnetic atoms in a crystalline, metallic spin glass (> 70 at. % Gd or Dy).

I. INTRODUCTION

Over 20 years ago, when the high-temperature allotro-
py of the rare-earth metals was being first investigated, it
was shown' that a high-temperture bcc phase of the
heavy rare-earth metals could be retained at room tem-
perature by alloying with Mg and ice-water quenching.
This relatively simple procedure affords an excellent op-
portunity to directly compare the physical properties of a
rare-earth element in two different crystal structures—
the bce phase and the room-temperature close-packed
structure (fcc, hep, or dhep)—by extrapolating the physi-
cal property of the metastable bce alloys to a theoretical
pure bce material. A systematic study? carried out on La
alloys showed that only Cd is as effective as Mg in stabil-
izing the bce structure. Comparison of the superconduct-
ing transition temperature of the three La allotropes
(dhcp, fce, and bece) has been done? using this method.

For the magnetic lanthanides such as Gd and Dy, the
bcece structure offers a more symmetric crystal field than is
found in the equilibrium hcp room-temperature phase.
In pure metals, the hexagonal crystal field strongly
influences the type of magnetic ordering, so one might ex-
pect different types of ordering and different tempera-
tures for a bece structure. Gd has no orbital magnetic mo-
ment (L =0) in its normal state, and therefore will have
only minimal crystal-field interactions in either the hcp
or bee structure. Any difference in the magnetic proper-
ties of the two phases is limited to atomic spacing or
magnetic dilution by Mg for the bcc phase. Dy was
chosen as the companion system because it has both anti-
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ferromagnetic and ferromagnetic transitions for the pure
metal. The results of our study are described below.

II. EXPERIMENTAL PROCEDURES

A. Alloy preparation

The rare-earth Mg systems form eutectoid phase dia-
grams as in the Gd-Mg phase diagram (Fig. 1). The Dy-
Mg phase diagram is not known, but it should be similar
to the Gd-Mg system.* For both Gd and Dy the room-
temperature allotrope a is hcp. On heating, there is a
transformation to bce 3 before melting.

The proper proportions of the lanthanide and Mg were
sealed together in a Ta capsule under a He partial pres-
sure. The Mg was sublimed from commercial stock and
was 99.998 at. % pure. The rare-earth metals were pro-
duced at the Ames Laboratory Materials Preparation
Center. The total transition-metal impurity content was
less than 30 ppm atomic. The total rare-earth impurity
was less than 10 ppm atomic. The total interstitial im-
purities, e.g., O, N, and H ranged up to 1000 ppm atom-
ic.

Each alloy was melted and inverted several times in an
induction furnace to insure homogeneity. For quenching
the alloy was remelted in a resistance furnace and
quenched in ice water from at least 25 °C above the melt-
ing point. On cooling the bcc phase forms from the
liquid, which is subsequently frozen in as the quench ac-
celerates through the eutectoid temperature. Single-
phase bce alloys could be stabilized easiest at the eutec-
toid composition. Stabilization becomes more difficult as
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FIG. 1. The Gd-Mg system (Ref. 4).

the composition is moved away from the eutectoid com-
position with the result being a composition window
about 5% wide where the bcc phase can be stabilized.
Metallographic examination shows a dendritic micro-
structure from the initial freezing which raises the possi-
bility of concentration gradients. X-ray-diffraction pat-
terns show sharp reflections with no evidence of a second
phase. A complete discussion of the metallurgical as-
pects of these nonequilibrium alloys will be reported in
another paper.

B. Apparati

Magnetic susceptibility was measured on three
different devices. High-field (0.5 to 1.8 T) measurements
were made using a Faraday balance calibrated by the Na-
tional Bureau of Standards (NBS) Pt and Pd standards.
Low-field measurements (0.005 to 0.2 T) were made in a
SQUID magnetometer. The SQUID measures a volume
susceptibility while the Faraday method measures a gram
susceptibility. The density conversion factor was deter-
mined by comparison of paramagnetic susceptibilities
from each method. All the values are reported in units
per gatom of lanthanide.. Finally ac susceptibility was
measured at extremely low field (2.5X 107 T) at 100 Hz.
The units are arbitrary, but the values are normalized
with respect to the lanthanide content. The heat capacity
was measured from 1.3 to 60 K in a semiadiabatic pulse
calorimeter.

III. EXPERIMENTAL RESULTS

A. B-Gd

An alloy containing 28 at. % Mg is representative of
the other alloys and its susceptibility y per gatom Gd
(i.e., per mole of Gd) is shown in Fig. 2 for measuring
fields greater than 0.5 T. Above 120 K the alloy is
paramagnetic. On cooling the alloy orders into a weak
ferromagnetic state.

39 MAGNETIC BEHAVIOR IN Mg-STABILIZED bcc B-Gd AND B-Dy

11 851
25.0 = T -I T - 2.5
\\ G6d- 28Mg
A\
\ ----066T
200 |- \ ——096T 20 _
. ~
_ ~. \ —— 1T fad
- K (5
[C] . S
e 150} , e I
2
o -]
- e
« 00| -0 $
N (2]
- o
= \ e
so |- X —Hos
0.0 L
0 50 100 IS0 200 250 300

TEMPERATURE (K)

FIG. 2. Magnetic susceptibility for the Gd-*Mg alloy, which
is typical of all the Gd alloys. :

Above 120 K the B-Gd alloys behave as normal
paramagnets. A plot of the inverse susceptibility (Fig. 2)
for the alloys is linear above T, following the Curie-Weiss
law. x~!is independent of the applied field suggesting
minimal ferromagnetic impurities (i.e., a-Gd). The
effective paramagnetic moment per Gd atom, p., is cal-
culated from the slope, and the temperature intercept
gives ®,, the paramagnetic Curie temperature. ®, de-
creases with increased Mg content due to the increased
amount of magnetic dilution. These values are summa-
rized for the 3-Gd alloys in Table 1.

The alloys order in what appears to be a ferromagnetic
state at T, some 20—30 K less than the value of ®,. The
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FIG. 3. Arrott plot for Gd-*Mg. T,.=66 K.
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TABLE I. Summary of magnetic behavior in 3-Gd.

(o P ®p T, Tf
JK
All —_— ( (X) K K
¥ T? gatom Gd ) ) &)
Gd-?Mg 90.72 8.52 111.3 75 42.5
Gd-**Mg 90.68 8.52 103.0 71 46.0
Gd-»*Mg 89.31 8.45 88.5 66 43.5
Gd-*Mg 90.18 8.49 89.7 62 45.5

Curie temperatures were determined from Arrott (o2

versus ¥ ') plots (Fig. 3) at the temperature where spon-
taneous magnetization was first observed.

Although the alloys appear to order ferromagnetically, -

they do not saturate even at 1.4 T as shown in Fig. 4.
The ferromagnetic moment increases as Gd concentra-
tion increases suggesting that Mg additions change the
number of Gd-Gd nearest neighbors, and their separation
has an effect on the 4f-4f interactions via the conduction
electrons [i.e., Ruderman-Kittel-Kasuya-Yosida (RKKY)
interactions]. The maximum measured moment per Gd
atom is only about 4.0u g, almost a factor of 2 lower than
the 7pp one would expect for Gd ions in a ferromagnetic
state.

For comparison, a series of supersaturated a-Gd alloys
were made by quenching from the a phase region near
the eutectoid temperature. The Curie temperature de-
creases linearly with increasing Mg concentration as
shown in Fig. 5. Extrapolation to pure Gd gives a value
of 291 K, which compares quite well with accepted value
for hep Gd, 293 K,>° and gives us some confidence in the
extrapolated value obtained for the hypothetical bcc Gd
phase, which is 145 K, see Fig. 5. An extrapolation over
such a wide composition range is tenuous. This is espe-
cially true in this case where there is likely to be a change
in the type of ordering somewhere in the composition
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FIG. 4. Magnetization at 4.2 K vs applied field for some Gd-
Mg alloys.

range (i.e., see below). Furthermore, in contrast to the
bee alloys, the hep alloys are good ferromagnets with
magnetization reaching 7uz. Whether these differences
are due to the Mg diluent or crystal structure effects can-
not be determined from these measurements.

The fact that the magnetic moments in the bcc Gd-Mg:
were so low made us suspicious that either antiferromag-
netic ordering or some kind of spin-glass behavior was
occurring. Evidence for a magnetic reentrant spin-glass
transition can be seen from Yy measured at low fields for
the 28% alloy (Fig. 6). In these measurements the sample
was zero-field cooled (ZFC) to 5 K, and y was measured
on heating with B=0.005 or 0.05 T. When 120 K was

300 T T
O bece Gd-Mg
250 |- ® hcp Gd-Mg
200 - —
\
—_ \
X \
= \
[S) \
[ \
\
\
\\
150 ‘\/l45 K \\\ —
N \
No \
~ \
~o N
~ \
~ N
~ \
~o \
~ \
\\ \
~o \\
100 \\\\ \ -
\\ \
\\\ \
0 | | |
0 10 20 30

COMPOSITION (at.% Mg)

FIG. 5. Curie temperature vs composition for bcc and hcp
Gd-Mg alloys.
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FIG. 6. Field-cooled (FC) and zero-field-cooled (ZFC) mag-
netic susceptibility for Gd-2*Mg. The 0.05 T curves are offset by
35 units.

reached (~35 K above ©,) the sample was field cooled
(FC), this time in the measuring field, and y was mea-
sured on cooling. At low temperature, ¥ for the ZFC
branch is dramatically lower than that of the FC branch.

This type of irreversibility is characteristic of spin-glass
systems where the magnetic moments freeze in some ran-
dom arrangement below a critical temperature T,
marked by the divergence of the FC and ZFC branches.
In the ZFC branch this spin freezing process competes
with the spontaneous magnetization due to the ferromag-
netic alignment of spins below the Curie transition.
However, if the sample is cooled in an external field as in
the FC branch, the moments freeze in a preferred orien-
tation (that of the ferromagnetic alignment) with no drop
in X at Tf‘

The spin-glass state created by zero-field cooling can be
destroyed by application of an external field and is ob-
servable by a reduction of T, with increasing field. If T,
is taken as the divergent point of the FC and ZFC
branches, one can see from Fig. 6 that T, decreases from
50 to 35 K when B is increased from 0.005 to 0.05 T.
The x data for higher fields as in Fig. 2 were all ZFC
measurements, and no downturn in Y exists showing that
B=0.8 T is sufficient to completely revert the sample
from the spin-glass state to the higher-field ordered state.

Ty was determined for each alloy by low-field (0.025 G)
ac susceptibility as opposed to extrapolating low-field
static y data to zero field. x,. is shown for the four alloys
in Fig. 7, all measured on heating. The 28% alloy was
measured on both heating and cooling below the max-
imum with no difference in x,.. Normally T, is marked
by a sharp cusp in y,. but for these alloys the high-
temperature branch is lost due to the ferromagnetic tran-
sition. Lacking a cusp, T, was defined as the intersection
between a linear extrapolation of the low-temperature
side of x,. with a horizontal line defined by y, . max-
imum. The results are plotted in a magnetic phase dia-
gram along with the T_.’s in Fig. 8. The tendency is for
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FIG. 7. ac magnetic susceptibility for Gd-Mg alloys. The
number in parentheses is the amount of offset along the ordi-
nate. The down arrows denote T,’s from Arrott plots and the
up arrows denote 7.

T, to increase with Mg composition, the reverse of the
T, dependence. Although a pure spin-glass behavior was
never observed, it is predicted by Fig. 8 for alloys con-
taining up to 66% Gd which would be an unparalleled
large concentration of magnetic material for a metallic
crystalline spin glass.

The heat capacity C has been measured for four bcc
Gd-Mg alloys from 1.5 to 5 K. Each alloy was run
several times consecutively with approximately 50 points
per run such that for each alloy there are at least 200
data points. The large number of data points were taken
to insure reproducibility and to enhance statistical fitting
procedures. The strong curvature in the standard C/T
versus T2 plot (Fig. 9) is evidence of a large magnetic
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FIG. 8. Magnetic phase diagram for the Gd-Mg system
where P, F, F’, and SG are the paramagnetic, ferromagnetic,
mixed ferromagnetic—spin-glass, and spin-glass phases, respec-
tively.
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term that overpowers the electronic and lattice terms.
Even at the lowest temperatures ( <2 K) the curvature
still persists preventing the normal extrapolation to ob-
tain the electronic coefficient ¥. The ordering tempera-
tures for 3-Gd were too high for our calorimeter to mea-
sure the heat capacity up to the magnetic transitions.

Reproducibility was only achieved if the sample was
electropolished (6% perchloric acid in methanol at
—60°C) just before cooling the sample in the cryostat.
Similar behavior was reported for pure Gd by Hill et al.”
which was attributed to thin layers of ferromagnetic
Gd,0; on the surface that was removed by electropolish-
ing.

At low temperatures the heat capacity of the 3-Gd al-
loys can be represented as the sum of the electronic, lat-
tice, and magnetic contributions (C,, C;, and C,,, respec-
tively). The temperature dependence of C, is linear, and
C, is a series of odd powers in T usually shortened to just
T3 for T <®p /50 where @, is the Debye temperature.

The temperature dependence of C,, is complex in that
from )} measurements both ferromagnetic and spin-glass
excitations are expected. Assuming negligible anisotropy
effects (L=0 and a cubic system) the ferromagnetic term
can be written as DT" where classically n=1.5. A linear
dependence has been universally accepted for spin-glass
systems, so the total heat capacity can be represented by

C=AT+BT*+DT", (1)

where A, B, and D are constants and 4 would be the sum
of the spin-glass contribution and the electronic specific-
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TABLE II. Relative contribution (%) of the heat-capacity
terms in the 8-Gd model.

T
(K) C, o fol
1.50 14.0 14 84.6
1.75 13.0 1.7 85.4
2.00 11.9 2.1 86.0
2.25 11.1 2.5 86.4
2.50 10.5 2.9 86.6
2.75 10.0 3.3 86.8
3.00 9.5 3.7 86.8
3.50 8.6 4.6 86.8
4.00 7.9 5.6 86.5
4.50 7.4 6.5 86.1
5.00 6.9 7.5 85.6

heat coefficient y. It has been well established that y is
not uniform across the lanthanide series,” !! so no esti-
mate of ¥ was made.

A number of different fitting procedures were attempt-
ed with no success. An iterative graphical method'! did
not converge and brute-force statistical computer-fitting
routines resulted in nonphysical parameters (e.g., 4 <0)
whether n was fixed at 1.5 or allowed to float.

The fitting method finally used was a two-step process.
First, n was determined by assuming C~K". This as-
sumption is valid because C,, comprises nearly 85% of
the total heat capacity. In addition, trial and error mod-
eling using Eq. (1) showed that as a percentage of C, C,,
was remarkably constant from 2.25 and 4.00 K. The re-
sults of a calculation with 4=8 mJ/gatom K2, B=0.35
mJ/gatom K* D=38 mJ/gatom K2 and n=1.6 is list-
ed in Table II. Although the percentage of the total heat
capacity for C, and C; decreases, and increases, with in-
creasing temperature, respectively, the variations cancel
each other out and C,, /C remains virtually constant.
Second, these n’s were then used in Eq. (1) which was
subsequently fit to the entire data of each alloy using a
linear least-squares method. Table IIT summarizes the re-
sults. The error limits are the least-square standard devi-
ations.

Table III shows that n is decreasing with decreasing
Mg content as would be expected, because as the Mg con-
tent decreases the Curie temperature rises and this would
tend to bring n closer to the classical value of 1.5. The
relationship is not linear, but is approaching a value near
1.5. The Debye temperatures calculated from the B pa-
rameter show no clear composition dependence, but the
values are reasonable [e.g., for pure hcp Gd (Ref. 7)
®, =167 K]. Because the contribution of C, is small rel-

TABLE III. Summary of heat-capacity coefficients for 3-Gd in mJ units.

Alloy A B D n ®), (K)
Gd-PMg 8.06+0.39 0.37+0.02 37.5+0.3 1.620+0.002 174+4
Gd-*Mg 7.02+0.33 0.33+0.02 39.3+0.2 1.651+0.002 181+4
Gd-2*Mg 6.79+0.48 0.37+0.02 38.1+£0.3 1.656+0.002 173+5
Gd-¥Mg 4.79+0.44 0.27+0.02 35.5+0.3 1.68810.003 193+5
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ative to the magnetic and electronic contributions at
these temperatures, ®; can only be known within 4 or 5
K. Taking this error into account, the ®p,’s are nearly
constant.

Values for A range from 4.79 to 8.06 mJ/g atom K? in-
creasing with decreasing Mg content, however, a change
of this magnitude cannot be explained by electron con-
centration effects. Leung et al.!? predict y for ferromag-
netic becc Gd to be as high as 11.4 mJ/gatom K?, but
with a slow decrease in y with Mg composition within
the limits of the rigid-band model. It seems likely, there-
fore, that the parameter A is a combination of ¥ and a
spin-glass. term.

B. B-Dy

As for Gd alloys y for the 3-Dy alloys was measured in
fields up to 1.4 T (Fig. 10). The alloys follow Curie-Weiss
behavior with ®, ranging from 31 to 35 K. A summary
of the values are given in Table IV.

The type of magnetic ordering for the B-Dy alloys is
different from that for the B-Gd alloys. Even though
®,>0, the alloys do not order ferromagnetically.
Second, there is a maximum in the magnetization at ~ 15
K that persists up to magnetic fields of 1.4 T. Arrott
plots as in Fig. 11 confirm no spontaneous magnetization
down to 20 K where o starts to decrease suggesting anti-
ferromagnetic or spin-glass ordering. The magnetization
maxima vary little with composition in contrast to the
T_’s of B-Gd which had a clear composition dependence,
and the temperature of the maxima are independent of
applied-field strength.

At low fields the maxima are better defined and less
rounded. Figure 12 shows FC x(T) for the 27% alloy.
The leveling of y below 15 K is typical of antiferromag-
netic ordering for polycrystalline materials. If the sample
is ZFC a large drop in Y is seen, but the maximum
remains at the same temperature. There are two other
features to be examined closely. First, the splitting of the
FC and ZFC branches occurs above the ordering max-
imum which is unusual. If the field cooling irreversibili-
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FIG. 10. Magnetization and inverse susceptibility for Dy-
2"Mg, which is typical of all the Dy alloys.
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TABLE IV. Summary of magnetic behavior in 3-Dy.

C Py 9,, T,
JK
All K (K
oy T? gatom Dy ks) K )
Dy-2Mg 149.10 1092 314 300
Dy-*Mg 147.36 10.86  35.1 31.0
Dy—ngg 145.91 10.80 31.6 30.5

ties are of spin-glass nature, one would expect that the
spin-glass state would be favored at lower temperatures
than an assumed antiferromagnetic state. Second, the
leveling off in ¥ does not occur for the FC branch as it
does for 3-Gd alloys (Fig. 6). A nearly linear decrease in
the ZFC y down to 5 K is similar to the spin-glass transi-
tion in 3-Gd. There seems to be both spin-glass and anti-
ferromagnetic transitions going on with nearly the same
ordering temperature. The splitting of the FC and ZFC
curves above the cusp is more complex and may be the
effect of competition between the two types of ordering.
The maximum at 0.005 T (Fig. 12) is 10 K higher than
that for the high-field measurements (Fig. 10), and as the
field is increased to 0.2 T the maximum becomes more
rounded and begins to shift to lower temperatures (Fig.
13).

The x,. (Fig. 14) for the three B-Dy alloys are nearly
identical. A cusp in Y,. is sharp and well defined and
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FIG. 11. Arrott plot for Dy-?’Mg. Note that there is no
spontaneous magnetization. The solid circles and dashed line
are for clarity.
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netic susceptibility for Dy-27Mg.

could represent spin-glass ordering. T, given by the
maximum in X,. (Table IV), is the same within 1 K for all
the compositions with the average of 30.5 K and does not
show any obvious composition dependence.

The heat capacity up to 80 K has been measured for
two of the alloys (Fig. 15). Above 60 K the scatter due to
experimental limitations becomes too great for confident
measurement. There is, however, a broad maximum be-
tween 40 and 50 K due to the magnetic ordering. The
magnitude of the lattice contribution is increasing rapidly
in this temperature range, and it should account for
about 50% of the total heat capacity. Therefore, the ac-
tual maximum in C,, will be at a somewhat lower tem-
perature.

For Dy there is also a hyperfine contribution C, to the
heat capacity so there are at least four terms contributing
to the total heat capacity: electronic, lattice, hyperfine,
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FIG. 13. Field-cooled magnetic susceptibility of Dy->’Mg as
a function of field.
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FIG. 14. ac magnetic susceptibility for three bcc Dy-Mg al-
loys. The offset along the ordinate is in parentheses. The cusp
indicates T'.

and magnetic. The hyperfine contribution arises from the
two isotopes, Dy161 and Dy163, both with nuclear spin
I=23 giving six hyperfine levels each. Following the
analysis of Hill'® for pure Dy, the high-temperature limit
C,, can be represented above 1.6 K by

C,=f(28.235T " 2—1.6177T %) )

for mJ/gatom K units, where f is the atomic fraction of
Dy in the alloy.

Plots of In(C) versus In(T) predict a power law for C,,
where 2 <n <3. However, the large linear region below 5
K as found for B-Gd are not observed for the Dy alloys,
so a definite choice could not be made confidently. Thus
two methods were tried.

Method I assumes a power-law dependence for C,,
such that C—C, —C;=AT+BT" for T <5 K. The lat-
tice term will be dominated by the magnetic terms, so an
estimate of C; was subtracted from C in addition to C,.
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FIG. 15. Heat capacity vs temperature for two Dy-Mg alloys.
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TABLE V. Summary of heat-capacity coefficients for S-Dy in mJ units.

Alloy A B D ®, (K)
Method 1 Dy-%Mg 19.15 18.25 0.33? 180°%
Dy-*Mg 17.64 16.42 0.33 180°
Method II Dy-*Mg 15.34 20.92 1.35b
Dy-®Mg 12.72 19.77 L11°

*Value fixed before fitting.
®Includes both lattice and antiferromagnetic terms.

The value of ®j should not differ much between B-Gd
and 3-Dy, so the arbitrary value of 180 K was selected, a
rough average of the ®, values for the B-Gd alloys
(Table III). The 28 at.% alloy was reanalyzed for
®p =170 and 190 K. The change of ®;, affected 4 and
B by less than 2.5%, so the original choice of 180 K was
retained. The best fit for both alloys occurs for n=2.2;
the corresponding values for 4 and B are given in Table
V.

The values for A are different for both alloys and are
much larger than to be expected for an electronic contri-
bution alone. The presence of a linear heat-capacity term
for spin glasses has been long known, and the excess
linear term is attributed to spin-glass behavior. The T22
term is empirical with no sound theoretical basis. Howev-
er, some researchers have claimed a 7' dependence in ad-
dition to the linear term for spin glasses.!*!> A plot of
(C—C,—C))/T versus T"? (Fig. 16) shows that the fit is
good even up to 10 K.

Method II was based on the assumption that the alloys
were in a mixed antiferromagnetic spin-glass state. The
heat capacity corrected for the hyperfine contribution
was fit to the form AT +BT?*+DT? for T <5 K. A con-
tains both the electronic term and the linear spin-glass
term, B would represent the spin-glass T2 term, and D
would represent C; in addition to any antiferromagnetic
excitations. The coefficients are also in Table V.

500 i T T T T T
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FIG. 16. (C—C,—C,)/T vs T"? for two Dy-Mg alloys. The
straight lines are the least-squares fit of the data below 5 K.

The T term is three to four times what would be ex-
pected for @, =180 K (D=0.33). The remaining part of
the T° term would then be attributed to antiferromagne-
tism. The linear term is 25% to 30% lower than in the
first method, but it is still too large to be attributable en-
tirely to the electronic heat capacity. The large
coefficient of the T? term (B) is indicative of its
significance and favors the spin-glass hypothesis.

IV. DISCUSSION

A. B-Gd

The B-Gd alloys show evidence of reentrant spin-glass
behavior. Some type of ferromagnetic ordering is present
as illustrated by the Arrott plots (Fig. 3). The field cool-
ing effects (Fig. 6) are typical of spin glasses. The loss of
spontaneous maghetization in Y,. curves is similar to that
observed by Maletta and Felsch!® for Eu, Sr,sS and
Manheimer et al.!” for (Fe,Mn,_,),sP,sB¢Al; where the
transition from ferromagnetism to spin glass is well estab-
lished by other means as well. Although the magnetic
susceptibility shows spin-glass features, in themselves
they are not conclusive.

The Gd-Mg system appears to have the right in-
gredients for spin frustration caused by competing ex-
change interactions. Ferromagnetic exchange interac-
tions should dominate the system as apparent by the ap-
pearance of spontaneous magnetization and a large posi-
tive ®,. However, some antiferromagnetic interactions
are likely to exist in light of the low spontaneous moment
measured in high field and the lack of saturation.

The compound GdMg, CsCl structure, has been stud-
ied by two different groups both reporting unusual behav-
ior. GdZn and GdCd are both good ferromagnets with
T, (268 and 270 K, respectively) just below that of pure
Gd (293 K) and easily reach saturation (~7ug). GdMg,
which has the same structure and electron concentration,
has a much lower T, (121 K) and is difficult to satu-
rate,'®1° only reaching values of 61 which suggests that
some antiferromagnetic ordering may occur in GdMg.
Neutron diffraction cannot be made on Gd alloys due to
high neutron absorption, but neutron diffraction has been
done on TbMg (Refs. 18 and 20) which is similar to
GdMg though with a lower ®,. These results indicate a
structure of ferromagnetic sheets that are coupled anti-
ferromagnetically producing a noncolinear ferromagnet.
Of importance to this discussion is that the type of anti-
ferromagnetic coupling could not be uniquely determined
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with the investigators suggesting two or three equal
alignments, an important ingredient for spin-glass forma-
tion. Aleonard et al.?! found the same type of structure
in the RMg compounds with R=Dy, Ho, and Er as well.

Buschow and Oppelt!® discussed the possibility of dis-
order in GdMg structure, i.e., some Mg and Gd atoms in-
terchange positions causing a disruption in the magnetic
interactions. They claim a RKKY calculation shows a
gradual change in ®, from a strong positive value for
perfect ordering to negative values for complete disorder
illustrating a mechanism to produce antiferromagnetic
ordering. Buschow et al.?? later ruled out this possibility
by neutron diffraction on NdMg, but the argument is ap-
propriate for the 8-Gd alloys of this study. A disordered
CsCl structure is essentially a random bcc solid solution
which is the same as 3-Gd except that 3-Gd has a lower
concentration of Mg. This means that some intermediate
®, should be expected which decreases with increasing
Mg concentration. This behavior is confirmed from y !
plots (Fig. 2 and Table I).

Buschow and Schinkel?® decided that the antiferromag-
netic interaction in GdMg is more fundamental in nature
by studying the pseudobinary (Gd;_,La,)Mg. Just a
10% dilution of Gd by La induces a change from fer-
romagnetic ordering to antiferromagnetic ordering, so
they asserted that a small antiferromagnetic interaction
must be pre-existing in GdMg. A study of
Gd(Mg,Zn,_,) (Ref. 19) shows that T, increases with in-
creasing Zn concentration or with decreasing lattice pa-
rameter. The same phenomenon is observed in the
(Gd;_,La,)Mg system indicating that the strength of the
antiferromagnetic interaction depends on the interatomic
distance as might be expected for RKKY interactions.
There is evidence that the RKKY coupling in the
lanthanide CsCl structure is carried in large part by 5d
electrons.?* Because this band is narrow, one would ex-
pect that the interaction would be sensitive to atomic
spacing.

The distinction between the ordered CsCl structure
and the random bcc structure is as follows. In the CsCl
structure the Gd nearest neighbor is always a Mg ion and
the second nearest neighbor is always another Gd ion.
This gives rise to the ferromagnetic sheet structure in the
RMg compounds. The antiferromagnetic interaction is
between sheets, i.e., at longer range. In a random bcc
solution, the nearest neighbor can be either a Mg ion or a
Gd ion. The second nearest neighbor can also be either
Mg or Gd. This uncertainty will disrupt the formation of
the sheets with the finite probability that locally one ion
may couple ferromagnetically and the next ion may order
antiferromagnetically. If the interactions of all the atoms
are considered then it is conceivable that the antiferro-
magnetic and ferromagnetic states may be equivalent for
certain ions, but probably not for all depending of course
on the environment surrounding the Gd ion in question.
This competing interaction gives rise to the spin-glass-
like behavior in the B-Gd alloys.

This picture favors a Gabay-Toulouse type?® where a
ferromagnetic phase transforms into a mixed F’ state on
cooling. A collinear ferromagnetic structure remains
partially intact, but some of the spins freeze out of the

J. W. HERCHENROEDER AND K. A. GSCHNEIDNER, JR. 39

ferromagnetic alignments because of the competition be-
tween antiferromagnetic and ferromagnetic orderings.

Two transitions are measured with Y and y,. measure-
ments indicating that such a disordering transition is
present. T, decreases with applied field showing that a
field can overcome the spin frustration and force some
kind of periodic order. The lack of saturation in the fer-
romagnetic state can be explained by the fact that with
the removal of spin frustration there will still be a strong
tendency for antiferromagnetic coupling as in the Mg
compounds, and it requires much stronger fields to spin
flip the 4f electrons into the ferromagnetic alignment.

The mixed F' state at low temperature is also support-
ed by the heat-capacity data. The strong magnetic term
is evidence of a remaining magnetic order. The tempera-
ture dependence which goes from T to T'7 as Mg in-
creases is reminiscent of a T''-3 dependence for ferromag-
netic magnon excitations. As the Mg concentration is de-
creased, the antiferromagnetic interactions lessen and one
would expect the material to become more like a true fer-
romagnet (T,—0) with n approaching 1.5 (see Table III).
Increasing the Mg concentration should make 3-Gd more
spin-glass-like (higher 7). A higher-order term of ap-
proximately 72 has been established for CuMn (Ref. 14)
and PtMn (Ref. 15) spin glasses, but in the case of 5-Gd,
spin-glass excitations interact with the ferromagnetic ex-
citations giving an intermediate result but tending toward
T? as the Mg concentration increases.

The existence of the linear term in C can also be ex-
plained by a F’ state. In a simple model the linear
coefficient at a given composition can be divided into
three terms,

A=y+ry+7q, (3)

where A is a ferromagnetic enhancement factor and 7 is
the spin-glass term. y is proportional to the density of
states at the Fermi level, and, therefore, it is sensitive to
changes in band structure. y can be considered a base
electronic contribution combining both the ferromagnetic
phase and the spin-glass phase, and would also include
the usual enhancements that would affect both types of
ordering equally such as electron-phonon coupling. If a
rigid band structure is assumed over the concentration
range, then there will be an electron concentration effect
that will decrease ¥ as Mg concentration increases, but
this effect is small.

In a ferromagnet there is often an enhancement A of
the electronic term due to spin waves. For pure Gd, this
value may be as high as 1.” This enhancement will de-
pend on the Mg concentration in two ways. First, as the
amount of ferromagnetic phase decreases (Mg increas-
ing), there will be a decrease in A proportional to the
amount of ferromagnetic phase lost. Second, as the
amount of ferromagnetic alignment decreases, the in-
teractions necessary for electronic enhancement will be
disrupted causing a further decrease in A. These two
effects will be additive leading to a strong negative depen-
dence of A with increasing Mg content.

Finally there is the spin-glass term 7. Since the alloys
become more spin-glass-like at increased Mg concentra-
tion, one would expect 7 to increase with Mg concentra-
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tion. But since the observed value of A4 drops rapidly
with increasing Mg content 7 must be small as the nega-
tive dependence of the first two terms dominate. If the
solid solution could be extended to higher Mg concentra-
tions, then a leveling or an upturn in A4 might be ob-
served as A goes to zero. In conclusion, the above
analysis of the concentration dependence of A4 indicates
that the dominant term is Ay.

B. B-Dy

Much of the same arguments used for 5-Gd can be ap-
plied to B-Dy. DyMg has a weak net positive interaction
(®,=25 K), and it orders antiferromagnetically. The
®,’s for the B-Dy alloys are on the order of 30 K indicat-
ing a slight increase of the ferromagnetic exchange in-
teraction by randomizing the bcc lattice.

This seems to be the opposite effect of the Gd-Mg sys-
tem, but it is the same. In both DyMg and GdMg, the
ordering is a system of ferromagnetic sheets with the an-
tiferromagnetic coupling of the sheets larger in DyMg
than for GdMg. In the GdMg system, a randomized lat-
tice disrupting the ferromagnetic coupling and introduc-
ing antiferromagnetic exchanges explains the observed
spin-glass ordering. The spin-glass behavior observed in
the Dy-Mg system can also be explained by a randomiza-
tion of the lattice, but in this case the antiferromagnetic
ordering would be disrupted and stronger ferromagnetic
exchanges would be introduced. Increasing the average
ferromagnetic exchange relative to the average antiferro-
magnetic exchange interactions would introduce in-
creased competition, and 3-Dy would become a spin-glass
candidate. ,

The ac magnetic susceptibility measurements show
sharp cusps for all the compositions. The cusp, however,
could be indicative of either spin-glass behavior or anti-
ferromagnetism although the cusps are quite sharp,
whereas antiferromagnetic cusps tend to be broader.
Classical antiferromagnets usually show a leveling at
some intermediate Y value especially for polycrystalline
samples corresponding to a mixture of the parallel and
perpendicular susceptibilities. But at zero field this mag-
netization may be small. By themselves, the Y,  measure-
ments are not conclusive.

High-field measurements show no spontaneous magne-
tization ruling out any sort of ferromagnetic phase. The
X curves at these fields show a maximum even at 1.5 T, a
field that would normally destroy a spin-glass structure.
This property favors antiferromagnetism.

For intermediate fields, a spin-glass-like irreversibility
is observed between field cooling and zero-field cooling in
the 27% alloy (Fig. 12). In a classical spin glass the onset
of the irreversibility occurs at the maximum, but in this
case the splitting of the FC and ZFC branches occurs at a
temperature above that of the maximum. The FC branch
for this alloy reaches a much higher value, but the max-
imum remains at the same temperature. In addition, the
field-cooled branch now looks like a classical curve for an
antiferromagnet. The coexistence of antiferromagnetism
and spin-glass behavior has been confirmed?® for
Fe,_,Mg,Cl, but the split in this material is below a well
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defined Néel temperature.

Baberschke et al.?” have measured Yy for ScDy and
ScTb alloys containing about 5% Dy (Tb) and they report
a similar splitting between ZFC and FC branches at tem-
peratures higher than the y maxima. An extensive study
of the field dependence was also done where the maxima
remained constant up to 0.06 T before shifting to lower T
similar to the results in this study. The field study also
allowed them to interpret their results as a resolution of
the Almeida-Thouless®® and Gabay-Toulouse?® type tran-
sitions with the splitting being the Gabay-Toulouse®
transition. This explanation fits the current data as well
except for the extreme increase in ) for the FC branch.
It is likely that there is a large antiferromagnetic com-
ponent along with the spin-glass ordering and that both
order at approximately the same temperature. The appli-
cation of a small field may be just enough to make the an-
tiferromagnetic state preferred for some of the Dy atoms.

The heat capacity is more revealing. At T, there is a
broad maximum in C,, like that of classical spin glasses.
The sharp cusp that would be associated with antiferro-
magnetic ordering is not present implicitly, but could be
covered up by a larger spin-glass heat capacity. The posi-
tion of the heat-capacity maximum is not clear (Fig. 15),
but it is within the accepted limits relative to the magnet-
ic cusp (Fig. 13). The exact position of the maximum de-
pends on the lattice correction and the amount and na-
ture of any antiferromagnetic ordering in addition to the
spin-glass ordering.

The low-T heat capacity gives the same information
whether the first or second analysis discussed earlier (Sec.
III B) is actually correct. The linear term is large and
cannot be attributed to the electronic coefficient alone.
Recently Hill and Gschneidner® have accurately mea-
sured ¥ =4.9 mJ for pure Dy. Even allowing a factor of 2
will not account for the large linear term of B-Dy. The
largest portion of the linear term must therefore be due to
spin-glass excitations.

Both analyses give a significant T term which is indi-
cative of spin glasses. If no 7 term is included a T%?2
term is required to give an adequate fit. This term would
then be a combination of the T? spin-glass excitation and
T? antiferromagnetic excitations. If a T3 term is includ-
ed a significant antiferromagnetic contribution is indicat-
ed, and the same conclusion is reached: a combination of
antiferromagnetism and spin-glass behavior is present.

C. Atomic short-range order

We have mentioned above that the Mg-stabilized alloys
are probably not perfectly random due to the dendritic
freezing from the liquid. A second source of atomic
short-range order may arise during the latter part of the
quench. As an alloy is cooled through the eutectoid tem-
perature there will be a driving force for the nucleation of
aGd (Dy) and GdMg (DyMg) which would require clus-
tering of Mg atoms in some regions while depleting the
Mg atoms in others. Even though the quench retains a
“single phase” structure, the actual picture may be a col-
lection of bcc atomic domains with varying Mg concen-
tration.
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Each domain may react magnetically different depend-
ing on the degree of clustering. The difference in magnet-
ic properties from domain to domain will be further in-
creased by the high symmetry of the bcc crystal which al-
lows many favorable directions for atomic ordering. The
aggregate collection of these domains will determine the
macroscopic magnetic properties.

The importance of atomic short-range order is recog-
nized?’ for classical spin-glass systems such as CuMn. It
is a major reason for the formation of a spin glass as op-
posed to an Overhauser-type spin-density wave.’* With
respect to the bcc rare-earth alloys, atomic short-range
order may be one mechanism to account for the mixed
spin-glass behavior at such high concentrations. To ex-
plain further, some atomic domains may order (perhaps
those at higher Mg concentrations) in a true spin-glass
state while others may order ferromagnetically or antifer-
romagnetically. None of the ordering types can dominate
on a long-range scale giving a mixed magnetic state.

V. CONCLUSIONS

It has been demonstrated that the metastable bcc R-
Mg alloys, 5-Gd and f3-Dy, exhibit mixed spin-glass or-
der. A pure spin-glass phase should not be expected be-
cause of the high content of magnetic material in the al-
loys that increase the probability of normal modes of
magnetic coupling. In the case of 8-Gd, strong ferromag-
netic exchange interactions dominate, but there is a
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Gabay-Toulouse type of transition from the ferromagnet-
ic phase to a mixed ferromagnetic—spin-glass phase. In
contrast, the 3-Dy alloys feature stronger antiferromag-
netic interactions, and only one transition appears to
occur from the paramagnetic state to a mixed
antiferromagnetic—spin-glass state.

These spin-glass alloys are unusual in that they contain
70-75 at. % magnetic lanthanide atoms. Other spin-
glass systems have been reported with high concentra-
tions of magnetic material, e.g., insulating (EuSr)S and
(FeMg)Cl, or amorphous Gd;3;Al)6;, GdCu, and
(FeMn),sP (B¢Al,.1617:26.31734 The Gd-Mg and Dy-Mg
alloys of this study are unique in that they are both crys-
talline and metallic, and, to our knowledge, these alloys
have the highest concentration by far of magnetic atoms
of any similar material exhibiting spin-glass behaviors.
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