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The phase boundaries between the paramagnetic, superconducting, and ferromagnetically
ordered states of the tetragonal pseudoternary system Gd,Y;_,Rh,B; have been deter-
mined by ac susceptibility measurements. Magnetization measurements, performed with
cylindrical samples for 0 <x <0.45 at temperatures above 1.5 K, show clearly that macro-
scopic electromagnetic effects are of minor importance in this system and indicate a transi-
tion from type-II/2 to type-II/1 or type-I superconductivity at temperatures close to T,.
For the critical fields we obtain from the magnetization curves a sawtoothlike H,(T), scal-
ing with T,;(x), whereas H.o(T) is bell shaped for x >0.1, with its maximum decreasing
exponentially with x for x <0.30. From Arrott plots we find spontaneous magnetizations
below T, and Curie-Weiss laws for the normal-state susceptibility indicating ferromagnetic
Curie temperatures ®, >0 for x >0.1. Analyzing the data we show that the strength of the
exchange interaction between the conduction electrons and the Gd moments deduced from
T,(x) is strong enough to mediate the indirect interaction between the Gd moments as
found from ®.(x). From specific-heat measurements carried out for x =0.25 and 0.45 we
obtain N*(Ef)=0.57 states/(atom eV spin), in agreement with the nonmagnetic Y and Lu
compounds. The details of the magnetic transitions appear to scale with the Gd concentra-

tion.

I. INTRODUCTION

‘The discovery of either superconductivity or
magnetic order in the CeCo,B,-type rare-earth (R)
rhodium boride compound series RRh,B,, reported
by Matthias and co-workers,"? followed by the
discovery of reentrant superconductivity in
ErRh,B,,* has motivated many physicists to study
in detail the interplay between superconductivity
and magnetism.* Since then, many ternary and
pseudoternary compounds have been reported to ex-
hibit superconductivity as well as magnetic order of
rare-earth ions. In the case of antiferromagnetism,
superconductivity has been found to coexist,
whereas no coexistence with uniform ferromagnetic
order has been observed so far. However, recent
neutron scattering experiments on a ErRh B, single
crystal indicate the existence of a small temperature
range (0.7 < T < 1.2 K for the particular sample in-
vestigated) where a transverse, linearly polarized,
sinusoidally modulated ferromagnetic state (wave-
length ~100 A) coexists with superconductivity.
This intermediate state is strongly suppressed by
very weak magnetic fields.’

The phase transition from superconductivity to
ferromagnetic order is connected with anomalies
observed in many physical properties, such as elec-
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trical resistivity,> specific heat,® or low-temperature
magnetization.”® The existence of a series of isos-
tructural compounds offers the possibility of study-
ing pseudoternary systems,'®=2% which allows one
to gradually change the relative strength of the in-
teractions concerned.

Although no zero-field properties can be ob-
served, low-temperature magnetization measure-
ments are able to provide interesting information on
the microscopic mechanism responsible for the
phase transition. In an earlier paper® on the
Er,_,Ho,Rh;B, system we reported the first exper-
imental evidence for a transition from type-11/2 to
type-II/1 or type-I superconductivity at tempera-
tures close to T,,, which denotes the transition tem-
perature from superconductivity to the normal state
upon cooling. This particular feature was predicted
earlier by Tachiki et al.?%?" The Er,_,Ho,Rh;B,
system is of special interest, because the Er com-
pound becomes superconducting at 7,.;~8.7 K and
normal and ferromagnetic at 7,,~0.9 K, whereas
the Ho compound is ferromagnetic below 7 K.!°
However, a complication arises because both end
compounds contain magnetic ions, which further-
more align along different directions in the fer-
romagnetic state.® An additional problem could
enter through crystalline electric-field effects which
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seem to be of significance in these compounds.'®
We therefore continued our study with measure-
ments of the isostructural Gd, Y,_,Rh,B, system,
which contains only one kind of magnetic ion,
Gd3*, which moreover is a pure S state; cystalline-
field effects should therefore be negligible. In this
paper we report the phase diagram of the
Gd,Y,_,Rh;B, system, low-temperature magneti-
zation measurements for Gd concentrations
0<x <045 and specific-heat measurements for
x=0.25 and 0.45.

II. EXPERIMENTAL

Samples of 1-g mass were prepared for nominal
compositions 0<x <0.45 by arcmelting the ap-
propriate amounts of the high-purity elements in a
zircon-gettered argon atmosphere. In order to
enhance the homogeneity, the samples were turned
over and remelted several times, sealed in tantalum
tubes, and annealed at 1050°C for 14 d. After the
heat treatment, the temperature was slowly re-
duced (30°C/30 min) to avoid cracks. For dc-
magnetization measurements, cylinders of about 6-
mm length and 1-mm diameter were spark-cut out
of the nearly spherical ingots. The demagnetization
factor of the cylinders is estimated to be 0.05. The
tetragonal phase with a=5.31 A and ¢=7.41 A was
established by x-ray diffraction experiments with
pulverized parts of the original samples and with
CuKa; radiation in Seemann-Bohlin geometry with
a monochromator. The x-ray data additionally
showed that a very small amount of an unidentified
impurity phase is present in the samples. The
cylinders were sealed in tantalum tubes for a second
time and annealed at 1050°C for another three days
to reduce lattice defects at the surface which might
have been produced during the spark cutting.

The phase diagram was determined from the
spherical ingots by a standard ac mutual-inductance
bridge for temperatures T >1.2 K. Magnetization
measurements of the cylinders were carried out us-
ing concentric pick-up coils and a linear sweep of
the external magnetic field. The induced dc volt-
age, giving the differential susceptibility, was fed
into a PDP-11 computer via CAMAC. Simultane-
ously the magnetization was obtained by analog in-
tegration. The specific heat of the cylinders with
x=0.25 and 0.45, each having a mass of about 40
mg, was measured with an adiabatic heat-pulse
method using a microcalorimeter. The lowest ob-
tainable temperatures were 1.5 K for the magnetiza-
tion experiments and 1.9 K for the specific-heat
measurements.
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FIG. 1. Phase diagram for Gd,Y;_,Rh,B, between
the paramagnetic, superconducting and furromagnetically
ordered state (upper part) measured by ac susceptibility.
The respective transition widths at T, and T, are shown
in the lower part.

III. RESULTS AND DISCUSSION
A. Phase diagram

The phase diagram between the paramagnetic, su-
perconducting, and ferromagnetically ordered states
is shown in the upper part of Fig. 1. T, was deter-
mined as the midpoint of the transition from the
normal, paramagnetic state to the superconducting
state and T, as the midpoint of the transition from
the superconducting state to the peak in the ac sus-
ceptibility which accompanies the normal magneti-
cally ordered state. The transition widths AT, and
AT,,, shown in the lower part of Fig. 1, are defined
as the temperature differences between 10% and
90% of the respective signal change.

For Gd concentrations up to x=0.30, T, follows
Abrikosov-Gorkov (AG) theory® with a critical
concentration x.=0.385, indicating a weak ex-
change interaction between the spins of the conduc-
tion electrons responsible for superconductivity (Rh
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FIG. 2. Selection of typical magnetization curves for different Gd concentrations and various temperatures. The
curves beginning at M =0 are the virgin curves. Only one field direction of the full hysteresis curves taken is shown. The
sequence of the different branches can be obtained by a comparison with Fig. 4. Note that for x=0.30 the curves are ex-

panded along the H axis by a factor of 5.

d electrons) and the Gd magnetic moment. This is
conceivable considering the cluster character of the
Rh tetrahedra and is also in agreement with self-
consistent linear muffin-tin orbital energy band cal-
culations.’® According to AG theory, the initial
slope of the T, (x) depression (dT,.;/dx),—o is
given by

ch 1
dx

mN (Ep

) 2 2
9 ==, =D

x =0

xXJJ+D. (1)
Using N(Ep)=0.35 states/(eV atomspin), g;=2,

J=7 for Gd**, and from Fig. 1 (dT,,/dx),_,
= —20 K per atom fraction, we obtain for the mag-
nitude of the exchange coupling constant | ¢ | =24
meV which is in agreement with the
Lu,_,Gd,Rh;B, system studied by MacKay
et al¥ For x>0.30, reentrant behavior with
T.;>1.2 K is observed. For x in the vicinity of
0.325, T, decreases very fast; whereas the sample
with the nominal composition x=0.320 is super-
conducting in the interval 1.72<T<2.82 K, for
x=0.325 only a transition to a magnetically ordered
state is found at T,, =1.77 K. This strong concen-
tration dependence is also reflected in the transition
widths, shown in the lower part of Fig. 1. Howev-



26 SUPERCONDUCTIVITY AND MAGNETISM IN THE . .. ' 2453

er, even for x=0.32, the transition widths are small
compared to the superconducting region and a full
diamagnetic ac-susceptibility signal was measured.
For x >0.325, the magnetic ordering temperature
T,, increases linearly with x and extrapolates for
x=1 to T,,=5.6 K, which is in agreement with
what is found for GdRh,B,. Figure 1 also shows
T, and T,, data reported by Wang et al.'?> and
Huang et al.!* which in general correspond well to
our results.
B. Magnetization curves

A representative selection of magnetization
curves for four different Gd concentrations is
shown in Fig. 2. The magnetization curves are not
corrected for demagnetization effects, which are re-
latively small in this system (see below). However,
this correction has been applied for other data given
in this paper, e.g., critical fields and susceptibility.
For samples with x=0.0, 0.15, 0.20, 0.25, 0.30,
0.315, and 0.32, data similar as shown in Fig. 2
were taken within the superconducting temperature
region in intervals of about 0.2 K. In extension of
Fig. 2, complete hysteresis curves were measured in
all cases. The general shape of the magnetization
curves of Gd,Y,_,RhB, is similar to those of the
Er,_,Ho,Rh,B, system reported earlier, exhibiting
a purely diamagnetic Meissner state, a mixed state
that clearly consists of a superconducting and a
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FIG. 3. Full hysteresis curves for x=0.32. The tem-
peratures vary from about T,, to below T,,. Note that
the M axis of the three upper curves is expanded by a
factor of 2.5 compared to the three lower curves.
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FIG. 4. Full hysteresis curves of Gd,Y;_,Rh;B, for various Gd concentrations taken at 2.4 K. The arrows and encir-
cled numbers indicate direction and sequence of the different branches beginning with virgin curves at M=0.
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paramagnetic contribution due to the Gd ions for
x >0, and a normal paramagnetic state. It is evi-
dent that with increasing Gd concentration and de-
creasing temperature the paramagnetic behavior be-
comes more pronounced. Further, extremely ir-
reversible characteristics are revealed which are not
correlated with the fraction of magnetic ions and
seem generally to occur in the ternary borides.’!
The transition from the Meissner state to the mixed
state cannot be clearly detected, presumably due to
retarded flux entry caused by pinning effects.
Therefore, we defined H,, as the field where M (H)
first deviates from the straight line. For x <0.20,
the field where the hysteretic behavior starts is
unambiguously identifiable when the magnetic field
is reduced from high values. Contrary to this, for
higher Gd concentrations, a very small hysteresis
occurs even in the field region where superconduc-
tivity is expected to be quenched by comparison
with the low-x data. This is shown in Fig. 2 for
x=0.30, but has been observed for all samples with
x >0.25. Similar results have been reported for
ErRh,B, earlier.>** Consequently we believe H., is
approximately given by the field where the large
hysteresis loop opens. Usually slightly above this
point a small kink in the M (H) curves is present,
and the corresponding field was taken as H,,. The
width of the small hysteresis observed in the normal
state in fields exceeding H,, appears to increase
slightly with x and with decreasing temperature and
to develop continuously into the behavior found at
temperatures below T,,. This is displayed in Fig. 3
for x=0.32.

At temperatures approaching T,, the part of the
magnetization curves between H,; and H,, becomes
steeper and H,, rapidly decreases, while H,, still in-
creases. This indicates a transition from type-II/2
to type-11/1 or type-I superconductivity as reported
for the Er;_,Ho,Rh,B, system and theoretically
predicted.?® The correction for demagnetizing ef-
fects still increases the slope of the positive part of
the magnetization curves.

Although it was not possible to observe details of
this transition experimentally, since H., is poorly
defined and no kink is present in the curves, it is
evident that the normal-state susceptibility is of
great importance. This can also be seen in Fig. 4
which shows complete magnetization curves taken
at 2.4 K for various Gd concentrations. The criti-
cal fields H,, and H_, as defined above could usual-
ly be more unambiguously identified in the differen-
tial susceptibility dM /dH, which was simultaneous-
ly recorded. A typical example is displayed in Fig.
5.
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FIG. 5. Example for the voltage induced in the bal-

anced pick-up coils which corresponds to the differential

susceptibility dM /dH. The poorly defined H,; can be
more easily determined.

C. Critical magnetic fields

Within the experimental error, the temperature
dependence of the lower critical field H,(T), plot-
ted in Fig. 6, scales with T, with an approximately
constant initial slope (dH.1/dT)r~r,,, as was found

for the Er,_,Ho,Rh;B, system. For comparable

G, R, B,

304

He, 103A/m)

204

T(K)

FIG. 6. Temperature dependence of the lower critical
field H,.,(T) for various Gd concentrations. The lines are
drawn as a guide to the eye.
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FIG. 7. Temperature dependence of the upper critical field H.,(T) for various Gd concentrations. Note the extremely

expanded H,, axis in (b).

T, between 7 and 9 K, H,(T) is about 50% larger
in the Gd,Y;_,Rh;B; system than in the
Er,_,Ho,Rh;B, system (e.g., 3X10* A/m com-
pared to 2X10* A/m). Qualitatively similar in
both systems is the steep decrease of H, in a small
temperature interval (~0.2 K) above T,,. The scal-
ing behavior of H, indicates that the pair-breaking
mechanism described by AG theory, which is re-
sponsible for the T,; depression with increasing x,
is sufficient to account for the decrease of H,(T)
and is not strongly temperature dependent.

Quite different is the temperature dependence of
the upper critical field H,,(T), shown in Fig. 7.
For all samples with x >0.10, H,,(T) is smoothly
bell shaped with no indication of a low-temperature
anomaly as reported for the Er,_,Ho,Rh,B, sys-
tem. There are more noteworthy differences: The
initial slope (dH,,/dT)r_r,, and the maximum of

H,, decrease rapidly with increasing x. H(T)
does not scale with T,;. The positive magnetization
of the Gd ions at H,, hereafter denoted M,,, is
small compared to H,,, except for very low tem-
peratures. This means macroscopic electromagnetic
interactions are only of minor significance. There-
fore, the failure of H_,(T) to scale with T,; is not

due to M,,, since
Bc 2( T)

Ko

= c2( T)+Mc2( T)

is similar to H, (7).

Up to x=0.30, the dependence of the maximum
of the H,5(T) curves, H;; yax, on x is well described
by

Hy max(X)=H_5(x =0,T =0)exp(—ax) , (2)

with a=13.8 and the extrapolated critical field
H_,(x =0,T =0)=2X10° A/m (this corresponds to
25 kOe). From this follows the linear x dependence
of log(H,; max) vs x plotted in Fig. 8(a). The data
of Fig. 7 exhibit another interesting feature involv-
ing the temperature Tp,,(x) where the maximum of
H_,(T) occurs, shown in Fig. 8(b): For low x there
must be an increase of T',,,(x) from zero. Howev-
er, since we did not measure samples with
0 <x <0.1, this increase could be different from the
one indicated by the dashed line in Fig. 8(b). For
higher Gd concentrations T',,(x) does not mono-
tonically increase, but decreases with x. The same
is true if one considers the B},(T) data instead.
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D. Normal-state susceptibility and magnetic order

From the magnetization data we calculated the
normal-state susceptibility

X( T)=Mcz( T)/ch( T) .

Figure 9, where X ! is plotted versus temperature,
shows that the data are consistent with Curie-Weiss
laws considering the experimental scatter present.
From an extrapolation of the straight lines to
X~ !=0, we obtain tentative Curie temperatures
which point toward ferromagnetic behavior for
x >0.10. In order to investigate in more detail the
occurance of a spontaneous magnetization we calcu-
lated Arrott plots (M? vs H /M) from the continu-
ously measured magnetization curves. Three exam-
ples are shown in Fig. 10. In small to moderate
fields (H <10° A/m), M? should be linear with
H/M. The extrapolation to M?=0 intercepts the
H /M axis at the “zero-field” inverse susceptibility.
A negative intercept corresponds to spontaneous
magnetization. The slope S of the straight lines M?
vs H /M is theoretically expected to vary as

S(x,T) %ﬁ . 3)
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FIG. 9. Inverse normal-state susceptibility X ~! vs tem-
perature as obtained at H,,.

From this it follows that ST /x> should be constant.
In our experiment this was true within a factor of 2,
although for 1.5 <T<10 K and 0.10 <x <0.35
the slope S itself varies about a factor of 300. The
susceptibility data taken from the Arrott plots,
again, give Curie-Weiss laws similar to those shown
in Fig. 9, except for the Curie temperatures which
tend to be about 0.2 K higher. For comparison,
Fig. 11(a) shows the magnetic ordering tempera-
tures as obtained from the Arrott plot, the M,,/H,,
data, and ac susceptibility. Within the experimental
error we cannot observe a definite difference. It
should be noted that for x <0.30 the Curie tempera-
tures are obtained by extrapolation of the suscepti-
bility data.

Oguchi and Obokata®® calculated the dependence
of the Curie temperature on the ‘Gd concentration
using an effective Hamiltonian method based on the
Ising model and the Heisenberg model to account
for magnetic moments diluted by nonmagnetic
atoms. For a ferromagnet they obtain

I 1 1
kz®, 21 1+4n

x'(z—1)+1
x'(z—1)—1=2n

b

@)

where I is the interaction parameter for two mag-
netic moments on nearest-neighbor sites, z is the
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FIG. 10. Selection of Arrott plots M? vs H /M for three different Gd concentrations at various temperatures. The
plots were calculated from the continuously measured M (H) curves.

number of nearest neighbors, considering here only
R atoms, n=0 for Ising model and n=1 for Heisen-
berg model, and x’ is the concentration of noniso-
lated magnetic moments obtained from x by
x'=x[1—-(1—-x)]. (5)

The factor 21 , accounts for the total angular
momentum J = and is given by

JUI+D/[3(7+1].

The result of this theory is shown in Fig. 11(b).
The data are consistent with the Ising model (z=12)

with I=3.8 peV. The coordination z=12 agrees
with the R sublattice which can be considered as
slightly distorted face-centered cubic. The failure
of the Heisenberg model to fit the data shows that
the direct exchange interaction is not important, as
expected from the large R-R distances.

The value of # obtained from the depression of
T, is large enough to account for the ion-ion in-
teraction I deduced from the Curie temperatures,
since ,#2>1/N(Ep). From this we conclude that
the exchange interaction between the conduction
electrons and the R magnetic moments is strong
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FIG. 11. (a) Magnetic ordering temperatures ®, of
Gd,Y,_,Rh;B,, obtained by different methods as
described in the text, vs Gd concentration. (b) Compar-
ison of the measured ordering temperatures with the
theoretical result of Oguchi and Obokata (Ref. 33) for di-
luted ferromagnets. Agreement is obtained for the Ising
model with z=12 using I=3.8 ueV.

enough to be responsible for the indirect exchange
interaction between the R ions.

E. High-field magnetization

For several Gd concentrations high-field magnet-
ization measurements were carried out in fields up
to 8X10° A/m (~10 kOe) or 5x10° A/m (~65
kOe). Three examples are shown in Figs. 12 and 13.
On the average we observe a magnetic moment
which is only about 70— 80 % of the free-ion value.
Furthermore it appears that at low temperatures,
where the Arrott plots reveal spontaneous magneti-
zations, the high-field curves cross those taken at
slightly higher temperatures. These effects could

M (10°A/m)

x=030

O T T T T T 1
0 1 2 3 A 5
H (10°A/m)

FIG. 12. High-field magnetization for x=0.30 at vari-
ous temperatures. The dashed line corresponds to the
magnetic moments of free Gd** ions (5X10° A/m is
equivalent to 62.83 kOe).

indicate the existence of anisotropy effects other
than crystalline fields which should be of no impor-
tance in the case of Gd** ions. This is also sup-
ported by the linear x dependence of the ordering
temperature in the Er;_,Gd,Rh,B, system,'? from
which one might conclude that the Gd moment is
oriented within the tetragonal basal plane, as found
for ErRhB, by neutron scattering. If we speculate
that a strong anisotropy exists which aligns the Gd
moment along two perpendicular equivalent lines
(four directions) and the effect of the external field
being reduced to change the moments to the direc-
tion with the largest component parallel to the field,
we calculate for a polycrystalline sample a macro-
scopic moment which is 71% of the local moment.
Although this argument is not conclusive, there is
some more experimental evidence. Anisotropy ef-
fects could also explain the occurence of hysteretic
behavior in the magnetization curves above T, if
they maintain some strength at temperatures where
uniform long-range order still does not exist.

F. Specific heat

For x=0.25 and 0.45 the specific heat was mea-
sured at temperatures between 2 and 20 K. The re-
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FIG. 13. High-field magnetization for (a) x=0.335 and (b) x=0.35 at various temperatures. Note that the curves tak-
en at T < T,, intersect those taken at T > T,,. The dashed lines correspond to the magnetic moments of free Gd** ions.

sults are shown in Fig. 14. In the case of x=0.25,
the data taken in the interval 8 < T <16 K could be
well fitted with a linear and a cubic term, giving a
coefficient of the electronic specific heat y=24
mJ/mol K? and a Debye temperature @, =174 K.
The data of the x=0.45 sample are consistent with
the same ¥ and ®p =163 K, which correlates well
with the change of the average mass of the third
element (TE),

172

(M )
15,025 Op(x =0.25)

Op(x =0.45)= |7
P (M1g,0.45)

indicating that the corresponding modes are the
dominant contribution to the lattice specific heat at
low temperature. From y we calculate a renormal-
ized electronic density of states N*(Ep)=0.57
states/(eV atom spin) in good agreement with other
experiments.>** Using for the bare density of
states N(Er)=0.35 states/(eV atom spin) obtained
from band-structure calculations’*® and N*(Ejp)
=(14+A)N(Ep), we estimate for the electron-
phonon—coupling parameter A=0.62. A reason-
ably sharp transition to superconductivity at T,
can be clearly observed for x=0.25; the existence of
a lower magnetic transition is indicated by the in-
crease of C(T) below about 3.5 K. For both com-
positions small tails of the magnetic contributions
up to about 8 K (x=0.25) and 11 K (x=0.45) can

be observed. This could be due to a statistical dis-
tribution of the Gd atoms or to short-range fluctua-
tions. The origin of the anomaly found in the
x=0.45 data at about 6 K is not clear. If one as-
sumes an impurity phase, or e.g., the correct tetrag-
onal phase, however, with all R sites occupied by
Gd, its volume is estimated to about 1%. We cal-
culated the magnetic contribution AC to the specific
heat by subtracting the nonmagnetic contribution
using data from literature for the Y compound and
Lu compound.’*3* For x=0.45 we find a jump in
AC at the ordering temperature of AC/Rg
=0.67, corresponding well to 0.45X1.5=0.68,
which is indicative of an effective s =—;~ system in
molecular-field theory and Ry is the gas constant.
From a linear extrapolation of the AC/R¢ data to
T=0 for x=0.45, we find a magnetic contribution
to the entropy of AS/R;=0.78 corresponding to
about 83% of 0.451n(2J +1) with J = as theoret-

ically expected.

IV. CONCLUSIONS

The behavior of T, (x) of the Gd,Y,_,RhsB,
system can be explained by AG theory for x <0.30.
The strength of the exchange interaction of the con-
duction electrons with the localized Gd moments is
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normal to superconducting transition at T,; and the magnetic transition at T,,. For further details, see text.

sufficient to mediate the indirect exchange interac-
tion between the Gd ions which leads to ferromag-
netic ordering for x >0.1. The indirect nature of
the Gd-Gd interaction follows also from an analysis
of the ordering temperature with a theory intro-
duced by Oguchi and Obokata** for diluted fer-
romagnets which shows that the Ising model is ap-
propriate.

Magnetization measurements reveal extreme ir-
reversible type-II behavior with large amounts of
trapped flux at zero field. With decreasing tem-
perature, the field intervals in which the samples
with x > 0.10 change from the Meissner state to the

normal state decrease, indicating a transition to-
wards type-II/1 or type-I superconductivity. Re-
garding M,,, the magnetization at H,,, our data
clearly show that macroscopic electromagnetic ef-
fects are of far less importance in this system than
in the Er;_,Ho, Rh;B, system.

The temperature and concentration dependence
of the lower critical fields H,; as obtained from the
magnetization measurements can be described by
scaling behavior with T, and the shape of a non-
magnetic superconductor down to temperature close
above T.,. Contrary to this, H.,(T) appears bell
shaped for x >0.10. The maximum of H_,(7) de-
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creases exponentially with x. Surprisingly the tem-
perature where this maximum occurs does not in-
crease monotonically with x, but decreases with
x >0.10.

The normal-state susceptibility as determined by
M,,/H,, or from Arrott plots follows Curie-Weiss
laws with Curie temperatures increasing approxi-
mately linearly from x=0.10. From this we find
within the Ising model an effective interaction
strength of 3.8 peV and a coordination number
z=12 in agreement with the R sublattice. The Ar-
rott plots also show the existence of spontaneous
magnetization below the ordering temperature.

In high-field magnetization measurements only
about 70% to 80% of the expected free-ion moment
is obtained. Another indication for the tendency of
the Gd moments to align anisotropically parallel to
particular directions, presumably in the tetragonal
basal plane, is given by the development of a small
hysteresis in the low-field magnetization curves in
fields exceeding H,,—observed with samples with

x >0.25 at temperatures T,y < T < T;.

From the specific-heat measurements we calcu-
late the dressed electronic density of states
N*(Ep)=0.57 states/(atom eV spin), which appears
not to be dependent on x and to agree with data
published for the nonmagnetic Lu and Y com-
pounds. The details of the magnetic transition are
found to scale with the Gd concentration and nearly
the full entropy contribution is obtained as expected
for L=0 ions. The reasonably sharp transitions re-
vealed also in the specific-heat data, superconduct-
ing as well as magnetic, indicate good sample
homogeneity.
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