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Magnetic properties of Gd- Y alloys: Regularities and anomalies
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The Gd-Y system was investigated in the 0—67 at. % Y concentration range between 4.2 and 350 K, in
external fields up to 1 T. The effective paramagnetic moment on Gd atoms was found to be concentra-
tion dependent, with a maximum of 9.13pz at 40.1 at. % Y. Ordered moments on Gd atoms at 5 K
showed similar behavior. The observed behavior is consistent with the assumption that Y changed the
anisotropy of the crystal field acting on the Gd atoms, resulting in increased total angular momentum.
Magnetization data were analyzed to give the thermodynamic transition temperature and the zero-field
specific-heat anomaly at the transition. Simultaneously, the change in magnetic entropy for 1 T field was
calculated. The magnetic entropy change was found to be nearly concentration independent in the con-
centration range of increasing Gd atomic magnetic moment. For higher Y contents, the magnetic entro-

py change sharply decreases. The calculated specific-heat anomaly likewise decreases above 10 at. %%uoY,
and cannot be evaluated for alloys with prevailing helimagnetic structure. The results are in good quali-
tative agreement with the magnetic phase diagram, obtained via neutron diffraction, although present
magnetic measurements provide more details on the critical fields.

I. INTRODUCTION

Rare-earth metals, alloys, and compounds have been
studied extensively for their complex magnetic struc-
tures, as summarized in several monographs. ' Howev-
er, the thermal properties in the vicinity of the magnetic
transition temperature, such as the isothermal entropy
change upon magnetization and the discontinuity of the
specific heat, have not been investigated in detail yet. As
was shown in an earlier paper, magnetic measurements
performed up to 1 T applied field allow us to calculate the
isothermal entropy change and the specific-hest anomaly
at the transition. Simultaneously, the results allow us to
characterize the symmetry of the magnetic order below
the transition.

We had chosen to study the Gd-Y system, because a
solid solution alloy with a nonmagnetic diluent might fa-
cilitate the understanding of the composition dependence
of the magnetic properties. In earlier studies, ' several
magnetic structures and transitions had been found. The
dilution with yttrium tends to stabilize the antiferromag-
netic spiral structure at the expense of the ferromagnetic
order present in gadolinium. Some of the studies ' ob-
served an excess moment on Gd atoms, both in paramag-
netic and ferromagnetic phases, which has been attribut-
ed either to a polarization of the conduction band or to a
change of spin-orbit interaction, although no systematic
investigation has been carried out and the observation
has not been correlated to the composition or other mag-
netic properties. The magnetic phase diagram exists be-
tween 20 and 40 at. % Y. Below 30 at. %, the high-
temperature ordered phase corresponds to a c-axis fer-
romagnet, with disorder in the basal plane, which trans-
forms into a simple canted structure, where the cant an-
gle increases with increasing Y content. ' ' This results

in an orientation-dependent Curie temperature, and
might appear as a double Curie point in polycrystals.

Above 30 at. %%uo Y th ec-axi s ferromagne t isreplace dby
a simple helical phase (where the moments are confined
to the hexagonal basal plane), while the lower-
temperature canted ferromagnetic phase is still present
up to 40 at. % Y. The results suggest' '" that no fer-
romagnetic phase is present above 40 at. %. Near 30
at. %%uo Y, smal 1 applie d field sar esufficien t tosuppres s the
helical structure. '

Goals of the present study include investigation of
magnetic properties in a broader composition range than
previously reported, and to correlate difFerent magnetic
properties with each other and the composition.

II. EXPERIMENTAL METHODS

A. Sample processing

The alloys of gadolinium and yttrium were prepared in
an arc furnace. Both Gd and Y were of 99.8/o purity.
The concentration of metallic impurities was less than
0.01% each, with the exception of Ta, which was about
O. l%%uo. The starting materials contained about 0.04—0.06
wt%%uo oxygen. The required amounts of Gd and Y were
placed into the water-cooled copper hearth, that doubled
as the positive electrode. The alloy was melted in an ar-
gon atmosphere using a thin tungsten rod as a negative
electrode. After the first melting, the ingot was Hipped
over and remelted repeatedly to ensure homogeneity in
the alloy. The loss was minimal in all cases and gas
analysis did not reveal a change of oxygen concentration.
Thus, a good agreement between the nominal and the ac-
tual compositions can be expected. Samples for super-
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conducting quantum interference device (SQUID) magne-
tometry were cut using a precision diamond saw.

B. Materials testing

The homogeneity and correct composition of the sam-
ples were tested using conventional metallography fol-
lowed by scanning electron microscopy with an energy-
dispersive composition analyzer. No second phases or
significant inhomogeneities were found. The standardless
composition analysis qualitatively confirmed the compo-
sition (increasing nominal compositions resulted in in-
creased nominal signals) and revealed only +l. 5%%uo devia-
tions as a function of beam location. The low loss during
melting, the homogeneity, and the qualitative agreement
found by the standardless analysis justified the use of
nominal compositions in further calculations.

indicating that higher fields completely suppressed the
antiferromagnetic phase. When the Y level further in-
creases [Fig. 1(c)], the higher-temperature peak connect-
ed to the antiferromagnetic/paramagnetic transition in-
creases and is manifested in the high-field curve as well,
indicating that the antiferromagnetic phase can no more
be suppressed by high fields. The difference between the
low- and high-field curves decreases, indicating the
changing nature of response to magnetic fields. This
behavior is usual in noncollinear magnetic structures,
uniquely present above 40 at. %%uoY . In thi shelimagnetic
regime, we observe a rather well-defined susceptibility
maximum at low temperatures, which might indicate the
transition to the low-temperature ferromagnetic phase.
In this study, we investigated only the upper transition in
detail.

In the ferromagnetic regime, we do not see a clear indi-

C. Magnetic measurements

A11 the magnetic measurements were carried out in a 1

T Quantum Design SQUID magnetometer. First, suscep-
tibility curves at 0.0025 and 1 T were measured over the
total temperature range. Their comparison indicated the
nature of the magnetic order present. The low-field sus-
ceptibility curve was used to identify the transition region
in which a set of about 20 magnetization curves was mea-
sured. The temperature steps were 2.5 K apart closer to
the transition and 5 K further away. These magnetiza-
tion curves were used to calculate the thermodynamic pa-
rameters and the magnetic entropy change. Curie-Weiss
parameters were calculated from the 1 T susceptibility
cuf ve.
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III. EXPERIMENTAL RESULTS

A. Magnetic susceptibility and hysteresis

No significant hysteresis has been found in any of the
samples in the investigated temperature ranges. Figure 1

displays susceptibility versus temperature curves, as mea-
sured in low (0.0025 T) and high (1 T) field. As a function
of the yttrium content, the following qualitative tenden-
cies can be observed: The behavior shown in Fig. 1(a) is
characteristic for low Y contents (below 30 at. %). The
high-temperature transition, manifested as a sharp peak
on the low-field curve, shifts toward lower temperature
with increasing yttrium content, indicating a decrease of
the exchange interactions. The difference between low-
and high-field susceptibilities is about one order of magni-
tude, the high-field susceptibility being lower. The high-
field curve does not show a peak at the transition temper-
ature. This behavior is typical for simple ferromagnets.

With increasing Y contents, two transitions are present
and the field dependence becomes more complex. In the
low-field curve [Fig. 1(b)], there appear two peaks. The
lower-temperature peaks indicate a ferromagnetic/
antiferromagnetic phase transition, while the higher-
temperature peak is connected to an
antiferromagnetic/paramagnetic transition. The high-
field curve displays only the higher-temperature transi-
tion in the form of a sharp decrease of the susceptibility,
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FIG. 1. Low (0.0025 T, o) and high (1 T, ) field susceptibj. li-
ties characteristic for (a) low (0—30 at. %), (b) medium (30—45
at. %%uo ), or(c)hig h( &45at . %)yttriu mcontents . Solid line sare
guiding the eye.
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cation for the presence of "double" ferromagnetism. '

As we are measuring on polycrystals, where differences in
magnetic behavior of different orientations are averaged
out, this is no surprise. Also, our measuring field is
higher than that applied in the earlier study. ' Only one
phenomenon indicates the presence of an anomaly: The
temperature of the susceptibility peak is significantly
lower than calculated from the Curie-Weiss or thermo-
dynamic parameters.

The Curie (C) and Weiss (8) constants were calculated
from the high-field susceptibility in the usual way' and
Table I shows the Weiss constants 0 and the effective
atomic moments calculated from the Curie constant C.
p, ir(avr) was calculated under the assumption that all
atoms carry the same magnetic moment, while p,s(Gd)
corresponds to the magnetic moment of Gd atoms if
p,s( Y') =0. p,s(calc) gives the average moment calculated
from the nominal composition assuining p,s(Gd)
=7.98p~ and p, tr(Y) =0.

gneiss constants display a monotonous decrease with
composition as observed in other studies as well. ' The
calculated average atomic moments, on the other hand,
show a very different qualitative tendency. Figure 2
displays the average effective atomic moments as a func-
tion of the Y content. The dotted line gives the theoreti-
cal value. Comparing the experimental and theoretical
curves, a systematic deviation appears. Although the ex-
perimental error is about +1.5%, including composition
Auctuations, the tendency for a nonmonotonous depen-
dence is present without doubt: The effective atomic mo-
ment shows a maximum around 40 at. % Y and the same
tendency can be observed in the Gd atomic moments in
Table I, last column.

B.Transition temperature and specific-heat anomaly

The theory for the second-order phase transition' '
predicts the following relation between the high-field
magnetization ("approach to saturation") and the exter-
nal field near the transition temperature:

a+13M =H/M .

Consequently, the measured M versus H curves were
transformed into H/M versus M . When H/M is plot-
ted as a function of I, the relationship is linear in the
region of the true magnetization. The experimental
points in this section were fitted to a linear least-squares
program. The resulting a and P parameters were used to
calculate the thermodynamic Curie point and the
specific-heat anomaly at the Curie point. The Curie point
is obtained by a linear fit to the a=ao(T —8) equation.
The specific-heat anomaly equals b, C~=(ao) 8/2P(8).
Details were given elsewhere. The error in the Curie
point is about +lgo, while the error estimate for the
specific-heat anomaly is about +6%. We have to mention
that this calculation and error estimate are strictly valid
only for single-phase magnetic materials. For multiphase
materials, especially if several ordered magnetic phases
with different transition temperatures are present, the er-
ror has to be estimated individually.

A similar equation, obtained on the basis of the molec-
ular field theory, was used by Arrott' to determine the
onset of ferromagnetism (Curie temperature). The transi-
tion temperatures and specific-heat anomalies, as ob-
tained from the above thermodynamic method, are also
summarized in Table I.

Analysis according to Eq. (1) can be easily carried out

TABLE I. Composition, magnetic, and thermomagnetic parameters of the alloys investigated. n/a indicates that the value was not available (field

too low).

(at. %)

Weiss

constant
de Gennes calculated

factor from 6
calc

Atomic
moment

calculated
from Y
content

peff(calc)

(pz )

constant

0 (K)
p,ff(avr) (pg)

(+= 1.5%%uo)

Experimental
average

atomic moment

Experimental from the
Weiss Curie constant

Experimental
transition

temperature
from Arrott plots

0~ (K)
(+1%)

Maximal

magnetic

entropy
change
gS(max)

M

(J/kg K)
(+7.5%%uo)

Temperature
at

ESmax
M

Specific-heat
anomaly

at the
transition

AC
(J~g'K)
(+6%)

Experimental
atomic moment

on Gd only,
from the

Curie constant

j eff(Gd)

(pz )

(+1.5%)

0.0
9.62

19.7
25.2
29.0
31.7
36.7
40.1

44.9
47.3
49.5
52.4
57.2
66.9

15.75
14.23
12.64
11.78
11.21
10.72
10.00
9.43
8.68
8.30
7.95
7.50
6.74
5.21

289
270.2
249.7
234.3
226.7
220. 1

210.3
202.3
191.5
185.9
180.7
173.9
164.1

138.3

7 89
7.59
7.15
6.90
6.72
6.59
6.35
6.18
5.92
5.79
5.67
5.51
5.22
4.59

295.1

268.9
255.7
248.8

237.9
231.7
216.5
207.2
187.6
194.9
180.9
175.0
146.3
119.5

8.05
7.58

7.02
7.19
7.04
7.08
6.93
7.07
6.54
6.39
6.43
5.91
5.51
4.82

290.5
271.0
245.5
235.2
224.7
217.1
198.7
185.6
172.3
166.7
161.3
146.3
143.0
90.7

3.25
2.93
2.05
2.03
2.00
2.50
2.11
1.67
0.89
0.98
0.59
0.37
0.19
0.08

291.0
267.5
242.5

232.5
222.5

216.3
198.8
193.3
178.8
181.3
173.8
168.8
158.8
137.5

124
110
52
37
44
55
46
33

n/a
n/a
n/a
n/a
n/a
n/a

8.05
7.88
7.83
8.31
8.33
8.55
8.69
9.13
8.81
8.78
9.05
8.55
8.43
8.39

'Reference 2.
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FIG. 2. Average effective atomic moments as a function of
the composition. Solid lines are guiding the eye; dotted lines

display theoretical values.

FIG. 3. Magnetic entropy change for H =1 T applied field,
as a function of the temperature, for 9.62 (0), 19.7 (A), 36.7 (o),
44.9 (~), and 57.2 (small 0) at. % Y, as denoted by numbers near
the peaks. Solid lines are guides to the eye.

for low Y concentrations (up to about 30 at. %).
range, the transformed H/M versus M curves all have
linear sections with P) 0. For higher Y concentrations,
the linear section of the low-temperature H/M versus M
curves might be characterized with a negative P, in con-
tradiction to the thermodynamic theory. Changes in the
magnetic order result in changes of the linear tempera-
ture dependence of the parameter a, making further eval-
uations difficult or impossible. In the ferromagnetic
range (up to 30 at. % Y), deviations from linear can be
observed only at low temperature, where the assumptions
of the theory are not valid yet. In the vicinity of the tran-
sition, the o, parameters form a single line, allowing an
unambiguous determination of the transition temperature
and the specific-heat anomaly. With increasing Y con-
tent, the a versus T function displays a more pronounced
curvature. Up to about 45 at. %%uo Y, th eregio nnea r the
transition can still be approximated linearly, although
this results in an increased error in the specific-heat
anomaly calculation. With further increase in the Y con-
tent, the linear section moves to higher temperatures. At
the extrapolated transition temperature the theory is not
yet valid (P & 0), and consequently the specific-heat
anomaly cannot be calculated. At the same time, the ex-
trapolated transition temperature tends to be very
different from the Weiss constant or the predicted transi-
tion temperature T&=466, where 6 is the de Gennes
constant. ' Sufficiently high fields, which saturate the
sample after the helimagnetic-ferromagnetic transition,
would allow thermodynamic calculations even in this
composition range. Values of the specific-heat anomaly,
where applicable, are summarized in Table I as a function
of the Y content.

C. Magnetic entropy change

From the magnetization data, the magnetic entropy
change for isothermal magnetization can be calculated as
well. Due to the slow increase of the magnetic field in the
superconducting magnet, the conditions can be con-
sidered as isotherm, rather than adiabatic. The entropy
change associated with the change of the magnetization
is given as'

dH .

Theoretically, this value can be calculated from the
molecular-field theory, which might not be valid for other
than simple ferromagnetic order. The above equation,
however, remains valid in general, as it is a thermo-
dynamic result and no assumption was made on specific
magnetic properties.

Figure 3 shows typical entropy curves for low and high
Y contents, respectively. Up to about 40 at. % Y, the en-
tropy curves remain qualitatively similar to that of Gd,
although the maximum value displays slow, stepwise de-
crease with increasing Y content. At higher Y contents()40 at. %), the maximum entropy change rapidly ap-
proaches zero and there appears a negative maximum on
the low-temperature side of the entropy change vs tern-
perature curves.

IV. DISCUSSION

A. Eft'ective magnetic moments

Figure 2 displays the effective average atomic moments
as calculated from the Curie constant. The ordered mo-
ment p, on the Gd atoms was estimated from the 5 K, 1

T magnetization using the relationship of M/X =p„
where X equals the number of Gd atoms and M is the
measured magnetization. The results are shown in Fig.
4(a). This approximation is valid for alloys which are fer-
romagnetic at low temperature. In the nonferromagnetic
regime, either neutron diffraction or higher fields would
be needed to reveal the ordered helimagnetic moment.
Points corresponding to nonsaturated alloys are given by
gray symbols in Fig. 4(a).

It is seen that the experimentally determined values of
both the disordered (paramagnetic) and ordered (spon-
taneous) magnetic moments are significantly higher in
certain composition ranges than the theoretical values for
Gd obtained under the assumption of contributions by
spin only. These are, ' respectively, p,s=g[J(J +1)]'
=7.94 and p, =gJ =7.00 in bohr magnetons, where for
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FIG. 4. Ordered magnetic moment of Gd atoms, as a func-
tion of composition calculated from (a) the 5 K saturation, or
from (b) the effective A, and J. Gray points in (a) indicate values
calculated from the 5 K, 1 T magnetization of nonsaturated
samples. Solid lines are guiding the eye.
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Gd g =2 and J =—', . Although the same tendency has
been observed by other authors as well, ' it contradicts
theoretical expectations: The 4f shell, which contains
the electrons of unpaired spins in the rare earths, is so
well shielded by outer electrons that the direct interac-
tion between the 4f electrons of neighboring atoms must
be small. Yttrium, the trivalent fourth-period element
has the same crystal structure as Gd and nearly the same
atomic volume. This close similarity would indicate that
yttrium should be an ideal diluent for Gd, i.e., substitut-
ing Y for Gd should only result in a reduction of the ex-
change field due to dilution, but should not change the
crystal field or the conduction electron polarization. On
the contrary, it appears that the presence of the Y either
brings into play contributions to magnetism by orbital
moments (i.e., changes the crystal field), or alters the
probability of transfers from the conduction-band elec-
trons in a manner favoring an increased magnetic mo-
ment.

From the de Gennes factor, and p,z associated with Gd
moments only, an effective Lande factor A, and effective J
have been calculated. The results are plotted in Fig. 5.
Using this A. and J to calculate the ordered moment at
low temperatures, we get a good agreement with experi-
mental results in the ferromagnetic region, justifying the
empirical approach [curve (b) in Fig. 4]. The decrease of
the effective A, and simultaneous increase of the effective J
are compatible with the assumption that the presence of
certain amounts of Y changed the crystal field, thus
favoring spin/orbit interactions on the Gd atoms. As the
increase is present in the paramagnetic range as well,
conduction electron polarization is unlikely. The increase
in the atomic moment is the most pronounced in the
composition range where helimagnetism and ferromagne-
tism coexist at low temperatures. It seems that an insta-
bility of the magnetic structure is connected to the in-
creased magnetic moment. No increase could be ob-
served in the composition range with ferromagnetic or-
der, and a slow decrease is observed above 40 at. % Y,

8 12
de Gennes factor, G

FIG. 5. (a) "Effective" Lande factor A, and (b) J as a function
of composition, as calculated from 6 and p,ff.

where helimagnetism becomes the only ordered magnetic
phase. A quantitative or even a more exact qualitative in-
terpretation cannot be given at present.

B.Transition temperature

Unlike the magnetic moments, the transition tempera-
tures at Gd-Y alloys display a monotonous concentration
dependence. As shown in Table I, the Weiss constant,8, the transition temperature obtained from the Arrott
plots, Of, and the temperature of the maximum of mag-
netic entropy change, Tf, show good agreement in the
ferromagnetic range of composition, but display
significant differences at higher Y contents. In further
evaluation, we used the temperature of the maximum en-
tropy change as the transition temperature. In an earlier
study we found that this shows a good coincidence with
the real transition temperature even for noncollinear
structures. In Fig. 6, this temperature is plotted as a
function of composition. The small symbols correspond
to the Gd-Y magnetic phase diagram, obtained via neu-
tron diffraction, ' while the larger symbols result from
this study. The solid line is a guide to the eye, while the
dotted line displays the G dependence. Figure 6
displays a good agreement between our result and the
magnetic phase diagram, both indicating a deviation
from the G empirical relationship, which is otherwise
valid for most rare-earth/rare-earth alloys. Similar devi-
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FIG. 6. Upper transition temperature as a function of corn-

position. Dotted line corresponds to values calculated from the
empirical equation T2 =466 (Ref. 3). Large symbols corre-
spond to the maximal magnetic entropy change; small symbols
were obtained via neutron diffraction (Ref. 10).
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FIG. 7. Specific-heat anomaly as a function of the 6 factor.
Open symbols were calculated from our magnetic data (Refs.
14, 15); full symbols correspond to calorimetric measurements
(Ref. 18). Dotted line displays the behavior predicted by the
molecular Geld. Solid lines are guides to the eye.

ations were already found, ' leading to the conclusion that
rare-earth Y alloys behave in many ways more anomalous
than intra-rare-earth solid solutions.

Table I reveals that the composition dependence of the
transition temperatures obtained as the maximum of the
magnetic entropy change T& or from the method of the
thermodynamic parameters, 0& agree within limits of er-
ror in experiment and evaluation up to 36.7 at. lo Y. At
higher Y concentrations (above 40. 1%%uo), the diff'erence in-
creases. As the value connected to the entropy change
agrees with the phase diagram and calculated values, we
have to conclude that the error in the method of the ther-
modynamic parameters increased in the helimagnetic
phase. Most probably, the applied 1 T field does not sat-
urate the helimagnetic alloys; consequently, the extrapo-
lation is no longer valid. Studies in higher field are on the
way.

C. Speci6c-heat anomaly

We stress that the specific-heat anomaly is calculated
this way from experimental magnetization data, and no
assumption is made regarding the magnetic order. The
molecular™field theory, based on simple ferromagnetic or-
der, predicts the specific-heat anomaly as a function of
the number of magnetic moments present and the magni-
tude of the moment. The equation obtained for the value
of the anomaly at the transition temperature is

ac =uk
j +(j+1)

where X is the number of magnetic atoms, j their angular
quantum number, and k the Boltzmann constant.

On this basis, the specific heat anomaly can be calcu-
lated from the effective J values, based on the number of
Gd atoms in the alloy. As Fig. 7 shows, the specific-heat
anomaly calculated from Eq. (3) displays a gradual,
monotonous decrease. On the contrary, the value ob-
tained from magnetization data indicates a sharp de-
crease, followed by an oscillatory behavior around a con-
stant value. Below 6 —10, the specific-heat anomaly can-

not be calculated from magnetic data as the field was no
longer sufficient to saturate the sample. The low plateau
in the specific-heat anomaly appears in the same compo-
sition range where we observe a maximum in the effective
atomic moments. Calorimetric measurements' reveal a
composition dependence similar to that observed in this
study (Fig. 7, full symbols), although the values are some-
what higher than ours, especially for intermediate Y con-
centrations. The discrepancy might be caused by
the nature of the samples and measurement: Calori-
metric measurements at zero field thus obtain the true
helimagnetic/paramagnetic transition, while our data are
extrapolated from the ferromagnetic range. However,
both data display the same tendency and the qualitative
agreement is good.

Single crystals display double specific-heat anomaly
peaks in alloys with "double" ferromagnetism, ' i.e., in a
narrow composition range around 30 at. % Y. Although
the effect should be present in polycrystals, it had not
been found by calorimetry;' neither did we observe it.
Its absence in the calorimetric measurements' might be
due to the fact that the narrow composition range of dou-
ble ferromagnetism near 30 at. %%ug Ywa sno t investigated .
In our case, magnetic measurements on polycrystals are
not expected to reveal orientation-dependent Curie
points. Their presence, however, might introduce errors
into the evaluation according to the thermodynamic pa-
rameters, as only the macroscopic magnetization can be
measured, while evaluation should be done independently
for the two directions. Unequal contributions from M ~~a

or c might well distort the linear dependence (or change
the slope), and thus be responsible for the observed ambi-
guity (increased experimental error) in the specific-heat
anomaly.

D. Magnetic entropy change and critical Beld

Different compositions show characteristic differences
in the field and temperature dependence of the magnetic
entropy change. For low Y concentrations, the entropy
change is a monotonously decreasing function of the field
[Fig. 8(a)]. The slope is increasing with the temperature
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FIG. 9. Critical fields (crossover fields) versus temperature in
the intermediate composition range: 49.5 at. % Y, (), 44.9
at. %%uo Y, (O ), an d40. 1at. %o Y, (A) . Formor edetail s, see text.
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FIG. 8. Characteristic field dependence of the magnetic en-
tropy change for (a) typically ferromagnetic alloys (shown 9.62
at. % Y at 241 K, , and at 267.5 K, 0), (b) alloys with transi-
tion (shown 36.7 at. %%uo Y, at 189 K, A, an d200 K, 6 ), an d(c)
typically helimagnetic alloys (shown 52.4 at. %, 154 K, 0, and
169 K, ). Solid lines are guides to the eye.

below the transition, and decreases above, but the charac-
ter of the function remains the same. Well below the
transition, the field dependence of the magnetic entropy
change is nearly linear. In the medium Y concentration
range, and far below the transition temperature, the en-
tropy change is positive first, and becomes negative only
at higher fields [Fig. 8(b)]. With increasing temperature,
the behavior becomes similar to that of ferromagnets.
Alloys with high Y content do not show a linear behavior
in any investigated field or temperature range. Far below
the transition, the change is positive in the total field
range and it becomes negative only in the immediate vi-
cinity of the transition, where its field dependence is still
slower than linear or what is observed for lower concen-
trations [Fig. 8(c)].The observed behavior of the magnet-
ic entropy change can be qualitatively well understood on
the basis of the magnetization behavior of a helimagnet.
In weak fields, the entropy increases because upon mag-
netization the field destroys the existing symmetry of the
helimagnetic system. With increasing field, one ultimate-
ly arrives at a ferromagnetic structure, whose symmetry
and order parameter are superior to those of helimagnets.
At a temperature-dependent critical field, a first-order
transition from the helimagnetic fan structure to fer-
romagnetism takes place, resulting in a sharp decrease of
the entropy, followed by further decrease with increasing
field [Fig. 8(b)]. Near the transition temperature, the field
dependence of the magnetic entropy change is linear in
the investigated field range. The field of the crossover

(where the magnetic entropy change changes sign) is
defined as the critical field, although it might not be
necessarily equal to that found from single-crystal or
neutron-diff'raction measurements. In Fig. 9 this field is
plotted as a function of the temperature. For alloys above
49.5 at. '% Y, it is above 1 T in the total temperature
range below the transition and sharply falls to zero at the
transition. For ferromagnetic alloys, it is zero in the total
investigated range. For intermediate compositions, it
forms a broad plateau below the transition, gradually de-
creasing as the temperature approaches the Curie point.
The height of the plateau increases with increasing Y
concentration. We did not observe the sharp maximum
reported by Andreenko eI; al. ,

' although some samples
indicate a tendency for decreasing critical fields at the
lower-temperature end of the plateau, probably due to
the proximity of a low-temperature ferromagnetic phase.
This phenomenon was not investigated in detail. De-
tailed investigations over the total temperature range of
the helimagnetic structure with higher applied fields (9 T)
are on the way and will be reported soon.

K. Magnetic phase diagram

The investigated parameters indicate that the helimag-
netic phase becomes stable at about 40 at. % Y, i.e., for
6 = 10. On the contrary, measurement and calculation of
the turn angle ' obtained a phase boundary at 6 =12.
The discrepancy is caused by an instability of the struc-
tures present to applied field. Calculations and neutron
di6'raction were both carried out in zero field. Our in-
vestigations indicate the presence of a helimagnetic phase
with vanishing critical field for 10&6 & 12 and another
with high critical fields above 6 =12, adding more fine
details to the already known magnetic phase diagram.
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