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Specific heat in some gadolinium compounds. I. Experimental
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Specific-heat measurements have been performed on the gadolinium compounds GdCu&Si~,
GdNi~Si2, GdGa2, and GdCu5 in order to investigate the phase transitions between paramagnetic
and commensurate or incommensurate antiferromagnetic states. Various shapes of specific-heat
curves are observed at and below the ordering temperature T&. In particular, the specific-heat
discontinuity at T& is strongly reduced in the incommensurate systems. This behavior is related to
the exact type of magnetic arrangement involved.

I. INTRODUCTION

Specific-heat measurements consitute a very useful tool
for investigating the magnetic properties of rare-earth in-
termetallic compounds. In these systems with total angu-
lar momentum J, the 2J+1 associated quantum levels
are split by the surrounding crystalline electric field
(CEF) and/or by a possible exchange magnetic field aris-
ing from the magnetic interactions between the 4f ions.
That leads to a rapid change in the internal energy as the
temperature increases from 0 K and the excited CEF lev-
els become populated, whence a large contribution to the
specific heat. CEF Schottky anomalies can then be ob-
served in paramagnetic phase while strong anomalies are
expected at the critical temperature where the 4f mag-
netic moments order. Furthermore, other contributions
to the specific heat may arise from the magnetic excita-
tions present in ordered materials, from critical phenome-
na in the vicinity of the ordering temperature, or from
spin Auctuations above it.

In any case the magnetic entropy should attain its full
value R ln(2J+1) for 1 mol of 4f ions at high tempera-
ture (R =8.315 J/K mol is the molar gas constant). With
all the rare earths except Gd, the entropy does not reach
this maximum value at the temperatures usually investi-
gated because the total CEF splitting is generally several
hundred kelvins. A quantitative interpretation of the
temperature variation of the specific heat and of the en-
tropy therefore requires the knowledge of the actual level
scheme, i.e., of the CEF parameters. In this respect, Gd
compounds are quite suitable for study. Indeed, due to
their S state with zero orbital momentum, their ground
multiplet J =—,'remains fully degenerate in the CEF. In
the absence of external magnetic field, only an exchange
magnetic field can raise this (2J+1)-fold degeneracy.
The temperature dependence of the magnetic specific
heat is therefore closely connected with the way the ener-

gy levels evolve within the ordered state. In addition, the
full entropy R ln8 is attained in principle just above the
ordering temperature or as soon as the critical phenome-
na vanish.

Numerous theoretical models have been developed in

order to describe the behavior of the specific heat below
the ordering temperature, such as the Weiss, the Heisen-
berg, the Ising and the mean-field models, working in
two- or in three-dimensional space, and theoretical mod-
els taking into account statistical theories, critical phe-
nomena, spin Auctuations, etc. ' In all these models, a
ferromagnetic or simple antiferromagnetic arrangement
of the magnetic moments is always assumed. No analysis
of the specific heat is available in the literature concern-
ing more complex magnetic structures, such as incom-
mensurate and more precisely amplitude modulated sys-
tems.

The aim of this paper is to present an extensive experi-
mental investigation of the specific heat in four gadolini-
um compounds which exhibit a large variety of magnetic
structures, in particular modulated ones, namely,
GdCu2Siz, GdNi2Siz, GdGaz, and GdCu5. Preliminary
results ' have shown that the thermodynamical proper-
ties of such systems are strongly affected by the modulat-
ed character of the magnetic structure at and below the
ordering temperature and by the associated squaring-up
process towards the antiphase state occurring at low tem-
perature. In a subsequent paper, a full quantitative
analysis of the present experimental data will be
developed within the mean-field approximation. Section
II is devoted to the experimental details of the specific-
heat measurements. In the next four sections, the experi-
mental results are presented for the four compounds in-
vestigated as well as for the nonmagnetic isomorphous
compounds used for the electronic and lattice correc-
tions. In the last section a discussion about all the experi-
mental results is made.

II. EXPERIMENTAL PROCEDURE

Specific-heat measurements were carried out by using
the ac calorimetry technique, at temperatures ranging
from 1.7 to 40 K. Passing a sinusoidal heating current of
pulsation m and power P through a resistance heater in
thermal contact with the sample gives rise to two effects
after the thermal equilibrium is reached. First the mean
temperature T of the sample is larger than the bath tem-
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perature Tz, the difference depending on both the heat-
ing power and the sample-to-bath thermal conductance
K~..

T —T P
B

Changing the power P allows one to scan very easily a
certain range of temperature for the sample, T~ remain-
ing constant, and this can be made by increasing as well
as by decreasing the temperature, which constitutes one
of the advantages of the ac method. Second, the actual
temperature of the sample is oscillating at the pulsation
2' with an amplitude 5T which depends on the total
specific heat C of the sample plus the addenda contribu-
tion:

5T= (1+A„„) .
P

2coC

The corrective term A„„varies with the pulsation co

and receives a contribution from both the sample-to-bath
relaxation time ~z and the internal response time ~; of
the sample and addenda to heat input. This term can be
neglected if co~& is kept much greater than unity and co~;
much less than unity. Experimentally, a scan in frequen-
cy co allows one to easily verify if the system is in these
proper thermal conditions, the product co5T remaining
constant in such a case. In our equipment and due to the
mass of the samples used (between 0.1 and 0.5 g), ac oscil-
lations with a frequency as low as 0.02 Hz were used to
satisfy these conditions, these latter becoming more criti-
cal above roughly 40 K. Typical 5T values range be-
tween 1 and 40 mK, according to the temperature under
consideration. When the thermal equilibrium is reached,
the system is in a steady state, so that several measure-
ments can be successively performed and averaged, giv-
ing a better determination of C.

The sample holder consists of a sapphire slab (9 mm di-
ameter, 2 mm thickness), with an evaporated Ni-Cr
heater on one face. The thermometer is a bismuth-
ruthenium resistance directly fixed on the sample. Its
value, ranging from about 70 kQ at 1.6 K to 20 kQ at 40
K, was calibrated against a reference Fe-Rh resistance.
In order to limit the extra heating power brought by the
thermometer, this latter was supplied with a constant-
voltage current. A sampling of the temperature oscilla-
tions with five measured points by period over four
periods was sufficient to numerically extract the value of
5T. The addenda contribution to the specific heat was
measured separately and systematically subtracted from
the rough data in order to obtain the specific heat of the
sample. The entire experimental process, including the
specific-heat measurement and the various corrections,
was monitored by computer. As a test of the equipment
and of the procedure of extracting the specific-heat
values, a sample of pure nickel was measured. The ob-
tained values match the experimental one given in the
literature within an accuracy better than 2%.

Magnetic contribution to the specific heat

To isolate the magnetic contribution C, from the to-
tal specific heat actually measured, Cz, the following ex-
pression is commonly used:

C~ C] t +C
g

C ] +Cph +C
g

C&„represents the lattice contribution to the specific
heat, including the conduction electron part C,&

and the
phonon part C h. The electronic part C,&

is given, in the
temperature range investigated, as

The phonon part is written, in the simple Debye model,
as

DD/T 4 x
C g =Nfl(O~n/T) =9NR (T/O~D ) I dx,ph D D

0 (ex 1)2

where fD(8D/T) is the single Debye function, N is the
number of atoms per formula unit, R the molar gas con-
stant, and OD the Debye temperature. In the following,
the values will be always given for 1 mol of formula unit.

The main difficulty is to properly evaluate the lattice
contribution of magnetic compounds, since it cannot be
obtained directly. One way is to measure the specific
heat at temperatures much higher than the ordering tem-
perature, where the magnetic contribution vanishes, then
to extrapolate the values at low temperatures according
to the Debye model. This was successfully applied, for
example, in the CidRh compound. '

In our experiment the high-temperature limit is too
low to apply the above procedure. The lattice contribu-
tions have therefore been obtained from the measurement
of specific heat of isomorphous nonmagnetic compounds,
Gd being substituted by La or Y. However, a renormal-
ization of the data has to be performed in order to take
into account the different molar masses of Gd, La, and Y.
For that purpose, a many-Debye function model has been
used, as an extension of the two-Debye mode1 given in
Ref. 11. This latter model is well supported, for example,
by the specific heat measured in LaB6 where the strong
difference of mass of La and B leads to partial Debye
temperatures so different that they are clearly visible as
two separate humps.

In this model, the specific heat of a ternary compound
R X.Yp can be represented by the relationship

C(R X„Y )=mfD(8&/T)+nfD(8»/T)+pfD(8r/T),

where Oz, Oz, and 0& refer to partial Debye tempera-
tures associated with the R, X, and Y atoms in the given
compound, respectively. Making the further simplifying
assumption that all the atoms in the crystal have the
same mean-square displacement, " it follows that

M~ (8~ ) =M»(8» ) =M r(8 r )

Mz, Mz, and M~ being the molar mass of R, X, and Y
atoms, respectively. At low temperature, an efFective De-
bye temperature OD(R X„Y ) can be defined by consid-
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ering a single Debye function:

CLT(R X„Y )=(m +n +p)fn(OD(R X„Y )/T) . (2)

Identifying the coefticients of the T terms in the low-
temperature expansion of Eqs. (1) and (2) leads to the fol-
lowing relation between all the Debye temperatures:

0
E

20

10-

I I

GdCu~Sit
)t

m+n+p
[SD(R X„Y )]

m n p
(8~ ) (8~) (Sr)

0

I a CU&S~2

By assuming that the partial Debye temperatures of X
and Y atoms are not modified when R is replaced by
another atom R ', the following relation can be deduced
between the corresponding effective Debye temperatures
of both compounds:

OD(R X„Y„)
SD(R ' X„Y )

m (Mg ) +n (M/) +p(Mr)
m(M ) +n(M ) +p(M )

This renormalization ratio can now be used to evaluate
the lattice contribution of the magnetic compound
R X„Y by multiplying the temperature values by this
scaling factor in the C versus T curve obtained for
the nonmagnetic compound R' X„Y . This procedure
should be valid at least a low temperature, i.e., below
roughly SD/10, where the T expansion of the Debye
function is a good approximation. Moreover, it is not
necessary to consider the electronic contribution C,&

in
this procedure because its inhuence is negligible.

III. GdCu2Si2 COMPOUND
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FIG. 1. Total specific heat in GdCu2Si2 and LaCuzSi2.

netic specific heat becomes slightly negative above 30 K,
indicating that the lattice contribution was overestimated
(see Fig. 2). As the effect of the renormalization by the
ratio p„„ is weak on the lattice contribution, especially
below 20 K, we therefore have kept the rough results of
LaCu2Si2 as the lattice contribution of GdCu2Si2.

The correspondin, g magnetic specific heat of GdCu2Siz
is shown in Fig. 2. The maximum value of C, at the A,

anomaly reaches 18 I/Kmol. Moreover, a noticeable
magnetic contribution persists up to at least 30 K, reveal-
ing the existence of magnetic fluctuations far above T&.
By integrating C,s/T starting from the lowest tempera-
ture measured, the magnetic entropy could be calculated
(see Fig. 2). It reaches S =15.4 J/Kmol at 40 K. Tak-
ing into account the missing contribution from below the
lowest temperatures investigated, evaluated to roughly

The GdCu2Si2 compound crystallizes in the tetragonal
ThCr2Si2-type structure. As other isomorphous corn-
pounds in the rare-earth series, ' it orders at low temper-
ature within a simple commensurate antiferromagnetic
structure. ' The propagation vector is Q=( —,', 0, —,') and
the magnetic moment reaches (7.2+0.4)pz and is aligned
along the [010]direction at 2 K.

The total specific heat of GdCu2Si2 is shown in Fig. 1.
A well-defined A,-type anomaly can be observed, leading
to an ordering temperature T&=11.9 K. This value has
been determined as the inAection point of the A, anomaly
(on the right-hand side) on the magnetic contribution to
the specific heat (Fig. 2, see below). A broad hump is also
visible around 3 K, i.e., T/T&=0. 25; this behavior is as-
sociated with the way the (2J+ 1)-fold degeneracy of the
Inultiplet under consideration evolves within the ordered
range, which will be developed in Ref. 6.

The specific heat of the isomorphous nonmagnetic
compound LaCu2Siz is also reported in Fig. 1. It satisfac-
torily follows a single Debye function in the range 0—40
K, with an effective Debye temperature of OD =310 K.
Applying the above procedure to the determination of
the lattice contribution for GdCu2Si2 leads to a renormal-
ization ratio of p„„=SD ( G dCu2Siz ) /SD ( LaCu2Siz)=0.965. When subtracting the corresponding lattice
contribution from the rough data of GdCu2Si2, the mag-
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FIG. 2. Magnetic contribution to the specific heat in
GdCu2Si&, points: after lattice correction with rough LaCu2Si&
data; hatched line: after correction with renormalized LaCu2Si2
data (see text); the arrow indicates the ordering temperature
T&=11.9 K. Inset: variation of the magnetic entropy; the
hatched line indicates the R ln(8) limit.
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1.5 J/K mol, the total entropy at 40 K is very close to the
theoretical value for 1 mol of Gd + ions, i.e.,
R ln(8)=17. 3 J/Kmol. Note that the magnetic entropy
reaches about 83% of its full value at T&.
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FIG. 3. Total specific heat in GdNi2Si2, LaNi2Si2, and
YNi2Si2; hatched line: renormalized YNi2Si2 data, taken as the
lattice contribution for GdNi2Siz (see text).

The GdNi2Siz compound crystallizes in the same struc-
ture as GdCu2Si2. As the other compounds in the
RNi2Si2 series, ' it orders at low temperature within an
incommensurate magnetic structure. ' The propagation
vector is Q=(0.207, 0,0.903) and the magnetic moment
is aligned or very close to the [010] direction. That ex-
cludes a helimagnetic configuration where the moments
lie in a plane. As a consequence, the magnetic structure
is a collinear amplitude modulated one and it evolves
progressively towards an antiphase-type structure as the
temperature is lowered.

The total specific heat of GdNi2Siz presents at its or-
dering temperature an anomaly much less pronounced
than in GdCuzSi2 (Fig. 3). It exhibits a negative curva-
ture in the whole ordered range and no sharp peak occurs
at T&. Nevertheless, and consistently with other magnet-
ic measurements, ' the ordering temperature is evaluated
to be T&=14.5 K.

The specific heat of the two isomorphous nonmagnetic
compounds LaNizSi2 and YNi2Si2 is also shown in Fig. 3.
As expected because of the different molar masses, the
lattice contribution of YNi2Si2 follows a single Debye
function with an effective Debye temperature OD =370 K
noticeably larger than for LaNi2Si2 (OD =310 K). How-
ever, the lattice contribution of LaNi2Siz does not appear
as a very good starting point for OD renormalization
since it becomes itself larger than the specific heat of
GdNizSiz above 30 K. On the contrary, the specific heat
of YNi2Si2, although the renormalization ratio p„„=OD (GdNi2Siz) /8D (YNi2Si2) =0.863 is noticeably
different from unity, constitutes a better starting point for
the lattice correction (see Fig. 3).

The corresponding magnetic specific heat of GdNi2Si2
is shown in Fig. 4. It attains a maximum value of only
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FIG. 4. Magnetic contribution to the specific heat in
GdNi2Si2; the arrow indicates the ordering temperature
T~=14.5 K. Inset: variation of the magnetic entropy; the
hatched line indicates the A ln(8) limit.

10.9 J/Kmol at T =12.3 K, not far below Tz. As in
GdCu2Si2, large magnetic Auctuations persist up to
roughly 30 K. The magnetic entropy reaches 16 J/K mol
at 40 K. Estimating the missing contribution below 1.6
K as about 0.8 J/Kmol leads to a total entropy S =16.8
J/Kmol at 40 K, a value very close to the theoretical
one, as in GdCu2Si2. Note that the magnetic entropy
reaches about 86% of its full value at T~.

V. GdGa2 COMPOUND

The GdGa2 compound crystallizes in the hexagonal
AlB2-type structure. It orders below T~ =23.7 K within
an incommensurate magnetic structure. ' The propaga-
tion vector is Q = (0.39,0.39,0). From a neutron
diffraction experiment, there subsists an ambiguity in the
determination of the magnetic structure: it is either am-
plitude modulated, or cycloidal. ' In this latter case, all
the moments are equal.

The total specific heat of GdGa2 is shown in Fig. 5, to-
gether with that of the isostructural nonmagnetic com-
pounds YGaz and LaGaz. For these two latter com-
pounds, the variation follows a single Debye function
with effective Debye temperatures OD =220 and 215 K,
respectively. Note that both values are much closer to
each other than expected in the Debye model
[p„„=8&(LaGaz)/OD(YGaz)=0. 894]. Again, as in Sec.
IV, the lattice contribution of LaGa2 is not a very good
starting point for the OD renormalization, because it
leads here to an underestimation of the lattice contribu-
tion in GdGaz. On the contrary, the specific heat of
YGa2 constitutes a more satisfactory starting point for
the lattice correction [p„„=O~(GdGaz)/OD(YGa2)
=0.861] (see Fig. 5).
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30 VI. GdCus COMPOUND
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FIG. 5. Total specific heat in GdGaz, Laoa2, and YGa&,
hatched line: renormalized YGa& data, taken as the lattice con-
tribution for GdGa2 (see text).

The deduced magnetic contribution to the specific heat
of GdGa2 is shown in Fig. 6. A clear anomaly, although
not of A,-type, is present at the ordering temperature. A
second transition seems to be evidenced immediately
below 7&, at 22.4 K, suggesting the existence of a new
magnetic phase different from that observed at lower
temperature. However, this could not yet be confirmed
by other measurements due to the narrowness of the tem-
perature range. The maximum value of the magnetic
specific heat, although larger than in GdNi2Siz, remains
noticeably smaller than in GdCu2Si2. Magnetic fluctua-
tions persist here up to roughly 40 K. The magnetic en-
tropy reaches 15.9 I/K mol at 40 K, i.e., S =16.5
J/K mol if a reasonable estimation of the missing contri-
bution below 1.7 K is taken into account. Note that the
magnetic entropy reaches about 86%%uo of its full value at
TN'

The GdCu~ compound crystallizes in the hexagonal
CaCu5-type structure. Its magnetic structure has been
investigated at low temperature by neutron diffraction
it is incommensurate, the propagation vector is

Q = ( —,', —,', 0.223), and the magnetic moments are confined
within the basal plane. A helimagnetic triangular struc-
ture has been proposed, leading to moments with equal
magnitude. As will be discussed below and in Ref. 6,
another structure is also possible which gives the same
neutron diffraction pattern, and which has not been con-
sidered in Ref. 16, namely, an amplitude-modulated tri-
angular structure. In that case, the moments inside each
layer perpendicular to the c axis form a triangular lattice;
from layer to layer along the c direction, the amplitude of
the moments is modulated, their direction themselves
remaining the same.

The total specific heat of GdCu~ is shown in Fig. 7, to-
gether with that of the isomorphous nonmagnetic com-
pound LaCu5. No well-defined anomaly can be observed
on the GdCu5 curve, but only a smooth variation. For
LaCu5, the temperature variation follows a single Debye
function with OD =235 K. Using the Debye model leads
to a weak correction to estimate the lattice contribution
for GdCu5 [p„„=OD (GdCu~ ) /OD (LaCu5) =0.975] (see
Fig. 7).

The deduced magnetic contribution to the specific heat
of GdCu~ confirms the absence of a well-defined anomaly
at the ordering temperature, the determination of which
poses a problem (see Fig. 8). A detailed analysis of the
magnetization processes led to an ordering temperature
of 26 K corresponding to the vanishing of the metamag-
netic behavior. ' However, no anomaly was found at this
temperature on the resistivity variation, but a minimum
of the resistivity was observed at 30 K. In the same way,
the only (weak) anomalies on the specific-heat curve
occur at about 20 and 30 K. This latter value T& =30 K
therefore has been taken as the most consistent ordering
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FIG. 6. Magnetic contribution to the specific heat in GdGa2',

the arrow indicates the ordering temperature T~ =23.7 K. In-
set: variation of the magnetic entropy; the hatched line indi-
cates the R ln(8) limit.

FIG. 7. Total specific heat in GdCu& and LaCu5, hatched
line: renormalized LaCu5 data, taken as the lattice contribution
for GdCu& (see text).
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FIG. 8. Magnetic contribution to the specific heat in GdCu, ;
the arrow indicates the ordering temperature T~ =30 K. Inset:
variation of the magnetic entropy; the hatched line indicates the
R 1n(8) limit.

temperature. Additional experiments should be carried
out in order to confirm this conclusion.

As in GdNi2Si2, the maximum value of the specific
heat is much smaller than that measured in GdCu2Siz. In
addition, it occurs at 16 K, i.e., at a temperature far
below T&. This quite unusual behavior will be explained
in the frame of an amplitude modulated structure (see
Sec. VII) that seems to invalidate the hypothesis of a hel-
imagnetic triangular structure. The magnetic entropy
reaches 16.5 J/Kmol at 40 K, i.e., 17.2 J/K mal if a
reasonable estimation of the missing contribution below
1.7 K is taken into account. The agreement with the ex-
pected theoretical value is then excellent. Note that mag-
netic fluctuations seem to be noticeably weaker here than
in the three previous compounds, the magnetic entropy
reaching at T& about 97% of its full value.

field effects. For both systems, the Y compound appears
as a better starting point for the OD renormalization pro-
cess than the La compound. Nevertheless this latter, al-
though less satisfactory (see Sec. III), constitutes a not
too bad starting point, as shown by the GdCu5 result, for
example. The conclusion is therefore to use preferentially
the Y compound as lattice reference. This result is rem-
iniscent of that observed in resistivity measurements in
RAg series, for example (R =rare earth), where the La
compound was found to behave anomalously compared
to Y and Lu ones. ' This was attributed in part to a
stronger electron-phonon coupling in LaAg, in agreement
with the appearance of superconductivity in this com-
pound. The same conclusion is valid from elastic con-
stant measurements where the anomalous temperature
variation was related to the existence of a lattice instabili-
ty and/or a coupling between the strain and the zone
boundary phonons. '

A second comment can be made about the magnetic
fluctuations which have been evidenced in the four com-
pounds above the ordering temperature, and which per-
sist up to about 2T&. A way to evaluate the importance
of these fluctuations is to consider the relative proportion
of magnetic entropy above T& with respect to the full
value. It turns out that, in all the compounds except
GdCu5, this ratio is remarkably constant, reaching
b,S&„ t /R ln( 8 ) = 17%, 14%, and 14% in GdCu2Si2,
GdNi2Siz, and GdGa2, respectively. The behavior of
GdCu5, with a proportion of only 3% above T~, is not
yet understood (see below). Moreover, results similar to
the present work, i.e., b,S&„„/R ln(8)=15% above Tz,
have been found in GdRh, ' Gd Y& „Cu2, ' and
GdCu6. This behavior seems therefore to be a general
tendency in Gd intermetallic compounds.

A tentative analysis of the observed critical behavior
can be made using a critical scaling model where C, T
behaves as (1 —T, /T) above the critical temperature
T, . ' It turns out that C, T rapidly approaches a con-
stant limit L at high temperature; this is particularly true
for GdCu2Siz. For the three other compounds, this be-
havior is more approximative, because of the lack of ac-
curacy of the experimental data above T& due to the lat-
tice correction process. The corresponding magnetic en-
tropy above T& can be deduced from this limit, as

VII. DISCUSSION

In this work, the specific heat of four gadolinium com-
pounds, namely, GdCuzSi2, GdNi2Si2, GdGa2 and
GdCu5, has been carefully investigated. An analysis of
these data can be made concerning the lattice correction
process through the many-Debye function model. For
two compounds, i.e., GdNizSi2 and GdGa2, two different
isostructural nonmagnetic compounds were considered,
using Y or La as the nonmagnetic element. That allows
us to compare the suitability of both nonmagnetic com-
pounds to be taken as lattice reference. The chosen cri-
terion was based on the high-temperature entropy limit
for the magnetic compound after subtraction of its lattice
contribution. Note that using Gd as rare earth makes
this analysis much easier due to the absence of crystal-

~Sauct
2 TQ

Taking the experimental limits L leads to AS„„„I
R ln(8) = 15%, 14%, 18%, and 5% in GdCu2Si2,
GdNi2Si2, GdGa2, and GdCu&, respectively. The good
agreement between both determinations of this contribu-
tion supports very well the T dependence of the
specific heat above T&. This T law implies a critical
coefficient o. close to zero which is the expected value in
the mean-field model. Note that such a power law was
considered in GdRh. '

It is worth noting that, in GdCu5, the temperature for
which the proportion of entropy above T& reaches 15%,
namely, T=20 K, corresponds to a weak anomaly on the
C, versus T curve (see Fig. 8), and that the "noise" of
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this experimental curve between 20 K and T&=30 K is
much larger than below 20 K. In the same temperature
range (20—30 K), Arrott's plots of the magnetization
curves have been found anomalous and the resistivity ex-
hibits a negative slope. ' One may therefore think that
the ordering of this compound between 20 and 30 K is of
an unusual type.

The third and most important result of this work con-
cerns the shape of the magnetic contribution to the
specific heat. Indeed, in the three incommensurate com-
pounds, the maximum of specific heat is noticeably re-
duced (up to 40%) with regard to the only compound
with a commensurate antiferromagnetic structure, name-
ly, GdCu2Si2. Moreover, the temperature where this
maximum occurs is more or less shifted below the order-
ing temperature, the extreme case being GdCu5. Among
the four compounds, GdCu2Si2 is the only one exhibiting
a shape of specific heat very close to that expected within
the mean-field model, with in particular a A,-type anomaly
at T~.

This quite anomalous behavior cannot be ascribed to
the existence of magnetic fluctuations quoted above nor
to the presence of inhomogeneities in the samples, since
all the compounds are affected in a similar way. The ex-
planation we propose is to correlate these exotic specific-
heat shapes to the type of magnetic structure of these
compounds, and more precisely to the existence or the
absence of a modulation of the magnetic moment ampli-
tude. This distinction between equal-moment (EM) and
amplitude-modulated (AM) systems leads to the follow-
ing consequences.

In EM compounds, i.e., those with a ferromagnetic, a
simple antiferromagnetic but also a helimagnetic or a cy-
cloidal structure, all the 4f ions experience a magnetic
exchange field of same magnitude although not always of
same direction, at a given temperature below T, or Tz.
Their magnetic states are therefore similar to each other,
having in particular the same moment magnitude and the
same internal energy. That leads to the shape of specific
heat usually expected for a ferromagnet, with a I, anoma-
ly at the ordering temperature.

In AM systems, the quasisinusoidal modulation of the
moments just below Tz implies the same type of periodi-
cal variation for the exchange field and the various quan-
tum properties such as the internal energy. In particular,
the 4f ions situated near a node of the sine wave remain
in a state close to the paramagnetic one. As a conse-
quence, their contribution to the total internal energy is
very weak, and a noticeable reduction of the averaged
internal energy and of the specific heat with regard to the
EM case can be anticipated at Tz. Moreover, as the tem-
perature is decreased, the AM structure of Gd corn-

pounds must evolve toward an antiphase one, unless a
first-order transition occurs at some intermediate temper-
ature. The thermal variation of the specific heat can
then be expected to be strongly affected by the way this
squaring up takes place. That could explain the various
shapes observed below T& in the present work.

It is worth noting that the distinction involved is not
between commensurate and incommensurate structures,
but between EM and AM systems. In particular, the hel-
imagnetic compounds, although incommensurate, belong
to the EM family and then must behave as ferromagnets,
as far as the specific heat is concerned. Measuring this
latter property therefore appears as a very suitable way to
distinguish between helimagnetic and AM compounds,
both incommensurate, a distinction which is often not
realizable from the other magnetic measurements, e.g.,
neutron diffraction.

From the above considerations, one may reasonably
think that among the four studied compounds, GdCu2Si2
is the only one exhibiting an EM magnetic structure,
while the three others are AM systems. With this
respect, it is interesting to look at the behavior of other
Gd compounds found in the literature. GdRh (Ref. 10) is
a simple ferromagnet the specific heat of which is quite
similar to that of GdCu2Si2. The same holds for fer-
romagnetic Gd metal as well as for antiferromagnetic
GdCu6. Gd Y, Cu2 compounds' show at their or-
dering temperature a well-defined k-type anomaly, but
their amplitude reaches about 15 J/K-mol, i.e., 25% less
than the expected value. It is then likely that they order
within an AM structure rather than a simple antiferro-
magnetic one, in agreement with incommensurate mag-
netic structures evidenced in the RCuz series. GdA12
has been always considered as a ferromagnet, however its
specific heat is very far from that expected in such a
case: the anomaly at T, is extremely broad and its max-
imum is about 9 J/Kmol, i.e., less than half of the
theoretical value. The hypothesis of an AM structure
with a very small propagation vector, i.e., a very long
period, could explain this behavior without changing
drastically the magnetization processes, because such a
structure can be destroyed by a weak magnetic field.

Preliminary calculations ' corroborate very well all
the considerations of the present work. A more complete
quantitative investigation will be developed within the
mean-field approximation in the next paper.
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