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Magnetic phase diagrams and metamagnetic processes in Ising systems: The case of CeZn,

D. Gignoux, P. Morin, and J. Voiron
Laboratoire Louis Neel, CNRS, 166X, 38042, Grenoble CEDEX, France

P. Burlet
Centre d’Etudes Nucleaires de Grenoble, DRF, 85X, 38041, Grenoble CEDEX, France
(Received 25 March 1992)

From magnetization measurements and neutron-diffraction experiments on powders and single crys-
tals, a macroscopic and microscopic description of the complex field-temperature phase diagrams of the
Zn-rich Ce(Zn,_,Cu, ), orthorhombic compounds is presented. A simple Ising model, involving only
three exchange field parameters, gives a quite satisfactory account for the main features of these phase
diagrams, namely, (i) the existence of an incommensurate sine wave modulated structure just below Ty,
(i) at low temperature and in zero field the coexistence of two different commensurate antiferromagnetic
structures, (iii) the three-step metamagnetic processes along the easy b axis at low temperature, (iv) the
relative amplitude of the hysteresis associated with the three transitions, hysteresis which does not arise
from the anisotropy, but from the exchange interactions.

I. INTRODUCTION

Nowadays particular attention is paid to antiferromag-
netic systems, in particular, uniaxial, in which complex
magnetic phase diagrams are observed.! ™ Indeed, mul-
tistep metamagnetic processes are observed at low tem-
perature and in zero field several phases are temperature
induced below Ty. In particular, one often observes in-
commensurate modulated structures just below this tem-
perature which transform into equal moment commensu-
rate structures at lower temperatures. Such properties
are especially characteristic of a large number of rare-
earth-based intermetallic systems on account of the huge
uniaxial magnetocrystalline anisotropy and of the long-
range and oscillatory character of the exchange interac-
tions [Ruderman-Kittel-Kasuya-Yosida (RKKY) type].
Besides magnetization and susceptibility measurements,
neutron diffraction gives a better insight of the micro-
scopic aspects of these phase diagrams, especially on sin-
gle crystals under applied magnetic field. A careful
analysis is then possible which can account for the main
features of these complex diagrams. In this context, pre-
liminary studies on CeZn, and CeCu, were quite promis-
ing. So we have undertaken a study of the magnetic
properties and structures of the Ce(Zn,_,Cu, ), series.
Note that the interest in this study is enhanced by the
fact that frequently Ce has an abnormal magnetic behav-
ior such as heavy fermion, intermediate valence, or Kon-
do effect. .

CeZn, and CeCu, crystallize in the same orthorhombic
CeCu,-type (Imma space group) structure.’ The four Ce
atoms of the unit cell belong to the 4e site: atoms hence
labeled 1, 2, 3, and 4 are in 0, 4,2, 5,3, —3+2,0,3,1—z,
and },+,3 —z, respectively. Note that only two Ce atoms
belong to the primitive cell (atoms 1 and 3), CeZn, is an-
tiferromagnetic below Ty=7.5 K and the powder
neutron-diffraction data have been interpreted with a
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magnetic cell identical to the crystallographic one and Ce
moments of 1.6up along the b axis.® Later resistivity
measurements have shown a Kondo behavior,” whereas
magnetization on a single crystal exhibits a three-step
metamagnetic process when the field is applied along the
b axis.””® CeCu, is also a Kondo lattice system which
orders antiferromagnetically below 3.5 K.!° But the
low-temperature magnetic properties are quite different
from those of CeZn,. Indeed, the easy axis is the a direc-
tion!! along which the magnetization process at 1.5 K ex-
hibits a large initial susceptibility with a very smooth
metamagnetic transition in low field (=5 kQe).!%!?
Neutron-diffraction experiments on powder were inter-
preted with a very long-range antiferromagnetic struc-
ture'® in contradiction with the structure deduced from
experiments on a single crystal.!* Indeed, the authors
propose a simple antiferromagnetic structure with mo-
ments along the c axis in contradiction with their magne-
tization and susceptibility measurements which clearly
indicate that a is the easy axis. The true structure is
probably a very long-range modulation of a simple anti-
ferromagnetic structure with moments along the a axis.
The study of the magnetic properties of pseudobinary
Ce(Zn,_,Cu, ), single crystals has shown that the change
from the CeZn,-type magnetic behavior to the CeCu, one
occurs in a very small concentration range around
x=0.2.% Crystalline-electric-field (CEF) effects'* and
preliminary results on the field-induced magnetic struc-
tures'® in this series were published recently. In this pa-
per we present the magnetic phase diagram of the Zn-
rich compounds of this series studied by means of neu-
tron diffraction on polycrystals and single crystals as well
as magnetization measurements on single crystals.

After a brief description of the experimental pro-
cedures (Sec. II), we present the low-temperature magne-
tization measurements and the deduced boundaries be-
tween the different regions of the magnetic phase dia-
grams (Sec. III). Section IV is devoted to the description
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of the magnetic structures of the phase diagrams deter-
mined from neutron-diffraction experiments. Finally,
Sec. V is devoted to an analysis and a discussion of all the
results.

II. EXPERIMENT

Single crystals of the compounds with x =0, 0.1, 0.15,
and 0.25 were grown by the Bridgman technique. On ac-
count of the high vapor pressure of Zn, the constituents
were first sealed under vacuum in a tantalum crucible and
subsequently melted in an induction furnace. From the
ingots, cubes of approximately 3X3X3 mm?® with their
faces perpendicular to the a, b, and c axes were spark cut
for magnetic and neutron-diffraction measurements. All
the neutron-diffraction experiments were performed at
the Siloé reactor of the Centre d’Etudes Nucléaires of
Grenoble. For the experiments on single crystals, a su-
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FIG. 1. Magnetization processes at 1.5 K of the

Ce(Zn,_,Cu, ), compounds with x =0, 0.1, 0.15, and 0.25 along
the main symmetry axes.
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FIG. 2. Thermal dependence of the susceptibility of CeZn,
along the b axis.

perconducting cryomagnet which can produce a vertical
field up to 80 kOe was mounted on the spectrometer.
Magnetization was measured at temperatures from 1.5 to
300 K in fields up to 76 kOe.

III. MAGNETIZATION MEASUREMENTS

Figure 1 shows, for single crystals of the four concen-
trations, the magnetization processes measured at 1.5 K
along the three main symmetry axes, i.e., a, b, and c.
Two different types of behavior are observed.

Compounds with x =0.1, and to a lesser extent, 0.15
are similar to CeZn,. Along a and c the magnetization is
small; it increases slowly and linearly and is always small-
er along c. Along the b axis, which is clearly the easy
direction, a three-step metamagnetic process occurs.
However, for x =0, an additional phase appears in a
small field range around 40 kOQe: it is only observed in
decreasing field at 1.5 K but in increasing and decreasing
fields at 4.2 K. Above the highest critical field, the mag-
netization reaches 1.6up, a value which is smaller than
that of the free Ce’" ion. This value, which corresponds
to the Ce moment previously determined in CeZn, by
powder neutron diffraction,® shows that the ferromagnet-
ic state has been reached. In the intermediate phases,
magnetizations are near } and J of the saturation magne-

tization. For x=0.15, the magnetization process is
2.0 — T T T T T T
1.5 Ce(Zn, ,Cu, ), 7
1.0
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FIG. 3. Ce(ZngCug),: magnetization process along the b
axis in increasing field at different temperatures.
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FIG. 4. Field derivative dM /dH along the b axis for
different temperatures in Ce(Zng oCuy ; ),.

smoothed, making more difficult the determination of the
critical fields and of the magnetization in the different
phases. It is worth noting that the amplitudes of the hys-
teresis of the three transitions are quite different: it is
very weak for the third one and almost twice as large for
the second one than for the first one.

Although the compound with x =0.25 does not order
down to 1.5 K, the magnetization processes at this tem-
perature are rather similar to those of CeCu,. The easy
axis is a and the values of the magnetization along the
three axes appear to be similar to those of CeCu,. For
example, the values of the magnetization measured at 4.2
K in a field of 60 kOe are 1.09 and 1.19u, along a, 0.60
and 0.72up along b, and 0.18 and 0.20uy along c for
x=0.25 and x=1, respectively. However, the very
smooth metamagnetic behavior observed at 1.5 K in
CeCu, has not been observed along any of the axes of
Ce(Zng 75Cug 35);.

Note that, when x varies from 0 to 0.15, magnetization
along c is always very small whereas, in a given field,
magnetization along a increases at least as x>. Besides, in
a 75-kOe applied field, i.e., above the third transition,
magnetization along b is slightly smaller for x =0.15
than for x =0.10. This shows that the change of the easy
magnetization direction around x =0.2 arises from a pro-
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FIG. 5. Magnetic field-temperature H-T phase diagram of
CeZn, for the b direction.
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FIG. 6. Magnetic H-T phase diagram of Ce(Zn, 4Cuy ;), for
the b direction.

gressive change of CEF parameters, in particular, B2, as
has been deduced from the anisotropy of the paramagnet-
ic susceptibilities.® 1

In CeZn,, the low-field susceptibility along b exhibits a
well-pronounced peak at Ty =7.5 K (Fig. 2) and above
this temperature the magnetization process does not ex-
hibit any transition. For x =0. 1, no maximum of the ini-
tial susceptibility along this axis is observed at T, which
has then been determined as the temperature for which
no more metamagnetic transitions are observed in the
magnetization process. This leads to a Néel temperature
of Ty=6.6 K, which has been confirmed by neutron
diffraction. The evolution of the magnetization processes
for x =0.1 at different temperatures is shown in Fig. 3.
One can see at 7 K a paramagnetic behavior, whereas
smooth transitions are still visible at 6 K. As the transi-
tions are smoothed off when the temperature is increased,
the thermal dependences of the critical fields have been
extracted from the field derivative dM /dH (Fig. 4). The
phase diagrams along b for x =0 and 0.1 are shown in
Figs. 5 and 6.

IV. NEUTRON DIFFRACTION

A. Ce(Zny 4Cuy ),

We have performed neutron-diffraction experiments on
this compound (i) for H =0 kOe at different temperatures

TABLE 1. Ce(Zn,yCuy ), single crystal at T=3.9 K and
H=0: calculated and observed magnetic intensities. (hkIT)
reflections correspond to the (h,k,I+7) points of the reciprocal
lattice with 7=0.61. The reliability factor and maximum value
of the Ce moment are 10.0% and 1.7+0. 1u 5, respectively.

Icalc Iobs
h k 1 (1072 b) (1072 b)
0 0 o* 15.3 13.8
0 0 27 2.0 33
0 o0 2* 18.6 20.2
0 0 4% 7.1 6.1
0 —1 1* 1.2 1.3
2 0 ot 11.1 11.0
2 —1 1% 1.1 1.5
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FIG. 7. Modulated magnetic structure of Ce(ZngCuy ),
determined at 3.9 K.

ranging from 8 to 1.6 K on a single crystal as well as on a
polycrystalline sample, and (ii) on the single crystal at 1.6
K for H=17.8 and 47.4 kOe applied along b.

In zero field at 8 K, i.e., in the paramagnetic phase, the
neutron-diffraction intensities of the nuclear Bragg peaks
agree with a random distribution of Zn and Cu atoms on
the same 8h crystallographic site. A least-squares
refinement of the intensities (reliability factor R =2.3%)
led to the scaling factor and to the position parameters
for Ce (z=0.552) and for Zn (or Cu) (y=0.066 and
z=0.165).

Between Ty =6.6 and 3.3 K, all the magnetic intensi-
ties correspond to an incommensurate propagation vector
Q,=(0,0,7) in a reduced unit with 7 near 0.6 and varying
continuously with temperature, which proves the incom-
mensurate nature of this ordering. In particular, at 3.9
K, 7=0.61, no third-order harmonics were observed and
the refinement of the magnetic intensities (Table I) leads
to the sine wave modulated structure shown in Fig. 7.
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FIG. 8. Ce(Zny ¢Cug ),: thermal dependence (i) of neutron-
diffraction peaks associated with the propagation vectors Q,
and Q,, and (ii) of 7.
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TABLE II. Ce(Zny 4Cu,,), single crystal at T=1.6 K and
H=0: calculated and observed magnetic intensities associated
with the propagation vector Q,=(0,0,1). The reliability factor
and Ce moment are 8.2% and 1.6%0.1up, respectively. This
phase was found to occupy 22% of the total volume.

Icalc Inbs
h k 1 (1072 b) (1072 b)
0 0 1 7.5 8.1
1 1 1 46.1 48.8
o 1 2 327 317
1 0 2 22.6 25.7
0 0 3 39.0 34.6
2 0 1 5.4 6.5

Moments 1 and 2, on the one hand (which correspond to
each other by a translation of the Bravais lattice), are de-
scribed by the same sine wave modulation, whereas mo-
ments 3 and 4, on the other hand, are described by a
modulation with a phase shift of —70°+5° with respect to
the previous one.

Below 3.3 K, diffraction peaks associated with Q, are
still present but new peaks which can be indexed with
Q,=(0,0,1) are also observed [note that, due to the
translation 1,1, associated with the body-centered Bra-
vais lattice, this propagation vector is not equivalent to
the (0,0,0) one]. The thermal variation of the intensities
of the peaks associated with these two propagation vec-
tors are shown in Fig. 8. The lower part of this figure
also shows the thermal dependence of 7 which regularly
decreases from the maximum value of 0.63 at Ty, reaches
the commensurate value ] at 2 K, and remains locked on

this value at lower temperature. The only way to account

Q,=(0.0.1) )

L [

Q, =(0,0,12)

? c'=2¢
v=78%

Q, =(0,0,2/3)
Q0=(0,0,0)
H=17.8 kOe

c'=3c

Q, =(0.0.172)
Q,=(0,0,1)
Q0=(0,0,0)

c'=2¢

H=47.4 kOe

FIG. 9. Ce(ZngoCug ),: magnetic structures determined at
1.5 K for H=0, 17.8, and 47.4 kOe. The dark areas represent
the magnetic cells.
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TABLE III. Ce(Zng ¢Cuy ;), single crystal at T=1.6 K and
H=0: calculated and observed magnetic intensities associated
with the propagation vector Q;=(0,0,1). The reliability factor
and Ce moment are 12.0% and 1.6+0.1up, respectively. This
phase was found to occupy 78% of the total volume.

Icalc Iobs
h k 1 (1072 b) (1072 b)
o0 1 24.7 223
1 0 1 11.7 10.2
11 1 8.5 6.4
2 0 4 17.9 23.5
o0 2 3.0 3.2
1 0 3 29.7 28.1
2 0 3 22 2.9
00 3 30.9 32.1

for the presence, at low temperature, of these two sets of
magnetic contributions, in particular, if one assumes that
all moments should have the same value, is to consider
that the sample is divided into two types of regions, each
one being associated with one propagation vector.
Within this assumption we have found at 1.6 K the struc-
tures shown in Fig. 9. Assuming the same magnetic mo-
ment in both phases, the refinement of the intensities
(Tables II and III) led to a Ce magnetic moment of
1.610.1up and to an amount of 78 and 22 % for the Q,
and Q, phases, respectively. Note that the structure as-
sociated with Q, is the same as that previously reported
for CeZn,.® A confirmation of this mixing of two
different magnetic phases at low temperatures was given
from neutron-diffraction experiments on a powder sample
in which the amount of both phases was found different:
67 and 33 % for Q, and Q,, respectively.

At 1.6 K for H=17.8 kOe along b (i.e., in the first
field-induced phase) neutron-diffraction peaks, in addi-
tion to an increase of the nuclear peaks arising from the
induced ferromagnetic component Q,=(0,0,0), corre-

TABLE 1IV. Ce(Zn,4Cuy ), single crystal at T=1.6 K and
H=17.8 kOe applied along b: calculated and observed magnet-
ic intensities associated with Q;=(0,0, % ). The reliability factor
and Ce magnetic moment are 8.7% and 1.7%0.1up, respective-
ly.

Icalc Iobs
h k1 (1072 b) (1072 b)
2 -1 1} 21.0 21.1
0 o0 2 17.7 19.9
2 o0 2 12.7 14.5
1 -1 2 142 14.1
1 o 2 25.4 28.2
0 -1 3 6.0 5.7
2 -1 3 5.5 5.1
0o o % 30.3 315
1 -1 3 0.8 0.1
0 o 1 7.9 6.7
0o o & 15.8 12.4
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TABLE V. Ce(Zng4Cug ), single crystal at T=1.6 K and
H =47.4 kOe applied along b: calculated and observed magnet-
ic intensities. The reliability factor and Ce moment are 6.1%
and 1.710. 1u g, respectively.

Icalc Iobs
h k 1 (1072 b) (1072 b)
0 01 2.1 20
0 03 10.8 104
2 01 1.5 1.6
1 0 2 6.3 6.4
2 -1 0 13.4 13.6
2 -1 2 7.7 7.8
0 0 % 13.7 14.4
2 0 % 9.9 11.1
1 —1 % 4.7 4.7
2 —1 % 8.8 8.9
0 o % 1.6 1.9
1 0 % 16.4 17.4
0 —1 % 1.1 1.2
0 0 % 17.1 18.3
0 O % 1.7 1.2
0o 0 3 6.7 5.2

sponding to the propagation vector Q;=(0,0, %) were ob-
served. Due to the relative weakness of the ferromagnet-
ic contribution to the nuclear peak, the ferromagnetic
component was taken from the magnetization measure-
ments. The refinement of the intensities (Table IV) asso-
ciated with Q; led to the magnetic structure shown in
Fig. 9 and to a Ce moment of 1.7+0.1up. In agreement
with magnetization measurements, the first transition
thus corresponds to the flipping of  of the magnetic mo-
ments which were initially antiparallel to the field.

At 1.6 K for H=47.4 kOe along b, i.e., in the second
field-induced phase, neutron-diffraction peaks appear, in
addition to the increase of the nuclear peaks arising from
the induced ferromagnetic component Qy, corresponding
to the two propagation vectors Q;=(0,0,1) and
Q,=(0,0,1). These three propagation vectors are not in-
dependent and correspond to harmonics of the same
structure. For sake of simplicity we carried out the
refinement (Table V) in a magnetic cell twice as large as
the crystallographic one along c, and we have deduced
the magnetic structure shown in Fig. 9. The magnetic
moment is 1.71+0.1u5 and the magnetic structure corre-
sponds to the flipping of 1 of the magnetic moments
which were initially antiparallel to the field. This value
of the magnetic moment is then in agreement with that
deduced from magnetization measurements.

B. CeZn,

To study more in depth the thermal dependence of the
zero-field magnetic structure of CeZn,, and, in particular
to investigate the possibility of an incommensurate phase
(as for x=0.1) near Ty=7.5 K, we have carried out
neutron-diffraction patterns on a polycrystalline sample
in the temperature range 8-1.8 K. As for the compound
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FIG. 10. CeZn,: thermal dependence (i) of neutron-
diffraction peaks associated with the propagation vectors Q,
and Q,, and (ii) of 7.

with 10% Cu, below T, in addition to the contribution
associated with Q,, one observes magnetic peaks which
are indexed with the propagation vector Q, (this addi-
tional contribution was not mentioned in the first
neutron-diffraction study®). The thermal dependence of
the intensity of two peaks associated with each of these
vectors is reported in Fig. 10, as well as the thermal
dependence of 7 (lower part). The main features of these
results are the following. (i) The Q, phase does not exist
between T and 7.2 K, and the incommensurate phase is
the only one present in this very small temperature range.
(ii) 7, which reaches 0.60 at Ty, decreases with tempera-
ture and locks on } below 5 K. (iii) Except near Ty, the
Q, phase represents the largest amount and at 1.8 K one
finds 9 and 91 % of the Q, and Q,, phases respectively.
Because of the similitude of the magnetization processes
of both compounds with x =0 and 0.1, and owing to the
above powder diffraction results, we have concluded that
the field-induced magnetic structures were the same. So,
we did not determine the additional phase which has
been mentioned above to appear in a small range of field
around 40 kOe.

V. ANALYSIS AND DISCUSSION

Neutron-diffraction experiments allowed us to deter-
mine the microscopic aspects of the magnetic phase dia-
gram of the Ce(Zn,_, Cu, ), compounds rich in Zn. The
existence of an incommensurate modulated magnetic
structure just below T, which transforms toward a com-
mensurate equal moment structure at low temperature, is
a common feature of rare-earth-based intermetallics.®
However, in the present study there is a coexistence of
two distinct phases below a given temperature: an equal
moment one [Q,=(0,0,1)] and an incommensurate
modulated one [Q,=(0,0,7)], that, on cooling, progres-
sively transforms toward a commensurate one (7=13)
with equal moments. This coexistence means that the en-
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ergies of the Q; and Q, phases are very close. The incom-
mensurate propagation vector of the Q, phase just below
Ty corresponds to the value of q for which the Fourier
transform on the exchange interactions J(q) is maximum.
Its change to a commensurate value at low temperatures
arises from the effect of higher-order harmonics J(nq)
and higher-order terms of the order parameter which
play an increasing role when the temperature is decreased
if, in agreement with crystal-field effects which lead to a
magnetic ground state, moments tend to be equal in order
to reduce entropic effects associated with the modulation.

It is worth noting the increase, with the amount of Cu,
of the volume of the Q, phase at low temperature as well
as the temperature range for which the modulated phase
is the only one present.

As quoted above, CEF effects in these compounds have
been studied by simultaneously analyzing the inelastic-
neutron-scattering spectra and the thermal dependences
of the paramagnetic susceptibilities along the a, b, and ¢
axes.'* For x =0 and 0.1, the five parameters character-
izing these CEF effects on a Ce** ion in orthorhombic
symmetry lead to a magnetic moment of 1.5u5 in a field
of 80 kOe. This value is very close, although slightly
smaller, to the observed one (1.6up). This means that
the reduction of the Ce moment compared to the free-ion
value (2.14up) is due to the CEF effects and not to the
Kondo effect. These CEF parameters strongly favor the
b axis which supports the assumption of an Ising-like sys-
tem used in the analysis presented below.

Due to the great variety of magnetic structures with
different propagation vectors, the low symmetry, and the
fact that the unit cell contains Ce atoms on two Bravais
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FIG. 11. Sketch showing the equivalent lattice of pairs used
in the model of interactions in the case of the first field-induced
phase.
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lattices, a quantitative interpretation of the magnetic
phase diagram of these compounds in terms of exchange
interactions can be carried out only by doing some
simplifications. The main one uses the following charac-
teristic common to all the observed magnetic arrange-
ments: moments of atoms 1 and 4, on the one hand, and
2 and 3, on the other hand, are always parallel. Even in
the modulated structure the phase shift of —70°+5° is
such that moments 1 and 4 (and 2 and 3 ) are parallel
with close values except, of course, when they are near
zero (see the upper part of Fig. 7). This shows that the
interaction within each pair of moments is ferromagnetic
and larger in magnitude than the other interactions. We
have thus considered each of these pairs as a whole and
replaced them by a single magnetic moment as shown in
Fig. 11 for the first field-induced structure. The subse-
quent steps of our model are the following: (1) Because of
the huge uniaxial CEF anisotropy these compounds are
Ising-like systems with a well-defined (for temperatures
low enough) moment M, being either parallel or antipar-
allel to b. (2) Let n,M,, n,M, and n; M, be the molecu-
lar fields due to the nearest planes perpendicular to ¢ on
the plane taken as reference (see Fig. 11). With this tool
we can discuss the main features of the magnetic phase
diagram.

A. Critical fields

At 0 K, the magnetic energy per Ce atom of the
different phases can be written as

Ey,=n,M3, E\=(n;—n,+n3;) M},
E\=Xn,+n,—3n,)M}—1M,H ,
E,=—IM,H ,

and
E;=—(n,+n,+n;) M3—MyH ,

where E and E ) refer to the zero-field structures with Q,
and Q,, respectively. E,, E,, and E; correspond to the
structures induced in increasing field. The coexistence of
two structures in zero field means that E, and E are al-
most the same. Assuming that these energies are equal
leads to n;=2n,—n,. Subsequently, from the compar-
ison of the different energies, we can deduce the different
critical fields:

TABLE VI. Low-temperature molecular fields in the
Ce(Zn,_,Cu, ), compounds with x =0 and 0.1.

Compound CeZn, Ce(Zny oCuy 1),
nyM, (kOe) —20.0 —-17.7
n,M, (kOe) —12.0 —9.7
n3M0 (kOe) —4.0 —1.7
H* (kOe) 15.7 6.8
HZ* (kOe) 40.3 44.6
H3® (kOe) 72.0 58.5
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FIG. 12. Calculated and experimental variations of magneti-
zation along b at 1.5 K in the compound with x =0.1.

H =4n M,—8n,M, ,

H,=—8n,M,+10n,M, ,
and

H ;=—6n,M, .

The n, parameter can be determined from H_;, whereas
n, is determined in order to give the best account of the
two first critical fields. The values obtained are reported
in Table VI. From this table and from Fig. 12 one can
see that this model gives quite a satisfactory account of
the low-temperature phase diagram. The field depen-
dences of the different calculated energies for the x =0.1
compound are shown in Fig. 13; they illustrate well the
successive field-induced structures.

B. Hysteresis

At 1.6 K, metamagnetic processes in the compounds
with x <0.15 exhibit hysteresis. The amplitude of this
hysteresis is different for each transition; in particular,
for the two compounds with x =0 and 0.1, this amplitude
is very weak for the third transition whereas it is two
times larger for the second transition than for the first
one. It is then interesting to understand the origin of
such characteristics. At O K, and in the absence of any
activation phenomenon, the transition from one phase to

Energy (arb. units)

- 10 1 1 1 1 1 1 1
0 20 40 60 80
H(kOe)

FIG. 13. Calculated field dependence of the magnetic energy
for Ce(Zno.9Cuo_ 1 )2.
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TABLE VII. Theoretical critical fields and hysteresis of the three transitions.

Transition HY H- AH,
1 (ng—2n,)M, (—no+2n,—4n,)M, 2ng—n,+n,)M,
(ng—4n,+2n,)M, (—ny—2n,)M, 2(ng—2n,+2n,)M,
3 (ng—6n,)M, (—ng—6n,)M, 2noM,

the other needs to overcome an energy barrier. Indeed,
in order for the structure to change from, say, phase I to
phase II, an energy smaller for phase II than for phase I
is not enough. This energy barrier does not come from
the anisotropy because the latter is too high for the flip-
ping process to take place through a rotation. Indeed,
the anisotropy field deduced from the magnetization pro-
cesses is of the order of 800 and 730 kOe at 1.5 K for
x =0 and 0.1, respectively. Moreover, such a process
would lead to comparable hysteresis for the three transi-
tions. Therefore, the metamagnetic process is driven by
the change sign of the total (applied plus molecular) field
acting on the flipping moments. One can then calculate
the theoretical critical values of H,' and H,~ for increas-
ing and decreasing fields, respectively. These values are
reported in Table VII, where nyM, is the molecular field
arising from moments of the same plane. On the same
table we have also reported the amplitude of the hys-
teresis AH.=H." —H_. Replacing n;M, and n,M, by
their values (Table VI) gives the different AH, values
which are reported in Table VIII where they are com-
pared with the experimental ones for the x =0.1 com-
pound. From this table we make the following com-
ments: (i) If one considers that n, is small, the calcula-
tion accounts for the small value of AH%* and for a value

(4
of AHZ%® almost twice as large as that of AH®Y. (ii)
Knowing that n is certainly positive, the experimental
values for transitions 1 and 2 are much smaller than the
calculated one. (iii) Assuming nyM,=1.7 kOe leads to
the same ratio between observed and calculated values
(about 0.15) for the three transitions. Such a reduction
may be driven by identical activation effects. (iv) With
this noM, value, the expected metamagnetic process for
x =0.1 in increasing and decreasing fields, drawn in Fig.
12, exhibits a large assymmetry in the hysteresis with
respect to the critical field H, corresponding to the sim-
ple crossing of energies in the absence of any hysteresis.
For instance, H ;{ —H, =14.2 kOe, whereas
H.—H_; =1.6 kOe. Further experiments of the mag-
netic aftereffect would allow a more precise study of
thermal activation effects in the energy barrier crossing

TABLE VIII. Ce(Zng Cuy );: Comparison between the ob-
served and calculated hysteresis for the three transitions. For
the calculation, a value of 1.7 kOe for no,M, was used. Values
are in kOe.

Transition AHS" AH>
1 16-+2n,M,=19.4 3.0
2 32+2noMy=35.4 4.9
3 2 My =3.4 0.5

as well as the existence of any other temperature-
independent phenomenon. Therefore, in spite of the ap-
proximations of the model, one can assert that the origin
of the hysteresis loops is the energy associated with ex-
change interactions.

C. J(q) and the high-temperature incommensurate phase

Another interesting aspect of our analysis concerns the
thermal evolution of the zero-field magnetic structures.
It is well known that the propagation vector of a magnet-
ic structure just below Ty is that for which the Fourier
transform J(q) of the exchange interactions is maximum.
Such a function for q parallel to c (z axis) can be built up
from the exchange field coefficient n;’s used above. Let
us use the formalism

J(@)= 3 Je

i#j

Zﬂiq(rj—r,.)

when the J;;’s are related to the exchange field by the for-
mula

1
H,=—— S J,;(M(j)) .
¢ g}#% ,% /

If one neglects the interactions arising from fourth-
neighbor equivalent planes, one obtains, in our system,

J(gq,)=A[ny+2n,cos(mgq,)+2n,cos(2mq,)
+2n;cos(3mg,)]

=Mi[n0M0+2n1Mocos(7rqz)
0

+2n,Mycos(2mq, ) +2n3Mcos(3mq,)] ,

where 4 =0.362 if J(q,) is expressed in K and consider-

Ja,)

Ce(an_KCux)2 4

10 025 0 0.75 1

. . . q

FIG. 14. g, dependence of J(q) calculated from the deduced
exchange field parameters.
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ing M, as the moment of one pair expressed in ug, i.e.,
twice the Ce moment. This second expression is valid at
any temperature provided that the value of M, in the
denominator and of the n;M’s are taken at the same
temperature. Using the n;,M, values of Tables VII and
VIII, M;,=3.2up, we have plotted in Fig. 14 J(q,) versus
q, for the compounds with x =0 and 0.1. These varia-
tions lead us to very interesting conclusions.

(i) J(q,), which first strongly increases with g,, does
not vary significantly for 0.5=<g, <1 and has almost the
same value for the propagation vectors Q, and Q,.

(i) J(q,) is the maximum for ¢,=0.57 and 0.63 for
x =0 and 0.1, respectively. These values are very close to
those found experimentally at Ty for both compunds,
namely, g, =0.60 and 0.63, respectively.

D. Further comments

It would be interesting to compare J(q) and J(0) with
the Néel temperature and with the paramagnetic Curie
temperature without the CEF (although this latter tem-
perature is affected by the Kondo effect). However, such
an approach is impossible because of the simplifying as-
sumption which does not take into account the positive
interaction (expected to be rather important) between
both moments of each pair and which can have an impor-
tant contribution to these two temperatures.

The present study shows the importance of neutron-
diffraction experiments in the determination of magnetic
phase diagrams, in particular, to account for the mixing
of two different phases in low fields. Due to its macro-
scopic aspects, the magnetic phase diagram determined
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from bulk magnetic measurements (bulk phase diagram)
cannot give us useful information in this low-field region.
For CeZn,, the Q, phase occupies more than 90% of the
volume and the bulk magnetic properties are characteris-
tic of this phase. In particular, they give an ordering
temperature of 7.2 K (Figs. 2 and 5). Actually, this tem-
perature corresponds to the disappearance of the Q,
phase, whereas between 7.2 and the true value of
Ty=17.5 K, determined by neutron diffraction, the com-
pound has the incommensurate Q, structure (see Fig. 10).
For the compound with x=0.1, the amount of each
phase is comparable, leading to a bulk magnetic phase di-
agram still more difficult to interpret without the neutron
study. In addition to the lack of a susceptibility anomaly
at Ty previously mentioned, this diagram (Fig. 6) does
not give any indication of (i) the temperature (2.0 K)
above which the Q,; structure becomes incommensurate
and (ii) the temperature (3.3 K) above which the incom-
mensurate phase is not the only one present (see Fig. 8).

As a conclusion, macroscopic and microscopic charac-
teristics of the complex magnetic phase diagrams of the
Zn-rich Ce(Zn,_,Cu,), compounds are presented and
discussed. An Ising-like model using a set of three ex-
change field parameters accounts simultaneously for (i)
the different magnetic structures observed, their magnetic
propagation vectors, and their thermal evolution, as well
as the coexistence of two magnetic structures of
equivalent energies at low temperature and (ii) the critical
fields and the associated hysteresis in the magnetic pro-
cesses. This system appears to be a good candidate to
study the origin of the hysteresis in uniaxial antifer-
romagnets.
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FIG. 11. Sketch showing the equivalent lattice of pairs used
in the model of interactions in the case of the first field-induced
phase.
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FIG. 9. Ce(Zng¢Cug);: magnetic structures determined at
1.5 K for H=0, 17.8, and 47.4 kOe. The dark areas represent
the magnetic cells.



