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Disappearance and reappearance of magnetic ordering upon lanthanide substitution
in „Er1ÀxDyx…Al2

A. L. Lima,1 K. A. Gschneidner, Jr.,1,2,* V. K. Pecharsky,1,2 and A. O. Pecharsky1
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2Department of Materials Science and Engineering, Iowa State University, Ames, Iowa 50011-3020, USA
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Multiple magnetic ordering phenomena, when substituting Dy for Er in (Er12xDyx)Al2 over a broad range
of concentrations 0<x<0.85, observed in low-temperature heat capacity measurements have been explained
theoretically. The Hamiltonian that describes the system includes crystalline electric field effects, exchange
interaction, and second-order contributions such as quadrupolar and magnetoelastic effects. We show that the
discontinuity in the heat capacity, which arises at certain concentrations of the alloying element Dy, is the result
of the competition between the magnetoelastic coupling and quadrupolar effects. The existence of the disap-
pearance and reappearance of the magnetic phases in other lanthanide-lanthanide systems is also discussed.
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INTRODUCTION

In the past ten years, there has been a growing intere
the use of magnetic materials for cooling applications1,2

Lanthanide compounds and alloys, which magnetically or
below 20 K and have large magnetic heat capacities,
already employed as cryocooler regenerator materials to
down to 4 K,1 while lanthanide materials which order ferro
magnetically near room temperature are being considered
their magnetocaloric properties as active magnetic regen
tor ~AMR! materials for near-room-temperature refrigerati
and cooling.2 In many cases, it is necessary to adjust
magnetic ordering temperature of a material to make o
mum use of its magnetothermal properties. One of the b
ways to do this is to partly substitute one lanthanide elem
for another one to attain the desired ordering temperatur1,3

In our investigation to increase the low-temperatu
(,20 K) heat capacity of Er metal as a cryocooler regene
tor material, Pr was found to be an effective alloying age1

Another study to find an inexpensive and improved AM
material for hydrogen liquefaction involved th
(Er12xDyx)Al2 system.4,5 In both of these studies it wa
found that the low-temperature magnetic ordering@the tran-
sition below the upper Ne´el ~Er! or Curie (ErAl2) tempera-
ture# of the the Er-based material~i.e., pure Er and ErAl2 ,
respectively! disappeared upon alloying Pr and Dy, respe
tively, but as more Pr~or Dy! was added, an apparent ne
magnetic phase appeared, which in turn vanished upon
ther alloying; and finally, yet another new magnetic pha
was observed at even higher concentrations of the alloy
element~see Refs. 1 and 6 for the Er12xPrx alloys and Ref. 5
for Er12xDyxAl2 alloys!. We have called these unusual b
haviors the ‘‘DADA’’ ~disappearance, appearance, disapp
ance, appearance! phenomena. As far as we are aware t
DADA behavior has not heretofore been observed.

In order to understand the DADA behavior we have c
ried out crystalline electric field~CEF! calculations including
second-order effects such as quadrupole interations, for
(Er12xDyx)Al2 system. The CEF effects are already w
described in the literature for the binaryRAl2
0163-1829/2003/68~13!/134409~8!/$20.00 68 1344
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phases:7 however, there are other interactions affecting t
lanthanide ions which are often, but should not be alwa
neglected. Certainly, the quadrupolar interactions are am
the most important second-order effects. The quadrupola
teractions consist of two contributions: one is related to
coupling of spins. A biquadratic coupling between the sp
leads to quadrupolar exchange due to indirect Coulomb
exchange interactions, where conduction electrons may
an important role.8 The second contribution from the quadr
polar effect is that the lattice is usually coupled to the qu
drupoles in the 4f shell, promoting magnetoelastic effects9

Some magnetoelastic interactions can be observed as la
distortions and, therefore, explained by the cooperative Ja
Teller theory, while others are treated as magnetostric
effects. As commonly known, the magnetostriction effec
which are isotropic or anisotropic lattice deformations exh
ited by a magnetic material when it becomes magnetized
result of the influence of an applied magnetic field, a
present in both ErAl2 and DyAl2 .7 In general, the 4f sys-
tems are not considered as conventional Jahn-Teller syst
however, the weak vibronic coupling narrows the lines of t
optical spectrum, which enables them to be observed w
high precision.10 Nevertheless, the influence of the loc
Jahn-Teller distortions—namely, the instability of high
symmetric systems as a result of the interaction of dege
ated electronic states with another subsystem and the co
quent formation of several degenerated low-symmetry c
figurations of the total system—and the structural ph
transition induced by these distortions of the magnetic str
ture formed below the compound’s critical temperature c
be visualized in lanthanide compounds.10 Due to the strong
spin-orbit coupling in the lanthanide compounds, the m
netic moment and Jahn-Teller operators are described on
bases of the same electronic states. These two orderings
not coexist: only the one, which leads the system to its low
energy, prevails.

For ErAl2 , the magnetoelastic coupling constants we
determined by Stanleyet al.,11 using magnetostriction mea
surements in the ferromagnetic phase. Their study, howe
shows that the incorporation of the coupling constants i
©2003 The American Physical Society09-1
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LIMA, GSCHNEIDNER, PECHARSKY, AND PECHARSKY PHYSICAL REVIEW B68, 134409 ~2003!
the mean-field approach would weakly affect the values
fitted crystal field parameters. For DyAl2 , the contributions
of both magnetostriction and quadrupolar exchange pla
more important role in reproducing the discontinuous cha
in the magnetization along the@111# direction.7 Moreover,
Lima et al. investigated DyAl2 single crystal with a magnetic
field vector oriented parallel to the three main crystal
graphic directions@100#, @110#, and@111# and concluded tha
spin reorientation is mostly responsible for the unusual f
tures of magnetic and magnetocaloric properties.12

In this work, we present some additional experimen
measurements taken on alloys near the critical composit
in the DADA sequence and theoretical insight on the chan
in the variation of the heat capacity peaks within the se
(Er12xDyx)Al2 whenx changes from 0 to 0.85. In order t
explain the experimentally observed data, we extende
mean-field model13 and included second-order effects th
account for quadrupolar and magnetoelastic effects.
model explains the observed experimental features and
describes a systematic change in the behavior of the sy
as a function of the Dy concentration.

EXPERIMENTAL PROCEDURE

Dy and Er metals were obtained from the Materia
Preparation Center of the Ames Laboratory. The lanthan
were 99.81 at. % pure with the following major impurities
~in ppm atomic!: Dy-H~800!, F~690!, O~500!, N~46!,
Mn~24!, Fe~23!, Cl~23!, Ta~17!, and C~10! and Er-H~828!,
O~546!, F~246!, C~97!, N~60!, Fe~19!, Cl~14!, Ta~2!, and
Mn~1!. The Al was purchased from a commercial vendor a
was reported to be 99.99 wt % pure. The samples were
pared by arc-melting the two lanthanide metals to form
corresponding Er12xDyx alloy, which then were arc-melte
with Al to form (Er12xDyx)Al2 . Annealing was not neces
sary since all compounds melt congruently. According
x-ray powder diffraction and optical metallography examin
tions, the samples were over 99% single phase. The
capacity was measured in an adiabatic heat-pu
calorimeter14 in the temperature range from;3.5 to 350 K at
several applied fields (H50, 20, 50, 75, and 100 kOe!.

THEORY

The pseudobinary (Er12xDyx)Al2 alloys exhibit a nearly
linear increase in the Curie temperatures (TC) from series
extremes ErAl2 , TC513.6 K, to DyAl2 , TC563.9 K,5 and
the peak value of the adiabatic temperature change~see Fig.
7 of Ref. 5! and isothermal magnetic entropy change~see
below! as functions of temperature follow a nonlinear d
crease with Dy concentration. In particular, the compou
DyAl2 has been extensively studied in part due to the suc
of the RKKY model describing many of its magnet
properties.15

Both ErAl2 and DyAl2 crystallize in the cubicC15
MgCu2-type Laves phase structure. The point symmetry
the rare earth ion is 43̄m, but it lacks a center of inversion
The usual CEF Hamiltonian can still be used. In order to ta
into account the CEF interaction, exchange interaction,
13440
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tice, and electronic contributions, the Hamiltonian to
solved can be written as

H5Hce f1Hmag, ~1!

where

Hce f5WF X

F4
~O4

015O4
4!1

~12uXu!
F6

~O6
0221O6

4!G ~2!

and

Hmag52gmB@Bm
x Jx1Bm

y Jy1Bm
z Jz#. ~3!

Equation~2! represents the CEF interaction for an ion
Lea-Leask-Wolf notation,16 whereW is the energy scale o
CEF andX (21,X,1) gives the relative importance be
tween the contribution of the fourth- and sixth-order Steve
operatorsOn

m . The dimensionless constantsF4 andF6 have
the values 60 and 13 862, respectively,16 andg is the Lande´
factor. Moreover, Eq.~3! describes the Zeeman effect andB,
the effective magnetic field experienced by the system
given by the molecular field approximation as

Bm
n 5B0 cos~f!1lMn for n5x,y,z and f5a,b,g,

~4!

whereB0 is the applied field,Mn is the magnetization cal
culated using an extended Bak model,17 and l is the ex-
change parameter. The cosines are the direction cosine
the three crystallographic axes. The CEF parametersl andg
are considered to be linear functions of the concentrat
and the input values for the series end members DyAl2 and
ErAl2 were taken from the literature.13

In a mean-field approximation, the biquadratic exchan
interaction, as given by Purwins and Leson,7 can be de-
scribed by

HQ52K1~^O2
0&O2

013^O2
2&O2

2!

24K2~^Pxy&Pxy1^Pyz&Pyz1^Pzx&Pzx!, ~5!

whereO2
0 , O2

2, and Pi j for i , j 5x,y,z, the combination of
the angular momentum operator, are the Stevens equiva
operators of the second order, andK1 andK2 are the biqua-
dratic coupling constants. In order to evaluate the mag
toeslastic interaction, we adopt a general expression fo
cubic ferromagnet:18

Hmel52B1~«3O2
01)«2O2

0!

2B2~«xyPxy1«yzPyz1«zxPzx!, ~6!

whereB1 andB2 are the magnetoelastic coupling consta
and « i , j are the symmetrized external strain modes adap
to cubic symmetry. The two contributions can be combin
to reach the final expression

HQ1mel52G1~^O2
0&O2

013^O2
2&O2

2!

2G2~^Pxy&Pxy1^Pyz&Pyz1^Pzx&Pzx!, ~7!

whereG1 andG2 are constants. For (Er12xDyx)Al2 alloys,
G150.000 088 meV andG2520.0023 meV.
9-2
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FIG. 1. The zero-magnetic-field heat capacity of the (Er12xDyx)Al2 alloys: ~a! ErAl2 , ~b! (Er0.95Dy0.05)Al2 , ~c! (Er0.90Dy0.10)Al2 , ~d!
(Er0.86Dy0.14)Al2 , ~e! (Er0.82Dy0.18)Al2 , ~f! (Er0.75Dy0.25)Al2 , ~g! (Er0.67Dy0.33)Al2 , ~h! (Er0.6Dy0.4)Al2 , ~i! (Er0.45Dy0.55)Al2 , ~j!
(Er0.30Dy0.70)Al2 , ~k! (Er0.15Dy0.85)Al2 , and~l! DyAl2 .
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Thus, the total Hamiltonian that describes the system

H5Hmag1Hce f1HQ1mel . ~8!

As Eq. ~8! is solved, we calculate the partition functio
and then obtain all other quantities such as magnetizat
free energy, entropy, etc. In order to calculate the total
tropy correctly, we have to include the lattice and electro
contributions as follows and as shown in Ref. 13:

ST~B,T!5Smag~B,T!1Slatt~T!1Sel~T!, ~9!

where the magnetic contribution is given by

m0S ]SM

]B D
T

5S ]M

]T D
B

, ~10!

where the magnetizationM is obtained from a self-consisten
solution of the magnetic state equation. The lattice contri
tion is obtained from

Slatt523R lnF12expS QD

T D G
112RS T

QD
D 3E

0

QD/T x3dx

exp~x!21
, ~11!

and, finally, the electronic contribution is calculated by

Sel5gT. ~12!
13440
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We also include a self-consistent procedure for all e
pected values of the operatorsPi j andO2

i ~heretofore called
second-order operators! and a minimization of the energy t
allow the spin rotation according to the magnetic pha
diagram.5 For clarity, we will simply call O2

i quadrupolar
operators andPi j magnetoelastic operators, so that we c
analyze and compare the different contribution of each te
Since our samples are polycrystalline, we adopted an ave
over the three crystallographic directions@100#, @110#, and
@111# in order to compare the theoretical results with t
measurements.

RESULTS AND DISCUSSION

In the (Er12xDyx)Al2 system@see Figs. 1~a!–1~l!#, as Dy
is substituted for Er, the sharpl-type second-order magneti
heat capacity peak, i.e., at the Curie temperature, of p
ErAl2 ~labeled peakA) @Fig. 1~a!# gradually broadens@Fig.
1~b!# and changes to a rounded second-order peak~peakB),
and at the same time the upper Curie temperature peakTC)
appears as the nearly vertical slope line on the hi
temperature side of the heat capacity peak atx50.1 @Fig.
1~c!#. As more Dy is added (x50.14), a sharp peak begins t
develop~peakC) which coexists with peakB @see Fig. 1~d!#.
The two peaks (B andC) still coexist atx50.18 @Fig. 1~e!#
but peakB becomes weaker and peakC is much stronger. At
x50.25@Fig. 1~f!# peakB is no longer evident and peakC is
now fully developed as a narrow peak, which is indicative
9-3
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LIMA, GSCHNEIDNER, PECHARSKY, AND PECHARSKY PHYSICAL REVIEW B68, 134409 ~2003!
a first-order phase transformation. Over the same conce
tion region, the Curie temperature becomes more evident
shifts to higher temperature with increasing Dy content.
more Dy (x.0.25) is added, peakC is retained but its mag
nitude and temperature are reduced@Figs. 1~g! and 1~h!# and
seem to vanish atx'0.5 @Figs. 1~h! and 1~i!#. Further Dy
additions,x>0.5, result in another type of magnetic orderi
~peakD) at ;7 K @Fig. 1~i!# which was thought to be due t
CEF effects.5 This has been recently confirmed by theoreti
calculations carried out by Limaet al.13 These broad CEF
anomalies are not readily visible in the heat capacity ver
temperature plots, but are obvious in the magnetocaloric
fect ~MCE! parameters—both the adiabatic temperat
changeDTad ~Ref. 5! and the isothermal magnetic entrop
changeDSM ~see Fig. 2!—which are derived from heat ca
pacity measured as a function of temperature and magn
field.

The location of the upper paramagnetic to ferromagn
order peak—i.e., the Curie temperature (TC) for 0.10<x
<1.0—continues to rise in a monotonic linear function
would be expected for the respective de Gennes factor va
of Er and Dy @see Figs. 1~c!–1~l! and Fig. 2#. The various
transitions as a function of the Dy concentration are plot
in Fig. 3.

Figure 4 presents the comparison between the calcul
and measured heat capacity for ErAl2 . The theoretical curve
reproduces the experimental data quite well. Experiment
the heat capacity of ErAl2 exhibits a sharp peak~peakA) at
T;12 K while the calculated heat capacity peak is equa
sharp with a peak temperature ofTC;13 K. The inset shows
the contributions of the average second-order terms^O2

i & and
^Pi j & as functions of temperature. For this concentration,
quadrupolar termsO2

i are negative and smaller in absolu
value than the magnetoelastic termsPi j . As seen in the inse
of Fig. 4, the second-order terms vanish aboveTC.

As more Dy is added, the beginning of the developm

FIG. 2. The magnetocaloric effect in terms of the isotherm
magnetic entropy change vs temperature for the (Er12xDyx)Al2 al-
loys as calculated from heat capacity for a magnetic field cha
from 0 to 50 kOe.
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of peakC for x50.14 is observed@Fig. 1~d!#. Figure 5 is a
comparison between the calculated and measured heat c
ity as a function of the temperature for (Er0.86Dy0.14)Al2 .
The peak shape of the heat capacity for this compositio
different from that calculated for pure ErAl2 , x50 ~Fig. 4!;
it is more broad and is consistent with the rounded, bro
experimental heat capacity peak. In this case one of the q
drupolar terms dominates and accounts for the broadenin
the heat capacity curve. Although the agreement betw
experiment and theory is not as good as for the pure ErA2 ,
this difference may be related to some minor contribution~s!
neglected in the model. The shape of the curve suggests
existence of more than one magnetic phase, which is con
tent with the development of the sharp peak at;15 K ob-
served experimentally.

In Fig. 6, however, the presence of the new magne
phase~peakC) is clearly observed in the experimental he
capacity near 10 K for (Er0.75Dy0.25)Al2 @Fig. 1~f!#. An ordi-
nary second-order transition occurs, as expected, at the C
temperature~24 K! where the system goes from a ferroma

l

e

FIG. 3. The various magnetic ordering temperatures as funct
of the dysprosium concentration (x). Point A is the sharp heat
capacity peak in the pure ErAl2 , the points labeledB are the broad
rounded heat capacity peaks, the points labeledC are the narrow
sharp heat capacity peaks (T1), the D points are the crystalline
electric field peaks,TC is the Curie temperature, andTSR is the spin
reorientation temperature. The calculated phase diagram
(Er12xDyx)Al2 is shown on top and the variously hatched are
indicate the presence of the prevailing contributions. The letters
the top indicate strong contributions to the magnetic energy: M
magnetoelasticity: Q, quadrupole: CEF, crystalline electric fie
and SR, spin reorientation.
9-4



on
(
s

n
l

he

re-
s we

ri-

ose

tu

he

-

tu

o

-

ture

of

-

ture

the

-

DISAPPEARANCE AND REAPPEARANCE OF MAGNETIC . . . PHYSICAL REVIEW B 68, 134409 ~2003!
netically ordered phase to a paramagnetically disordered
There is an excellent agreement between the calculatedTl)
and measured temperature~peak C); nevertheless, there i
still a displacement of;3 K for the theoreticalTC at;35 K.
The inset of Fig. 6 shows the average value of the seco
order operators and the same pattern as observed for ErA2 is
repeated: the magnetoelastic coupling is dominant w
compared to the quadrupolar effect. Similar tox50 and
0.14, all the second-order contributions vanish aboveTC and
they are well behaved and continuous functions nearTl . The

FIG. 4. The measured heat capacity as a function of tempera
~open circles! compared to the calculated one~solid line! in zero
magnetic field for ErAl2 . The inset shows the average values of t
second-order terms as functions of temperature whereOi

i are the
quadrupole parameters andPxy , Pyz , andPzx are the magnetoelas
tic parameters.

FIG. 5. The measured heat capacity as a function of tempera
~open circles! compared to the calculated one~solid line! in zero
magnetic field forx50.14. The inset shows the average values
the second-order terms as functions of temperature whereOi

i are the
quadrupole parameters andPxy , Pyz , andPzx are the magnetoelas
tic parameters.
13440
e.
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n

latter suggests that second-order terms are not directly
sponsible for the existence of the new magnetic phase, a
will discuss below.

For higher concentrations of Dy, the anomaly atTl starts
to decrease in intensity, but it is still clearly observed expe
mentally as a sharp peak at;5.7 K in (Er0.6Dy0.4.)Al2 @see
Figs. 1~h! and 7#. The discontinuity~peak C) completely
vanishes forx>0.5 @e.g., see Figs. 1~i!–1~k! and 8 for x
50.85]. The second-order terms behave similarly to th
for all higher Dy concentrations 0.6<x<1.0,: i.e., the qua-

re

re

f

FIG. 6. The measured heat capacity as a function of tempera
~open circles! compared to the calculated one~solid line! in zero
magnetic field forx50.25. The inset shows the average values
the second-order terms as functions of temperature whereOi

i are the
quadrupole parameters andPxy , Pyz , andPzx are the magnetoelas
tic parameters.

FIG. 7. The measured heat capacity as functions of tempera
~open circles! compared to the calculated one~solid line! in zero
magnetic field forx50.4. The inset shows the average values of
second-order terms as functions of temperature whereOi

i are the
quadrupole parameters andPxy , Pyz , andPzx are the magnetoelas
tic parameters.
9-5
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LIMA, GSCHNEIDNER, PECHARSKY, AND PECHARSKY PHYSICAL REVIEW B68, 134409 ~2003!
drupolar effects prevail over the magnetoelastic coupling.
deed, in (Er0.15Dy0.85)Al2 only one of the quadrupole term
remains nonzero~see Fig. 8!.

For the pure DyAl2 ~see Fig. 9!, there are two possible
theoretical approaches to describe its magnetic proper
one includes only the spin reorientation~solid line! and the
other includes the second-order effects~dash-dotted line!. As
we can see, the first approach reproduces the experim
results better. The reasons why it happens may be relate

FIG. 8. The measured heat capacity as functions of tempera
~open circles! compared to the calculated one~solid line! in zero
magnetic field forx50.85. The inset shows the average values
the second-order terms as functions of temperature whereOi

i are the
quadrupole parameters andPxy , Pyz , andPzx are the magnetoelas
tic parameters.

FIG. 9. The zero-magnetic-field measured heat capacity
DyAl2 as a function of temperature~open circles! compared to the
calculated one which includes spin reorientation~solid line! and for
one which includes the second-order terms~dash-dotted line!. The
inset shows the average values of the second-order terms as
tions of temperature whereOi

i are the quadrupole parameters a
Pxy , Pyz , andPzx are the magnetoelastic parameters.
13440
-

s:

tal
to

both the choice we made for the input CEF parameters
the stronger contribution of the spin reorientation ene
over the second-order terms. In general, for higher conc
trations of Dy, the agreement between the experimental
theoreticalTC is better. In terms of theory, it would be pos
sible to improve this agreement for any concentration
choosing anotherl input or simply by fixing a value forl;
however, arbitrarily changing the value of the exchange
rameter would lead to a solution without the low-temperat
anomaly. Our results for pure polycrystalline DyAl2 are in
agreement with the values for single-crystal DyAl2 .12 For
the single crystal, the model, which includes only the s
reorientation, reproduces the observed features of the m
netocaloric properties.

Figure 10 shows the behavior of the maximum avera
value of the second-order operators as a function of the
concentration. The appearance of peakC without the coex-
istence of peakB at x'0.25 and its~peakC) disappearance
at x'0.55 is reproduced theoretically. As long as the ma
netoelastic coupling is stronger than quadrupolar effe
these sharp heat capacity peaks are observed experimen
In other words, the quadrupolar effect does not contribute
the development of the sharp heat capacity peaksA andC,
but does lead to the broad-rounded heat-capacity-type p
~peakB). Moreover, the quadrupolar effect is amplified b
the spin reorientation of Dy. Also consistent with these o
servations~correlations! is the fact that the magnetoelast
parameters for pure ErAl2 are nonzero~Fig. 10! and they
account for the sharp heat capacity peak@Fig. 1~a!#. One
important indication that the heat capacity discontinuity
related to spin-lattice coupling effects is that the behavior
(2DSM) versus temperature remains effectively unaltered
we introduce the terms described in Eq.~7!. Another indica-
tion is that the presence of the sharp peaks is sensitive to
exchange parameter values which, in principle, should
connected only to the value of theTC. We note that the sharp
peakC in the heat capacity coexists with the broad peakB at

re

f

f

nc-

FIG. 10. The maximum average value of the second-order te
as functions of concentration of Dy, whereOi

i are the quadrupole
parameters andPxy , Pyz , and Pzx are the magnetoelastic param
eters.
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DISAPPEARANCE AND REAPPEARANCE OF MAGNETIC . . . PHYSICAL REVIEW B 68, 134409 ~2003!
x'0.14 andx'0.18 @Figs. 1~d! and 1~e!#, but in this region
the quadrupolar contributions prevail over the magnetoe
tic ones. This difference between theory and experimen
acceptable and may be associated with the imprecise
change parameterl, as mentioned previously, or possib
some other minor contribution to the magnetic energy, wh
have not been considered. Small discrepancies betw
theory and experiment may be also related to a nonlin
combination of contributions computed along different cry
tallographic directions.

Although in pure DyAl2 we do not observe anomalies
the heat capacity belowTC and there is no significant con
tribution of the second-order parameters to their magn
and magnetocaloric properties, both are important in expl
ing the observed behavior in the ternary (Er12xDyx)Al2 al-
loys. This evidence suggests that the presence of Dy dop
in ErAl2 generates strong magnetoelastic and quadrup
effects. The result of the CEF effect on the magnetocalo
properties is an observed anomaly in the (2DSM) vs T in
(Er12xDyx)Al2 for 0.5<x<0.85: see Fig. 2. This peak in th
magnetocaloric effect was theoretically explained to be as
ciated with values of the CEF parameters for which the d
sity of the states ofG8

3 presents a peak.13 The degeneracenc
of the ground state,G8

3 ~quadruplet!, is removed in the pres
ence of a molecular field; however, the splitting is n
equally spaced. In our model, the CEF parameters are clo
related to the concentration of the Dy in (Er12xDyx)Al2 ;
thus, both the CEF effects~without second-order effects! and
the CEF effects plus biquadratic coupling (magnetoela
1quadrupolar) are present depending on the concentra
For high concentrations of Dy, the pure CEF is the domin
effect leading to an anomalous magnetocaloric peak at 7
On the other hand, for low concentrations of Dy, the seco
order effects may cause a sharp peak in the heat capa
Indeed, the various peaks shapes in the heat capacity ar
results of competition between the magnetoelastic coup
and quadrupolar effects. As expected the sharp heat cap
peaks and the anomaly in (2DSM) vs T may exist in the
concentration range 0.5<x<0.6; however, none of them
have been observed experimentally, and this may be du
the fact that the low-temperature limit of our calorimeter
3.5 K and that theT1 temperatures are less than 3.5 K f
these values ofx which seems plausible considering the v
ues and the slope of theC peaks versus composition curv
shown in Fig. 3 when extrapolated to 0.5<x<0.6.
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CONCLUSIONS

Mean-field theory has been proved to be a good appro
to describe the anomalous behavior of lanthanide co
pounds. We investigated the origin of the DADA phenome
which is evident in the heat capacity data of (Er12xDyx)Al2
in the 0.0<x<0.85 range of concentrations. The presence
quadrupolar and magnetoelastic effects explains the obse
behavior of the heat capacity. When the magnetoelastic te
dominate, sharp heat capacity peaks are calculated and
served, while when the quadrupolar terms domina
rounded-broad heat capacity magnetic ordering peaks
calculated and observed. However, neither of the two con
butions seems to have an important role in defining the sh
of (2DSM) versus temperature curve.

The DADA phenomena have also been observed in
heat capacity study of the ErxPr12x system,6 but apparently
not in other Er-based systems. Since these phenomena
difficult to detect by using the standard magnetic suscepti
ity and magnetization measurements, this probably expla
why the DADA phenomena have not been observed in st
ies of lanthanide doping of the other Er-based systems—e
the Er-R intralanthanide alloys. It would be interesting
make heat capacity study of Er12xDyx to see what happen
to the Er magnetic phase transitions when doped with
The next question we ask ourselves is, does the DADA p
nomena exist in other lanthanide-based materials or is i
exclusively limited to Er-based materials because of erbi
unique energy level and the influence of the various cry
field environments upon them?

Neutron scattering experiments would be quite usefu
elucidating the various magnetic structures and behaviors
sociated with DADA phenomena described above in
(Er12xDyx)Al2 system.
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