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Magnetic properties of single-crystal DyAl,
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We measured the magnetic properties and heat capacity of three DyAl, single crystals with the magnetic
field oriented along the three principal crystallographic directions: [100], [110], and [111]. The isothermal
entropy change versus temperature curves were obtained from heat capacity and magnetization data for these
directions. The experimental results were successfully explained by a mean field model that includes spin

reorientation, exchange interactions, and crystalline electric field effects. The anomalous magnetocaloric effect
along the [111] direction predicted by theory was confirmed experimentally.
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INTRODUCTION

The search for advanced magnetic refrigerant materials
has been on the forefront of condensed matter science over
the last few years, since the discovery of giant magnetoca-
loric effect (GMCE) materials,' thus causing a new momen-
tum towards the development of near room temperature
magnetic cooling/heating technology and bringing the mag-
netic refrigeration closer to reality. The present effort is
mostly concentrated on materials that have a large magneto-
caloric effect (MCE) near room temperature such as
Gds(Sij_,Gey)s,*  La(Fe _,Siy)is,°  La(Fe,_Siy)sH,,*
MnAs,> MnFeP,_,As,.° and a variety of manganites’ The
discovery of the GMCE also renewed interest in intermetal-
lic compounds, which have been revisited over the last few
years in order to evaluate their magnetocaloric properties.
The two thermodynamic signatures of the magnetocaloric
effect are the isothermal magnetic entropy change (AS,,) and
the adiabatic temperature change (AT,,) that are observed
upon changes in the external magnetic field.

The rare earth intermetallic compounds have been in the
spotlight because of their importance in basic research as
well as for a variety of practical applications. The magnetic
properties of the rare-earth intermetallics result, to a large
extent, from the interplay between the crystalline electric
field effects (CEFs) and the exchange interactions. The CEF
removes the degeneracy of the ground multiplet of the rare
earth ion, which may lead to specific features of the magnetic
properties such as an anomalous magnetocaloric effect.® The-
oretical studies are also in progress in order to understand
and to predict magnetic properties of new materials.

As it is well known, all magnetic materials exhibit the
magnetocaloric effect; for instance, for ferromagnetic mate-
rials with nearly zero coercivity and hysteresis, the magne-
tocaloric effect is observed as a peak in the AS), vs. T curve
or in the AT,,; vs. T curve at (or near) the Curie temperature
(T¢).° However, the special features that lead to the GMCE
are not yet well determined. In materials similar to
Gds(Si;_,Ge,),,"? the presence of a structural transition also
plays an important role. Mainly in those cases where a struc-
tural transition is present, it is necessary to evaluate the mag-
netoelastic energy involved. The presence of magnetoelastic
effects must also be taken into account in more detailed cal-
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culations of the MCE in conventional ferromagnetic systems.

The intermetallic compound DyAl, was found to have
good magnetocaloric properties at low temperatures. This
compound has been extensively studied both theoretically
and experimentally.®!%-13 At low temperature, the easy mag-
netization axis is the [100] direction, which changes to the
[111] direction at ~40 K in zero magnetic field'%'? or in an
applied field of 57 kOe at 4 K.' A recent theoretical
analysis® indicates that DyAl, should exhibit an anomaly in
its AS), vs. T curve, i.e., a negative MCE along the [111]
direction below ~50 K. The anomaly was said to be associ-
ated with the change in the easy magnetization direction
from the [100] to the [111]. As reported by Levin et al.,'* the
ac magnetic susceptibility of the polycrystalline DyAl, ex-
hibits an anomaly at 42 K. In general, ac-susceptibility mea-
surements are quite sensitive to detecting magnetic phase
transitions initiated by a change of the magnetocrystalline
anisotropy energy. It is expected that any spin reconfigura-
tion, domain walls displacement, or magnetic anisotropy can
be detected by measuring the ac susceptibility. The influence
of spin reorientation on the magnetocaloric properties of this
compound is, however, not completely clear.

In this paper, we present the results of an investigation of
the magnetic and magnetocaloric properties of a DyAl,
single crystal, which was cut into five smaller crystals (two
for heat capacity studies and three for magnetization mea-
surements) such that the applied magnetic field was parallel
to three main crystallographic directions: [100], [110], and
[111]. For the magnetization measurements, we had a single
crystal for each direction, but for the heat capacity study we
only had the [100] and [110] crystals. An attempt was made
to prepare a DyAl, single crystal with the [111] orientation
for the heat capacity measurements, but we were unable to
cut one out of the master single crystal which was a pure
[111] single crystal large enough for the heat capacity study.
Experimental data are based on heat capacity data, which
were measured from 3.5 to 350 K in several applied fields
from O to 100 kOe, and magnetization data, which were
measured isothermally as a function of field from
0 to 50 kOe for several temperatures between 5 and 110 K.
From both the magnetization and the heat capacity data we
computed the AS(T)y functions, which were compared to
theoretical results. Moreover, we measured the magnetic ac
susceptibility in order to verify some of our results. As
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FIG. 1. (a) Comparison between the heat capacity of the two
single crystals oriented in two of the three main crystallographic
direction (open circles: [100], full triangles: [110]) and the poly-
crystal DyAl, (open stars). Note, the T of the polycrystalline
sample is ~4 K higher than those of the single-crystal samples (see
text). (b) The heat capacity for DyAl, with magnetic field vector
parallel to either of the two main crystallographic directions (as
noted in the figure) as a function of the temperature for an applied
field of 10 kOe (open circles: [100], full triangles: [110]).

shown below, the results are fully understood by using a
mean field theory that includes CEF effects, exchange inter-
actions, and the Zeeman effect.

THEORY

The compound DyAl, crystallizes in the MgCu,-type
Laves phase structure. The point symmetry for the rare earth

ion is 43m, and, thus, the following Hamiltonian can be used
to describe a system of magnetic rare earth (lanthanide) ions:

I:I=[:]CEF+I:IMA07 (1)
where

- X 1-|X
HCEF=W _(024'503)4'&(02—210‘6‘) s
F, Fq

(2a)
which can be written as
Hepr=[By(04+503) + By(0g 21091 (2b)
and
Hyag = — gupBLJ* cos(a) + J cos(B) + JF cos(y)].  (3)

Equation (2a) represents the CEF interaction for an ion in
Lea-Leask-Wolf notation,!> where W is the energy scale of
CEF and is equal to —0.019 eV, while X (-1 <X<1) gives
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FIG. 2. The heat capacity of single-crystal DyAl, oriented for
[100] parallel to the magnetic field vector as a function of the tem-
perature for a zero field (full circles) and of applied fields of 10 kOe
(open up triangles), 20 kOe (full stars), 50 kOe (open squares),
75 kOe (full triangles), and 100 K (open down triangles).

the relative importance between the contribution of the
fourth- and sixth-order Stevens operators, O [Eq. (2b)]. By
and By are functions of the parameter X while F, and F¢ are
dimensionless constants: F,=60 and F=13862."3 Equation
(3) describes the Zeeman effect, and B, the effective mag-
netic field experienced by the system, is given by the mo-
lecular field approximation:

By, =B cos(¢) + \M"  for n=x,y,z and ¢p=a,B,7,

(4)

where By is the applied field, M" is the magnetization calcu-
lated using an extended Bak model,'>!® and \ is the ex-
change parameter. The cosines are the direction cosines for
the three main directions in the crystal. The CEF parameters
B, and Bg were taken from Purwins and Leson,!” i.e., B,
=—(5.5+£1.2) X107 meV and Bg=—(5.6+0.8) X 10~/ meV.
These values were used to calculate MCE along the [100]
and [110] directions, but for the [111] direction B, was re-
duced about 0.4% to —5.52X 107> meV in order to get agree-
ment between the observed and calculated 7. This slight
change in the B, parameter is well within the error limits of
the values given by Purwins and Leson. One of the most
important aspects of writing the effective field as in Eq. (4) is
the freedom to apply the external field B in any direction,
and not necessarily in any of the main directions. Moreover,
the system can be allowed to rotate so that the spin reorien-
tation can be included.

Once the Hamiltonian is solved self-consistenly, the &;
eigenvalues and |g;) eigenstates are used to obtain the parti-
tion function from which the magnetic properties are calcu-
lated. It is worth noting that the magnetization is dependent
on the temperature so that the Hamiltonian is temperature
dependent for the self-consistent procedure in this model.
For the total entropy evaluation, we need to include, besides
the magnetic contribution, the lattice and electronic entro-
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FIG. 3. The heat capacity of single-crystal DyAl, oriented for
[110] parallel to the magnetic field vector as a function of the tem-
perature for a zero field (full circles) and applied fields of 10 kOe
(open circles) and 20 kOe (full stars).

pies. The lattice entropy was determined by prorating the
lattice entropies of the nonmagnetic extremes of the lan-
thanide series (La and Lu) according to the following rela-
tion:

Al LaAl
DVAZZ(T) ( 9 X Slamtze +5X Slam‘cze) ) (5)

lam(.e 14
Since both the electronic and lattice contributions may be
considered magnetic field independent, the change of the en-

tropy of the system at a given temperature!” can be described
by

- ASM(T,B()) = S(T,BO = 0) - S(T,Bo)
= SM(T’BO =0) - SM(TvBO)- (6)

The theoretical AS,, can be compared to the one obtained
experimentally using Eq. (6) with the total entropies deter-
mined from the heat capacity

C T( ﬁS) (7)
B=
P aT) , 5
or from the bulk magnetization data using Maxwell’s rela-
tion:
as oM
%)), ®
EXPERIMENTAL DETAILS

A DyAl, single crystal was grown using the Bridgman
technique from a polycrystalline material of the same sto-
ichiometry, which was arc melted using 99.8 at. % pure Dy
(the major impurties were the interstitial elements O and C)
and 99.999 at. % Al. The as-grown crystal was oriented us-
ing the backscattered Laue technique. Two different speci-
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FIG. 4. (a) The real part of the ac susceptibility as a function of
the temperature for H,;.=0 Oe, H,.=5 Oe, and f=125 Hz of three
DyAl, single crystals aligned with the ac field vector collinear with
the three principle crystallographic axes. (b) The imaginary part of
the ac susceptibility as a function of the temperature for H,.
=0 Oe, H,.=5 Oe, and F=125 Hz of three DyAl, single crystals
aligned with the ac field vector collinear with the three principle
crystallographic axes.
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mens in the form of parallelepipeds (approximate dimensions
10X 10 X 3 mm?) with the largest face of each crystal paral-
lel to [100] and [110] planes were employed for the heat
capacity measurements using an adiabatic heat pulse
calorimeter.'® Similarly, three different specimens in forms
of parallelepipeds (approximate dimensions 2 X2 X5 mm?)
with the [100], [110], and [111] directions normal to one of
the faces of each parallelepiped were employed in the mag-
netization and magnetic susceptibility measurements using a
Lake Shore magnetometer. The combined accuracy of the
alignment of the magnetic field vector with a specific crys-
tallographic direction in both the calorimeter and magneto-
meter is estimated to be +5°.

RESULTS AND DISCUSSION

Figure 1(a) shows the heat capacity as a function of tem-
perature for zero magnetic field from 3.5 to 120 K for the
two single crystals oriented such that either the [100] or the
[110] crystallographic directions are parallel to the magnetic
field vector. Also shown for comparison are the polycrystal
data. As expected, in the absence of the magnetic field, there
is no anisotropy and all of the heat capacity curves are the
same. However, the T, of the polycrystalline sample is
slightly higher (~4 K) than that of the single crystals. This
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FIG. 5. The magnetization curves as a function of the tempera-
ture for the three single crystals. For the [100] direction, open up
triangles: H=2 kOe, heating, ZFC; dotted line: H=2 kOe, cooling;
open circles: H=10 kOe, heating, ZFC. For the [110] direction,
open up triangles: H=2 kOe, heating, ZFC; dotted line: H=2 kOe,
cooling; open circles: H=10 kOe, heating, ZFC; continuous line:
H=10 kOe, cooling; open squares: H=20 kOe, heating, ZFC;
dashed line: H=20 kOe, cooling. For the [111] direction, open up
triangles: H=2 kOe, heating, ZFC; open circles: H=10 kOe, heat-
ing, ZFC; open squares: H=20 kOe, heating, ZFC.

may be due to small changes in the chemical composition of
the polycrystalline sample relative to that of the single crys-
tal. When a magnetic field is applied [see Fig. 1(b)] the be-
haviors of the heat capacities of the single crystals change
significantly. This becomes more obvious when one com-
pares the low magnetic field heat capacity results shown in
Figs. 2 and 3. The H=10 kOe and 20 kOe curves for [110]
direction exhibit a bump near 40 K (Fig. 3), unlike that for
[100] direction (Fig. 2). For higher applied fields, the
anomaly vanishes and the anisotropy of the samples no
longer exists and the heat capacity curves with magnetic
fields of 50 kOe and higher lie on top of one another regard-
less of the orientation of a crystal with respect to the field
vector.

Both the real x,. [Fig. 4(a)] and the imaginary x,. [Fig.
4(b)] components of the ac magnetic susceptibility were
measured as a function of tempreature from ~5 to 120 K.
Their behavior reflects the magnetization and its dynamics in
a material as a function of temperature. The real component
of the ac susceptibility is the initial susceptibility in phase
with the applied ac field and it is correlated with the revers-
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FIG. 6. Comparison between the isothermal entropy change cal-
culated (continuous line) and that obtained from experimental data
extracted from heat capacity (open dots) and extracted from mag-
netization (full triangles) for the DyAl, single crystal aligned along
the [100] direction.

ible initial magnetization process. From x/_ it is possible to
evaluate how difficult it is to initiate the magnetization of the
material. On the other hand, X} is related to the irreversible
magnetization process that is observed in the hysteresis loop.
It gives an estimate of the energy loss during the initial mag-
netization process and it represents the susceptibility having
a /2 phase shift with respect to the applied field. All three
orientations exhibit a peak at ~55 K [Fig. 4(a)] which is
slightly lower than the Curie temperatures observed in the
heat capacity (see Figs. 1-3). This slight difference in Curie
temperatures from the two different measurements is consis-
tent with the variation of Curie temperatures reported in lit-
erature for the various types of measurements.!” For the
[100] and [110] single crystals, the amplitudes and the
shapes of the x/. curves are somewhat similar and they re-
semble that of polycrystalline DyAl, (Ref. 14) with a slight
bump at ~35 K which is due to the spin reorientation pro-
cess. For the imaginary part, a peak is observed for all three
single-crystal samples near the 35 K spin reorientation tem-
perature with the onset at the Curie temprature (~58 K). For
the [111] direction, a broad two-step peak is apparent, in-
stead of a sharp peak observed for the other two directions.
The fact that X/ is not zero between 20 and 60 K in all of
the directions is a confirmation that domain walls move-
ments are present.
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FIG. 7. Comparison between the isothermal entropy change cal-
culated (continuous line) and that obtained from experimental data
extracted from heat capacity (open dots) and extracted from mag-
netization (full triangles) for the DyAl, single crystal aligned along
the [110] direction.

The magnetization as function of the temperature for the
[100], [110], and [111] directions is presented in Fig. 5.
These data confirmed that the [100] direction is the easy
magnetization direction at 5 K. When the magnetic field was
applied parallel to the [100] direction, the magnetization in a
10 kOe field shows no anomalies that can be related to spin
reorientation. On the contrary, for the [111] and [110] direc-
tions, the peaks observed near 35 K are related to the spin
reorientation and the temperatures are in agreement with
literature.'%'2 The magnetization curves for [111] and [110]
are similar in shape and in absolute value, although the curve
for [110] has slightly higher saturation values. The saturation
value for [100] is significantly larger than in [110] and [111].
It is worthwhile to note that for the [110] direction, the mag-
netization curve also exhibits a small decrease just below the
peak in the 10 kOe magnetization curve, which is primarily
due to the rotation of the magnetization from [100] to [111].

Figures 6—8 show a comparison between the isothermal
entropy change calculated from theory and the experimental
values obtained from the magnetization and heat capacity
measurements (except in Fig. 8 where only the magnetiza-
tion results are shown). The theoretical curves agree quite
well with the experimental AS), values. For the [100] direc-
tion (Fig. 6) the MCE curves are quite smooth and do not
show any unusual features. For the [110] direction (see Fig.
7) the low-temperature broad-peak, observed at 25 K, is due
to the spin reorientation.

The most interesting MCE, however, is observed in the
AS); vs. T curve for the [111] direction [Fig. 8(a)]. In this
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FIG. 8. (a) The isothermal entropy change obtained from experi-
mental data extracted from the magnetization for the DyAl, single
crystal aligned along the [111] direction. (b) A comparison of the
theoretical MCE (dotted and dashed lines) with the experimental
(data points) results for the same conditions as in (a). The continu-
ous lines connecting the data points are guides for the eye.

case, a negative MCE (i.e., AS;,>0) is observed in the ex-
perimental data below 40 K, which becomes more positive
with increasing field up to the maximum field of our appa-
ratus (50 kOe). These results confirm the theoretical predic-
tion of von Ranke et al.® of a negative MCE along the [111]
direction. However, their model predicts that the negative
MCE has a maximum (positive) value at 10 kOe
(~2.7 Tmol™' K1) and ~22 K, and then decreases with in-
creasing field ~2.2 Jmol™' K=! at 20 kOe and 21 K, and
~1.1 Jmol™' K~! at 50 kOe and 19 K. In the mentioned the-
oretical work (Ref. 8), the authors used a mean field theory
in Bak’s framework'® where the external field can be applied
along any of the main crystallographic directions. This ap-
proach was an enhancement of the model published previ-
ously by some of us (Ref. 13) in which the external field
could only be applied in a particular direction and it would
agree satisfactorily with the experimental data obtained for
polycrystalline DyAl,. Besides the freedom to apply the ex-
ternal field in any crystallographic direction, the present
model also includes a self-consistency for the free energy of
the system. In other words, as we minimize the free energy
for each temperature, the system is allowed to rotate from
one direction to another. This procedure describes correctly
our experimental data. It is seen that the experimental data
show that MCE is about zero for AH=10 kOe and becomes
more positive with increasing field to ~1.8 J mol~! K~! for
AH=50 kQOe, and that the temperature of the negative MCE
peak shifts rapidly with increasing field from ~35 K for
AH=20 kOe to ~23 K for AH=50 kOe. Consequently, the
positive AS), peak is a direct result of the spin reorientation
and the temperature of the peak’s maximum value connected
to the spin reorientation temperature, which decreases as the
applied magnetic field increases.

Furthermore, as noted in the Theory section, the B, CEF
parameter was changed by 0.4% from the value used by von
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Ranke ef al., primarily to have better agreement between the
observed and theoretical T (i.e., the T value derived from
theory was increased by +3 K). As a result, there is excellent
agreement between theory and experiment for the MCE
along [111] direction in DyAl, [Fig. 8(b)].

The single-crystal values of the MCE are in good agree-
ment with that reported for a bulk sample of DyAl, (Ref.
19). To compare the single crystal MCE values with that of
the bulk polycrystal we calculated the weighed average val-
ues according to the multiplicity of the respective lattice di-
rections. The single crystal bulk equivalent value for AS), at
22 K for a 0-20 kOe field change was —0.3 J mol~' K~!,
which is quite close to the actual bulk value of
—-0.25 I mol™' K!; and at 60 K, the respective values were
-2.0 and —1.9 J mol™! K~!. For a 0—50 kOe field change at
60 K, just below the MCE peak, the single crystal bulk
equivalent AS,, was —3.9 J mol~! K~! compared to the actual
bulk value of —3.7 J mol™' K™,

Although the MCE values of many materials have been
measured, especially over the past few years,?°2% almost all
of them have been polycrystals. Only a few single crystalline
compounds [Tb,PdSi; (Ref. 23)] and pure metals [Gd (Ref.
24) and Dy (Refs. 25 and 26)] have been studied in addition
to the titled compound. All four materials exhibit anisotropic
MCE values, which is not unexpected for the Tb,PdSi;, Gd,
and Dy materials since all of them have a hexagonal crystal
structure; however, DyAl, is cubic. The anisotropic AS,, val-
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ues in the DyAl, compound are, as described above, due to
crystalline electric field effects and the nonspherical 4f wave
functions of the Dy component of DyAl,

CONCLUSIONS

We performed a detailed study of five DyAl, single crys-
tals, which were cut from the same large master single crys-
tal and aligned along one of the three main crystallographic
directions, by measuring the magnetization, susceptibility,
and heat capacity. We conclude that this compound is aniso-
tropic and its magnetic and magnetocaloric properties are
direction dependent. A mean field theory was used in order to
understand the experimental results, and, in general, there is
good to fair agreement between theory and experiment. Fur-
thermore, experiment confirms the predicted negative MCE
along the [111] direction.
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