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The Erj 75Tbg »5Al, alloy has been investigated by x-ray powder diffraction, magnetization, and ac magnetic-
susceptibility measurements. The low-field magnetization measured as a function of temperature indicates a
ferromagnetic transition at ~36 K and another transition with thermal hysteresis at ~18 K. The ac magnetic-
susceptibility measurements show frequency dependence below the ferromagnetic transition temperature, 7c.
Low-temperature x-ray powder-diffraction measurements suggest that although no structural transformation
occurs around 18 K, a steplike anomaly in the lattice parameters does exist in the vicinity of the transition.
First-principles electronic-structure calculations show anomalous density of states at the Fermi level. The
results are comparable with the previously reported Er, 75Dy »5Al, alloy, thus supporting an earlier assumption
that mixing two rare-earth ions with opposite signs of second-order Steven’s factor in RAl, alloys creates a
competition between the magnetoelastic and quadrupolar interactions, giving rise to multiple magnetic order-

ing phenomena.
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I. INTRODUCTION

The MgCu,-type cubic Laves phase RAl, (R=rare earth)
compounds are among many rare-earth compounds that have
been broadly studied in the past for their interesting funda-
mental and potentially important applied properties, such as
magnetostriction,' strong magnetocaloric effect,”* large
magnetoresistance,5 and other. With the exception of LaAl,,
YbAL, LuAl,, and EuAl,, all RAl, compounds order ferro-
magnetically below their respective Curie temperatures, T¢.°
The ferromagnetism in these compounds is localized on the
R3* sites and no magnetic contributions are made by Al.’
Since the RAl, compounds are isostructural, and the R3* ions
are responsible for the magnetic moments, these Laves
phases are considered model systems for study of crystalline
electric field effects in rare-earth compounds.?

Although the RAI, compounds share many common prop-
erties, some of the members in the series exhibit features that
are quite unique. For example, HoAl, undergoes a first-order
spin-reorientation transition in the ferromagnetic state, which
is not observed in any other member of the RAl, series.>’
Spin-reorientation transition also exists in DyAl,, even
though it is no longer a first-order transformation.'”

The 4f charge densities of the rare-earth atoms that are
represented by the second-order Stevens’s factors are signifi-
cantly different.!’ Due to this reason, interesting phenomena
may occur when one type of R atom in RAl, is partially
replaced by a different R’ atom. When such substitutions are
done, properties like T, and lattice parameters generally
change linearly with the doping concentration x in R;_ R Al,
series.!>!3 In addition to the change in T and lattice param-
eters, interesting phenomenon was observed recently in
pseudobinary Er,_,Dy Al, and Er,_ Tb Al, alloys.!4-1

It has been reported that partial replacement of Er by Dy
in Er;_.Dy,Al, and by Tb in Er;_/Tb,Al, alloys results in
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multiple magnetic ordering transitions that vary unusually
with Dy and Tb concentration. For some critical Dy and Tb
concentrations, first-orderlike transitions were observed in
the heat-capacity and magnetization data.'*~'® It was shown
that the observed behavior is a result of the competition be-
tween the magnetoelastic and quadrupolar effects.'*1° It was
also suggested that the modification of the magnetic structure
of the Er;_,Dy,Al, system is mainly caused by the 4f charge
densities of Er** being different from Dy** and Tb**. The 4f
charge density of Er** is a prolate spheroid, whereas the 4f
charge densities of Dy** and Tb3* are shaped as oblate sphe-
roids, i.e., the sign of the second-order Steven’s factor of
Er** is opposite to those of Dy** and Tb>*.!!

Although the heat capacities of Er;_Dy,Al, and
Er,_,Tb,Al, alloys exhibit similar behavior, the first-
orderlike peaks in the Er;_/Tb,Al, alloys are much weaker.
The reason for the weaker peaks in Er,_ Tb,Al, was attrib-
uted to the much smaller magnitude of the second-order
Steven’s factor for Tb** (=1/99) when compared to that for
Dy3* (-=2/9.35).1° Regardless of the much smaller magnitude
of the second-order Steven’s factor of Tb** compared to
Dy?*, the first-order peaks appear around the same concen-
tration, i.e., x=0.25 in both Er,_,Dy Al, and Er,_, Tb,Al, al-
loys. So far the magnetic properties have been reported only
for Er,_,Dy,Al,."3 It is therefore, interesting to explore the
magnetic properties of Er;_,/Tb,Al,, and in this paper we
report the magnetic and low-temperature structural proper-
ties of Er;_/Tb,Al, for x=0.25, and first-principles
electronic-structure calculations for x=0.0, 0.25, and 1.

II. EXPERIMENTAL DETAILS

The Tb and Er metals used to prepare the Erg;5Tbg,5Al,
alloy were prepared by the Materials Preparation Center of
the Ames Laboratory'” and were 99.8+ at. % pure with re-
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FIG. 1. (Color online) Observed (symbols) and calculated (line
drawn through the symbols) room-temperature x-ray powder-
diffraction patterns of Erg;5Tbg,s5Al,. The difference /ps—1 . 1S
shown at the bottom of the plot. Vertical bars under the patterns
indicate calculated positions of Bragg peaks of Erg75Tbg,sAl,
(larger lower bars) and Cu (shorter upper bars).

spect to all other elements in the Periodic Table with the
following major impurities (in parts per million atomic):
Er—C(320), F(62), Fe(263), N(36), O(42), and Tb—C(105),
F(37), H(135), N(12), O(199). The Al metal of 5N purity was
purchased from Alfa Aesar Inc. A polycrystalline button of
Ery-5Tbg,s5Al, alloy weighing approximately 5 g was pre-
pared by conventional arc melting of the stoichiometric mix-
ture of components in an argon atmosphere. To ensure ho-
mogeneity the alloy was remelted several times with the
button being flipped over after each melting; the weight
losses of the sample after melting were less than 0.1%. The
alloy melts congruently, and therefore, annealing was not
necessary.

To check the phase purity and verify the crystal structure
of the sample, x-ray powder diffraction (XRD) analysis was
performed on a Rigaku TTRAX rotating anode powder dif-
fractometer employing Mo K« radiation.'® XRD measure-
ments were also performed at different temperatures using
the same diffractometer. The diffractometer is equipped with
a continuous flow “He cryostat controlling the temperature of
a sample. For the XRD measurements, the sample was pre-
pared and mounted on a copper sample holder as described
in Refs. 18 and 19. The phase and lattice parameters were
determined from Rietveld analysis using LHPM Rietica.?”
Both ac and dc magnetic measurements were conducted in a
superconducting quantum interference device (SQUID) mag-
netic property measurement system (MPMS) model XL-7
made by Quantum Design Inc. The measurements were per-
formed in the temperature range of 5-300 K and in applied
magnetic fields up to 7 T.

III1. RESULTS AND DISCUSSION
A. Room-temperature XRD and magnetization measurements

The room-temperature XRD patterns of Erj;5Tbg,s5Al,
are shown in Fig. 1. The alloy adopts the MgCu,-type cubic

PHYSICAL REVIEW B 82, 064421 (2010)

T T T T T T T
9.0 i
7.5 .
5
_ 60 E _
o
E s
s
S45) .
=
30} ——2ZFC _
——FCC
+ FCW
15} .
H=100 Oe
ool 1 . -
0 20 140

T(K)

FIG. 2. (Color online) Temperature dependencies of dc magne-
tization of Er(75Tbg,5Al, measured in an applied field of 100 Oe
under ZFC, FCC, and FCW conditions. The inset shows the details
of the low-temperature region around the transition.

Laves phase structure at room temperature with the lattice
parameter a=7.82109(3) A. Weak Bragg peaks representing
elemental copper are found in the observed XRD pattern (see
the circled Bragg peak marked by arrow in Fig. 1). The cop-
per particles contaminating surface came from the copper
sample holder used for preparation of the specimen for x-ray
powder-diffraction measurements.!®

Figure 2 shows the dc magnetization, M(T), of
Ery75Tbg,5Al, measured as a function of temperature in a
magnetic field of 100 Oe. Before measuring the zero-field-
cooled (ZFC) curve, the sample was cooled from 300 to 5 K
in a zero magnetic field. To ensure that the magnetic field is
close to zero, a demagnetization sequence (decaying oscilla-
tions of the magnetic field around zero) was executed in the
SQUID before each ZFC measurement. Regardless of this, it
is possible that a very small field of a few oersted was still
present during the cooling of the sample for each ZFC mea-
surement. When the temperature reached 5 K, a magnetic
field of 100 Oe was applied. Upon the stabilization of the
magnetic field the ZFC M(T) data were measured as a func-
tion of increasing temperature. The FC cooling (FCC) curve
was measured by sweeping down the temperature from 300
to 5 K in an applied field of 100 Oe. The FC warming (FCW)
curve was obtained in a similar way to that of the ZFC curve
with the exception that the sample was cooled down in the
presence of a magnetic field of 100 Oe.

As shown in Fig. 2, the ZFC magnetization initially in-
creases with temperature reaching a peak at ~18 K. After
that the magnetization decreases slowly, and at ~36 K a
sharp drop of magnetization represents the transition from
the ferromagnetic to a paramagnetic state. Above the ferro-
magnetic transition temperature, 7c=36 K, the ZFC, FCC,
and FCW curves are identical. However, significant differ-
ences including irreversible thermomagnetic behavior are
observed below T (see inset of Fig. 2). The FCC curve
below T shows an increase in magnetization with decreas-
ing temperature. The magnetization reaches a peak around
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FIG. 3. (Color online) Temperature dependence of dc magneti-
zation of Ery;5Tbg,sAl, measured in an applied field of 1 kOe
under ZFC condition. The inset shows the temperature dependence
of the inverse susceptibility (H/M) for a field of 1 kOe.

23 K and then starts decreasing. Below 14 K, the magneti-
zation starts to increase again. The FCW M(T) curve exhibits
similar behavior to that of the FCC curve with lower values
of the magnetization. Noticeable hysteresis between the FCC
and FCW curves suggest that the transition observed near
18 K is a first-order phase transition. The first-order nature of
this transition was also identified in the behavior of heat
capacity of the same alloy.!®

Figure 3 shows the ZFC M(T) curve of Erj;5Tby,sAl,
measured in a magnetic field of 1 kOe. The inset shows the
temperature dependence of the inverse susceptibility (H/M)
of the sample. It is evident in the figure that a peak in the
M(T) curve exists around 18 K, which is the same tempera-
ture where a peak was observed in the ZFC M(T) curve of
the sample measured in a 100 Oe field (see Fig. 2). However,
unlike the ZFC M(T) curve at 100 Oe, the curve measured at
1 kOe shows that the magnetization does not change much
below 18 K. Above T, the inverse susceptibility follows the
Curie-Weiss behavior. The effective magnetic moment, p,
and the paramagnetic Weiss temperature, ®p, calculated
from H/M vs T data are 9.89 ug/R** and 36.7 K, respec-
tively. The expected p, s for a mixture of 0.75 Er+0.25 Tb
noninteracting trivalent ions is 9.62 ug, which is compa-
rable with the experimental value.

Figure 4 shows the field dependence of magnetization of
Ery75Tby,5Al, measured at 5 K. The magnetic moment
nearly saturates in 70 kOe magnetic field, and the value of
the moment is 7.9 ug, which is notably smaller than the
expected moment of 9.0 wug. The saturation moment of
Ery75Dyg05Al, at 2 K was also found to be less than the
expected theoretical value."”> The reduction in the moment
was attributed to the crystal-field and magnetic anisotropy
effects. The reduction in the magnetic moment in the
Ery.75Tby »5Al, compound is most probably caused by similar
effects.

The results of the magnetic measurements discussed so
far are very similar to those observed in Erg 75Dy ,5Al, with

PHYSICAL REVIEW B 82, 064421 (2010)

10 T T T T T T

Er,,,Tb, Al

025 2

-]
—
1

T=5K

N -~
—T—
1

M (, / f.u.)

2L J

6+ J

8L J

-60 -40 -20 0 20 40 60
H ( kOe)

FIG. 4. (Color online) Field dependence of magnetization of
Ery75Tbg,5Al, measured at 5 K.

the exception that the transition temperatures observed in
Erg75Tbg,sAl, are higher. The low-temperature first-
orderlike transition in Ery;5Dyq,5Al, was observed at
~10 K whereas a similar transition is observed in
Ery75Tbg,sAl, at ~18 K. The Curie temperature of
Ery75Dygas5Al, is ~25 K and the Curie temperature of
Ery75Tbg,s5Al, is ~36 K. The difference in the 7’s can be
attributed to the differences in the de Gennes factors of the
Dy and Tb trivalent ions. The observed similarities in the
M(T) curves of Ery;5Tby,sAl, and Erg 75Dy 2sAl,, particu-
larly the observed first-orderlike transitions, indicate that as
proposed earlier,'*! the combination of two R** ions with
opposite signs of the second-order Steven’s factors results in
multiple magnetic ordering phenomena in alloys under study.

B. ac magnetic susceptibility

ac  magnetic-susceptibility = measurements of  the
Er75Tbg »5Al, alloy were performed in an ac field (H,) of 5
Oe, and at frequencies of 1, 10, 100, and 1000 Hz. The
measurements were carried out on heating in the presence of
zero dc magnetic field and over the temperature range of
5-60 K. The temperature variations in the real and imaginary
components of the ac susceptibility are shown in Figs. 5(a)
and 5(b), respectively. As shown in Fig. 5(a), the real com-
ponent of the ac susceptibility, ', increases with increasing
temperature with a change in slope at 18 K. We recall that at
the same temperature, the first-orderlike transition is ob-
served in the M(T) data of the alloy (see Fig. 2). The x’
recorded as a function of temperature at 1 Hz shows a small
peak around 18 K, which disappears with the increasing fre-
quency. The peak at 18 K and the slope change are more
obvious in the dy’/dT vs T curves shown in the upper inset
of Fig. 5(a). Above the slope change around 18 K, x’ in-
creases nearly linearly with increasing temperature until it
drops sharply at 7. Weak frequency dependence is observed
in the x’ data below T¢. The x” data [Fig. 5(b)] measured at
a frequency of 1 Hz show a small rounded peak around 8§ K
and a sharp peak at 18 K, which are followed by a rounded
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FIG. 5. (Color online) (a) Temperature dependence of real com-
ponent of the ac magnetic susceptibility of Er,,5Tby,5Al, measured
in an ac field of 5 Oe and frequencies from 1 to 1000 Hz. The upper
inset of Fig. 5(a) shows the derivative of the real component as a
function of temperature and lower inset shows the real component
of the ac magnetic susceptibility of Er, 75Dy ,5Al, at a frequency of
1 Hz. (b) Imaginary components of the ac magnetic susceptibility of
Ery-5Tbg,5Al,. The inset shows the imaginary component of
Er0'75Dy0'25A12 at 1 Hz.

peak around 26 K. This peak at 26 K shifts to a higher
temperature with increasing frequency. The rounded peak at
8 K disappears for frequencies equal to and greater than 10
Hz. The sharp peak at 18 K diminishes with increasing fre-
quency but a weak anomaly is still observed around this
temperature even at 1000 Hz.

Although the M(T) curves of Ery;5Tbg,sAl, and
Ery-,5Dyg,5Al, are quite similar, significant differences are
observed in the respective ac susceptibilities. The first-
orderlike transition around 10 K observed in the M(T) data
of Ery75Dy(,5Al, corresponds very well with the ac suscep-
tibility data for all frequencies.'” The ¥’ and x” curves with
respect to temperature for Er,sDy,,5Al, measured at a fre-
quency of 1 Hz are shown in the lower insets of Figs. 5(a)
and 5(b), respectively. In case of Erg;5Tbg,sAl, the transi-
tion observed around 18 K in the M(T) data is weakly re-

PHYSICAL REVIEW B 82, 064421 (2010)

flected in the x’ data and only for a low (1 Hz) frequency.
Further a sharp peak that is observed in the )" data at a
frequency of 1 Hz is strongly diminished as the frequency is
increased, which is not the case in Ery;5Dyg,5Al,. The
weaker peaks in the ac susceptibility data of Erj;5Tbg,5Al,
correlate well with the corresponding heat-capacity peaks of
the alloy.!®

The observed similarities and differences in
Ery75Tbg,5Al, and Erj75Dyq.5Al, discussed so far may be
explained by considering some differences in the fundamen-
tal properties of Tb** and Dy>* ions, which are believed to be
the main reason that causes weaker and sharper anomalies in
the heat capacities of Er,_,Tb,Al, and Er,_ Dy, Al,
respectively.'® As mentioned earlier, the low-temperature
first-orderlike transition in Erj,5Dy,,5Al, was attributed to
the opposite signs of the second-order Steven’s factors of
Er** and Dy** ions. Due to this difference, competition arises
between the quadrupolar and magnetoelastic interactions that
modify the magnetic structure of Erj;5Dyg,5Al,. Although
both the Tb** and Dy3* ions have negative signs of Steven’s
factors, the magnitude of the factor for Tb3* is much smaller
(=1/99) compared to (=2/9.35) for Dy**, which means that
the 4f charge density of the Tb** ion is much closer to a
sphere. Therefore, the competition between the magnetoelas-
tic coupling and quadrupolar terms in Erj,sDyq,5Al, and
Ery75Tbg,5Al, are expected to be different. Due to the
smaller magnitude of the Steven’s factor of Tb>* the compe-
tition is expected to be weaker in Erj;5Tbg,5Al, than it is in
Ery,5Dyg.5AL. As a result, the peak in the ac susceptibility
curve is weak for Erj,5Tb, »sAl, while it is much sharper for
Ery,sDyg.5Al,. Another factor that may contribute to the
weaker ac susceptibility anomalies and weaker heat-capacity
peaks in Ery;5Tby,sAl, is the difference in magnetic
anisotropies of Erj;5Tbg,5Al, and Erj 75Dy( 25Al,. Consider-
ing that in the ferromagnetic state the anisotropic exchange
in RAl, compounds is small and can be neglected in most
cases,® the contribution of the magnetic anisotropy in the
aforementioned competition is likely small enough to be
ruled out.

C. Magnetic relaxation studies

As was shown in Fig. 2, the FCW M(T) curve of
Ery75Tbg»5Al, lies below the FCC M(T) curve. A similar
behavior was also observed in Ery;5Dy(,5Al, and in
(Br,_,Gd,)sSi, systems.'>?! Usually, materials exhibiting
such irreversibility in FCW and FCC M(T) curves also dem-
onstrate significant time dependence of their remanent mag-
netization. In order to explore if similar time dependence of
remanent magnetization exists in Ery-5Tbg,5Al, we have
performed isothermal magnetic relaxation measurements.
Before each measurement the sample was cooled down from
200 K (paramagnetic state) to the measurement temperature
in zero magnetic field. Once the desired temperature was
reached a magnetic field of 100 Oe was applied to the sample
for 1000 s. The magnetic field was then switched off, fol-
lowed by the measurement of the magnetic relaxation as a
function of time and the results are plotted in Fig. 6.

As shown in the Fig. 6, the magnetic relaxation exhibits
strong time dependence. As the temperature is increased
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FIG. 6. (Color online) Remanent magnetization of
Ery-,5Tby,5Al, measured as a function of time at different
temperatures.

from 5 to 15 K the rate of the decay of the remanent mag-
netization increases, and as the temperature is increased
above 15 K the rate begins to decrease. Each of the magnetic
relaxation isotherms can be easily fitted to the following
equation:

M(T,t) = M(T,0) — S(D)n(1 + 1), (1)

where M(T,1) is the remanent magnetization at temperature
T and time #, M(T,0) is the initial remanent magnetization,
and S(T) is the magnetic viscosity. The values M(T,0) and
S(T) as functions of temperature are plotted in Fig. 7. Ini-
tially, S(7) increases with increasing temperature, reaching a
peak at 15 K. The M(T,0) exhibits an opposite behavior to
that of S(7). With increasing temperature M(T,0) decreases
reaching a minimum at 15 K and then increases with increas-
ing temperature.

The observed time dependence of the remanent magneti-
zation in Ery;5Tbg,5Al, is similar to that observed in
Er 75Dy 25Al,,'° and possible reasons behind such behavior
were conjectured to be frustrations in the 4f exchange inter-
actions in Erj,5Dyg,5Al, caused by the statistical distribu-
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FIG. 7. (Color online) Magnetic viscosity and initial magnetiza-

tion as a function of temperature of Erg75Tb,5Al,.
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FIG. 8. (Color online) The powder x-ray diffraction patterns of
Er(75Tbg »5Al, measured at different temperatures.

tion of Er** and Dy>* ions in the crystal lattice. The observed
magnetic relaxation behaviors in Er,75Tbj,5Al, may also be
attributed to similar frustrations, which in this case are
caused by the random distributions of Er’** and Tb** ions.

D. Low-temperature XRD

As mentioned above, the Erj;5Tb,,sAl, alloy exhibits a
transition with thermal hysteresis at 18 K (see Fig. 2). To
further explore the nature of this transition we carried out
temperature-dependent XRD measurements in zero magnetic
field. The XRD measurements were performed at tempera-
tures ranging from 5 to 300 K. The XRD patterns in the
range from 5 to 100 K are shown in Fig. 8. In the entire
temperature region, the Er,-5Tbj,5Al, alloy preserves the
MgCu,-type Laves phase structure (space group Fd3m).
From the XRD measurements, no changes of the crystal
structure were detected in the vicinity of the transition at
18 K. However, a steplike anomaly in the lattice parameter,
typical for a first-order transition, was observed at 18 K as
shown in Fig. 9. Above this transition the lattice parameter
increases with increasing temperature with a minor fluctua-
tion around T, where a slope change is observed. Above T
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FIG. 9. (Color online) The lattice parameter a of Ery75Tbg25Al,
as a function of temperature. The inset shows the same in the tem-
perature range of 5-300 K.
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lattice parameter, a, in TbAl,, Ery;5Tb,5Al,, and ErAl,. The ar-
rows show equilibrium lattice parameters.

the lattice parameter varies almost linearly with temperature.
The slope changes around 7 are also evident in the thermal-
expansion data of pure ErAl, and DyAl,.?> Such behaviors
are common in the vicinity of second-order phase transitions
and occur due to spontaneous magnetostriction of the mate-
rial. At this point it appears that the low-temperature anoma-
lies observed in Er, 75Tbg »5Al, and Erg 75Dy »5Al, alloys oc-
cur due to strong magnetoelastic effects that are caused by
lattice quadrupole coupling, although they do not facilitate a
structural transformation.

IV. THEORETICAL INVESTIGATIONS

In order to gain an insight into the magnetism of ErAl,,
Ery,5Tbg,sAl,, and  TbAl, systems, first-principles
electronic-structure calculations have been performed using
the tight-binding linear muffin-tin orbital method* within
the framework of the generalized gradient approximation
(GGA) considering 4f electrons of Er and Tb as core elec-
trons. The GGA+ U approach?*?* has also been applied and
the results have been compared with the 4f core approach.

The formation energies of ErAl,, Ery;5Tbg,sAl,, and
TbAl, are computed from the corresponding total
energies and the formation energy of TbAl, is lowered by
0.44 eV/cell compared to ErAl,. The formation energy of
Er-5Tby,s5Al, is also lowered by 0.33 eV/cell than that of
the ErAl,, which indicates that Erj;5Tbj,5Al, is energeti-
cally more favorable than ErAl,. The equilibrium lattice pa-
rameters for ErAl,, ErO 25Tbg 25Aly, and TbAl, are 7.774 A,
7.782 A, and 7.801 A, respectively, which are pointed out
by arrows in Fig. 10. The change in equilibrium lattice con-
stants is in accord with the lanthanide contraction. Here and
below, the  electronic-structure  calculations  for
Ery75Tby,5Al, were performed by using the same volume
but changing the cubic symmetry to P1 symmetry and locat-
ing Tb and Er atoms to match the concentration of Er and Tb
atoms. Out of eight rare-earth sites in the P1 structure, six
for Er and two for Tb atoms were randomly selected. The
total-energy calculations with all possible permutations of Er
and Tb positions show the same total energy indicating the
insensitiveness in the selection of Er and Tb sites while
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FIG. 11. (Color online) Conduction electron (spd) densities of
states of ErAl,, Ery75Tbg,5Al,, and TbAl, near the Fermi level.

matching the respective concentrations of Er and Tb atoms in
Erg75Tbg 25Al,.

The spin-polarized conduction electron (spd) density of
states (DOS) around the Fermi level for TbAl,,
Ery75Tbg,5Al,, and ErAl, compounds have been calculated
and these are shown in the Fig. 11. There is a substantial spin
polarization of the 5d states of Tb>* in TbAl,. The spin po-
larization of the 5d states of Tb** and Er** in the
Erj 75Tbg,5Al, is much smaller compared to TbAl, while it is
nearly zero for Er’** in ErAl,. This amounts to
~0.21 wpp/Tb 5d magnetic moment in TbAl, but nearly
zero (0.01 ug/Er 5d) magnetic moment in ErAl,. We note
that the spin polarization in the 5d (conduction) electrons is a
measure of the indirect 4f-4f exchange. Because of the Er
content, the Ruderman-Kittel-Kasuya-Yoshida exchange is
lower in Erj;5Tbg,5Al, compared to TbAl,. The calculated
4f spin moments of Tb and Er in Ery;5Tbj,5Al, are
5.80 wg/Tb and 2.40 wg/Er, respectively. The calculations
with GGA+U approach show 5.98 ug/Tb and 2.47 ug/Er
4f spin moments and 0.24 ug/Tb and 0.02 ug/Er 5d spin
moments. The s and p moments are negligible. On the other
hand the Hund’s rule orbital moments are 3.0 ug/Tb and
6.0 ug/Er, respectively. This indicates that the orbital mo-
ment, which is directionally dependent and dominant in
ErAl,, has a substantial contribution in Erj;5Tbg,5Al,. Be-
cause of this orbital moment contribution there is spin orbit
coupling of 0.21 eV in Tb and 0.38 eV in Er.® The spin and
orbital moment mismatch and spin-orbit coupling give rise to
the competition between spin moments (mainly of Tb) and
orbital moments (mainly of Er) in Ery;5Tbg,5Al,

It is interesting to note that there is a small peak about
0.2 eV wide around the Fermi level in the DOS of
Ery75Tbg,5Al,. Upon increasing the concentration of Er, the
Fermi level moves to higher energy. On the other hand while
increasing the concentration of Tb the Fermi level moves to
the lower energy. This indicates that for some range of con-
centrations of Er close to 75% there is a peak at the Fermi
level. This correlates very well with the low-temperature
(~18 K) anomaly seen experimentally as explained above.
It should be mentioned here that for pure TbAl, and ErAl,
the peaks are below and above the Fermi level, respectively,
but not at the Fermi level. This shows that pseudobinary
Ery75Tbg,5Al, behaves differently compared with binary
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TbAl, and ErAl,. DOS calculations for Er,,5Tb, 75Al, show
that there is no peak at the Fermi level but the peak is located
above the Fermi level indicating behavior similar to that of
TbAl,. Our calculations for Ery 75Dy ,5Al, show that there is
a significant spin polarization on the 5d bands of Dy but
negligible spin polarization on the 5d bands of Er, and the
peculiar behavior around the Fermi level also exists for
Er.75sDyg25Al,.%” This indicates that Tb and Dy have similar
magnetic interactions with Er when a “magic” concentration
of 25 at. % of Er is substituted either by Tb or Dy.

Since Tb and Er ions are randomly distributed in
Ery75Tby»5Al, along with the spin-orbit coupling discussed
above one should also consider crystal-field effects. More-
over, higher-order interactions such as quadrupolar interac-
tions could play a vital role because the 4f charges of Er**
and Tb* ions are nonspherical and they are prolate and ob-
late, respectively. The second-order Steven’s coefficients, a,
are negative for Tb 2and positive for Er and quadrupolar mo-
ments, %:M% are —0.505 for Tb and 0.178 for Er
estimated using the point-charge model.”® Therefore the
magnetic exchange, anisotropic spin-orbit, crystal-field and
quadrupolar interactions could compete with each other at
low temperatures and this competition could lead to a pos-
sible low-temperature anomaly seen in Er;5Tbg,5Al,. The
perturbed angular correlation studies on the end member
RAIl, compounds have confirmed the strength of quadrupolar
interactions in these systems.?’

V. CONCLUSIONS

Magnetization measurements performed on the polycrys-
talline Ery,5Tby,5Al, show that the alloy is ferromagnetic
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with a Curie temperature of 36 K. At 18 K the sample ex-
hibits magnetic transition with thermal hysteresis suggesting
the first-order nature of the transition. This transition also
appears as a peak in the ac susceptibility data measured at 1
Hz. The peak almost disappears in frequencies higher than 1
Hz. From the low-temperature XRD measurements no struc-
tural transformations were identified. This behavior is also
supported by the results of total-energy calculations. Anoma-
lies in the lattice parameters are observed in the vicinity of
the first-orderlike transition at 18 K. These anomalies are
also reflected in the DOS of Erj,5Tb,5Al, where unusual
peak is observed at the Fermi level. The results for the title
system are similar to the results of the previously reported
Ery75Dyg25Al, alloy. The similarity in the experimental re-
sults strengthens the assumption that mixing two rare earth
ions with opposite signs of second-order Steven’s factors in
RALl, alloys causes an enhancement of quadrupolar interac-
tions resulting in the appearance of first-order phase transi-
tions in the pseudobinary RAl, alloys.
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