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Unexpected modification of magnetic properties by Y substitution in Eu2PdSi3
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The results of dc and ac magnetization, magnetic relaxation, electrical resistivity (r) and heat-capacity~C!
measurements on Eu2PdSi3 and its Y-substituted alloys, Eu22xYxPdSi3 (x50.5 and 1.5!, crystallizing in a
AlB2-derived hexagonal structure, are reported. The parent Eu compound has been found by us to show two
magnetic transitions, at 40 and 10 K, arising from Eu sites~called 2b and 6h sites, respectively! with two
different chemical surroundings. While the available data for the parent compound suggest the existence of
long-range magnetic ordering below these temperatures, partial Y substitution brings out interesting changes in
the magnetic properties. For instance, for an initial replacement of Eu by Y (x50.5 alloy!, ~i! the low-
temperature divergence of zero-field-cooled~ZFC! and field-cooled magnetic susceptibility (x) sets in at a
much higher temperature, compared to that inx50.0.~ii ! The temperature-dependentx andC are considerably
broadened at low temperatures, compared to those in the parent compound; apparently, the features due to
onset of magnetic ordering from the 2b site become more prominent in these bulk measurements by Y
substitution.~iii ! The hysteresis curves reveal a nonzero remanent magnetization in the magnetically ordered
state for the Y-substituted alloys, unlike in the parent compound.~iv! Isothermal remanent magnetization
(M IRM) undergoes a slow relaxation with time at low temperatures, while, forx50.0, it falls to zero imme-
diately after the field is switched off.~v! Interestingly, there is a sudden drop in the ZFCM IRM at 5 K about
10 min after the field is switched off while undergoing slow relaxation with time. Thus, Y substitution for Eu
brings out peculiar changes in the magnetic properties of Eu2PdSi3 and appears to favor metastability in the
magnetic response, presumably due to magnetic disorder in such substituted alloys.@S0163-1829~99!02006-8#
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I. INTRODUCTION

Recently, ternary compounds of the typeR2PdSi3 , crys-
tallizing in an AlB2-type hexagonal structure have evok
considerable interest.1–6 It is to be noted that we have re
ported the formation of Ce and Eu compounds in Refs. 2
This crystal structure is characterized by two sites5,6 for R
ions, 25% occupying the 2b site ~hereafter calledR1 ions!
and 75% occupying the 6h site (R2 ions) following crys-
tallographic order at the Pd and Si sites. The majority E
ions order magnetically at a lower temperature~10 K!, while
the minority ones~Eu1! order at a higher temperature~40 K!.
Our previous investigations5 on Eu2PdSi3 suggested that
while there is enough evidence for the existence of both
tiferromagnetic and ferromagnetic exchange interactions
this compound, there is no spin-glass~SG! behavior. This
gains importance considering that the U compoun
U2PdSi3 ~Ref. 7! and U2PtSi3 ~Ref. 8!, have been shown to
exhibit SG characteristics due to exchange of atoms betw
Pd~Pt! and Si sites. This might imply therefore that there is
high degree of crystallographic order between Pd and Si s
in this Eu compound. It is therefore interesting to pro
whether chemical substitution at the Eu site by nonmagn
Y leads to magnetic frustration. Keeping this in mind, w
have investigated the electrical resistivity (r), heat capacity
(C), and magnetization behavior in the alloy
Eu22xYxPdSi3 (x50.0, 0.5, and 1.5!, the results of which
are reported in this article. We find drastic changes in
magnetic behavior and significant magnetic disorder effe
as a result of Y substitution.
PRB 590163-1829/99/59~6!/4244~5!/$15.00
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II. EXPERIMENT

The samples were prepared by induction melting stoich
metric amounts of constituent elements, followed by vacu
annealing at 700 °C for one week; the loss due to evap
tion of Eu while melting was compensated by taking suita
excess amount of Eu. The samples were found to be si
phase by x-ray diffraction and the sharpness of the diffr
tion lines is not found to diminish in the Y-substitute
samples; the lattice constants are also found to decrease
Y substitution as expected. Ther measurements were pe
formed by a conventional four-probe method employing
conducting silver paint for making electrical contact of t
leads with the samples, andC data were collected by a
semiadiabatic heat-pulse method. The ac susceptibilityx)
measurements~2–300 K! were performed employing a a
field of 0.8 Oe at different frequencies and dcx measure-
ments were performed in the presence of a magnetic field~H!
of 2 kOe @zero-field cooled~ZFC!# ~2–300 K! employing a
Quantum Design superconducting quantum interference
vice. In addition, ZFC and field-cooled~FC! behavior ofx
have been studied below 100 K for H5100 Oe; the mag-
netic relaxation and hysteresis behavior were also meas
at selected temperatures.

III. RESULTS AND DISCUSSION

The results of magnetic susceptibility studies obtained
different ways for all the three compositions are shown
Fig. 1. The findings are~i! the effective magnetic momen
(mb) obtained from the high temperature~100–300 K! linear
region of the plots of inverse dcx versus temperature~Fig.
4244 ©1999 The American Physical Society



,
n

-
s
re
n

en
le
d
-

ro
be
c
r
t
n

w-
u-
at
ence

y

the
-

tion
d

d
eld

to
ent
nds
n

le
s is

f
ilar

he

a
ure

e
m
t

two

d
le

eti-

ugh

PRB 59 4245UNEXPECTED MODIFICATION OF MAGNETIC PROPERTIES BYY . . .
1!, measured in the presence of a magnetic field of 2 kOe
nearly 8mb , thereby suggesting that Eu remains divale
though Y substitution exerts positive chemical pressure,~ii !
The paramagnetic Curie temperature (up in the range 100–
300 K! for x50.0, 0.5, and 1.5 are23, 8, and 6 K, respec
tively, thus indicating that Y substitution in fact diminishe
the strength of antiferromagnetic correlations; it is to be
marked that the field required to saturate the magnetizatio
5 K is rather small~about 5 kOe! for the x50.5 alloy, in-
dicative of stronger ferromagnetic correlations consist
with this inference, compared to the absence of comp
saturation even for higher fields for the parent compoun5

~iii ! The inversex ~Fig. 1! tends to saturate at a higher tem
perature~about 30 K! for the x50.5, compared to thex
50.0 composition, intercepting thex axis on the positive
side, which is more evidence for the prominence of fer
magnetic correlations with initial Y substitution. This can
correlated to the appearance of a distinct peak in the ax
data at about 34 K forx50.5. The corresponding feature fo
x50.0, expected to appear at 40 K, is rather smeared ou
a continous change in the slope of the plot due to short-ra
correlation effects with decreasing temperature below 60

FIG. 1. Inverse susceptibility versus temperature measure
the presence of a magnetic field of 2 kOe and zero-field-coo
~ZFC! and field-cooled ~FC! susceptibility (H5100 Oe) for
Eu22xYxPdSi3 (x50.0,0.5,1.5) alloys.
is
t

-
at

t
te
,

-

by
ge
K

as mentioned in Ref. 5. For the Y-rich composition, ho
ever, the plot of inversex versus temperature tends to sat
rate only below 10 K. An important point to be noted is th
there are qualitative changes in the temperature depend
of ZFC and FC susceptibility (H5100 Oe) as Y is substi-
tuted for Eu: while, forx50.0, the difference sets in onl
near the peak in ZFC data~10 K!, for x50.5 and 1.5, inter-
estingly, FC and ZFC data tend to diverge from far above
peak~30 and 8 K, respectively!; the peak temperatures rep
resent the magnetic transitions from Eu2 ions.5

We also measured the isothermal remanent magnetiza
(M IRM) as a function of timet for all the samples at selecte
temperatures~2 and 70 K forx51.5 and 5, 15, and 70 K for
x50.0 and 0.5!. The samples were first zero-field coole
from 100 K to the desired temperature, then a magnetic fi
of 5 kOe was applied for 5 mins and switched off~at t
50 min). For all the samples, the values at 70 K drop
zero as soon as the field is switched off. While for the par
compound the magnetization dropped to zero within seco
at all temperatures, a nonzeroM IRM could be detected eve
after 2 h for the Y-substituted samples, at 2 K for x51.5 and
5 and 15 K forx50.5. Thus a metastable and irreversib
state in the Y substituted samples at these temperature
created by the application ofH; it may be noted that even i
these samples are cooled in the presence of the field, sim
relaxation behavior is seen.

We would like to emphasize on an unusual finding in t
ZFC M IRM data for x50.5 at 5 K: there is a logarithmic
relaxation ofM IRM for about 10 min, after which there is
sudden drop, the origin of which is unclear, and this feat
is reproduceable even if the field values are different. W
find that this drop is absent if the sample is field cooled fro
100 K ~see Fig. 2, upper panel!. This drop is also absent a
15 K ~data not shown!. It is not clear whether this drop is
related to a decoupling of the Eu moments between the

in
d

FIG. 2. Time dependence of the isothermal remanent magn
zation M IRM(T,t) of Eu22xYxPdSi3 (x50.5 and 1.5! at different
temperatures in the magnetically ordered state. The lines thro
the points represent least squares fit to the expressionM IRM(T,t)
5M0(T)1a(T)ln t, except for the 5 K~ZFC! data forx50.5, in
which case it serves as a guide to the eyes.
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4246 PRB 59SUBHAM MAJUMDAR et al.
different sites after the system is allowed to relax for so
period of time. Very recently,9 a coexistence of long-rang
~canted antiferromagnetic! interaction and SG behavior ha
been proposed for copper hydroxy salts which have a laye
structure, and in which the magnetic Cu ion has two disti
crystallographic sites; considering a similar situation of t
sites for~magnetic! Eu in our system, such a scenario is n
ruled out for the Y-substituted alloys. It will be interesting
explore this aspect further. The magnitude and the net va
tion of the remanent magnetization is, however, small at
K, compared to that at 5 K; att50, the value is about 1.00
emu/g, which drops logarithmically to 0.995 emu/g only
10 min, remaining constant thereafter~over the measured
period of time of 1 h!. This is presumably related to modifi
cation of magnetic structure as the temperature is lowe
from about 15 to 5 K, following magnetic ordering of the E
ions at the 6h site below about 10 K. All these results a
shown in Fig. 2~except for the 15 K data forx50.5 as the
variation is small!. For the FC 5 K data forx50.5 and ZFC
2 K data forx51.5, the observed time dependence follo
closely the relationshipM IRM(T,t)5M0(T)1a(T)ln t.

We have also compared the hysteresis loops of the m
netization for all these samples at the same temperature
which M IRM data were recorded. The results are shown
Fig. 3. It is clear that the parent compound does not exh
any hysteresis, while the Y-substituted alloys show hys
esis with a nonzero remanent magnetization at 5 K; the lo
though small, is present even at 15 K forx50.5. It may be
remarked that these features are characteristic of SG
nomena also. Due to complexities of the magnetic behav
we are not able to precisely define the characteristic free
temperatureTf if the features in Y-substituted samples are
be attributed to SG phenomenon; the temperature at whicx
peaks is conventionally taken asTf , which turns out to be 10
and 5 K forx50.5 and 1.5, respectively. It is to be noted th
there is a difference between FC and ZFCx data for
Eu2PdSi3 as well without any other signatures of SG ph
nomena and this result establishes that this criterion is
sufficient to call any such compound a SG; a similar conc
sion has been arrived at in the past from the investigation
systems known to exhibit long-range magnetic order.10

With respect to the acx data~Fig. 4!, for x50.0, while
the feature at 40 K due to the magnetic transition from E
site is not visible, there is a prominent peak at about 10
arising from a magnetic transition from Eu2 ions. Forx
50.5, there is a significant and monotonous increase of ax
down to 10 K; thus the magnetic transition below 30 K
very broad, which is indicative of the disordered nature
the exchange interaction. A distinct peak is seen forx51.5 at
about 6 K attributable to Eu2 ions. Here, we would like
emphasize on the observation that in Eu1.5Y0.5PdSi3 , the
magnetic transition due to the 2b site ~above 30 K! is very
prominent in the acx data, a feature which is not transpare
in the data for the parent Eu compound~at 40 K!. It may be
recalled5 that taking crystallographic features into accou
the magnetism from the 2b site was proposed to be quas
one-dimensional in character forx50.0. It is interesting to
see that the breaking of the Eu chains by the substitution
nonmagnetic ions appear to make the feature in the ac
ceptibility very prominent. We believe that this observati
is of relevance to the physics of one-dimensional magneti
e
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The heat-capacity data are shown in Fig. 5, along with
resistivity behavior. As reported earlier, forx50.0, there is a
sharp peak inC below 10 K and a weak one below 40 K
arising from the magnetic transitions from Eu ions at theh
and 2b sites, respectively. These results were analyzed
detail in Ref. 5. If Eu prefers to occupy the 2b site, then, for
x51.5, one should not see the features around 10 K a
~and a feature should appear only around 30–40 K!. On the
contrary, we find that this alloy in fact shows the featur
due to magnetic ordering, though broad, below 10 K. T
magnetic entropy could be obtained only approximately d
to the absence of proper reference for lattice contribution
described in Ref. 5, and such an estimate is found to at
nearly full value around 15 K for this composition; the
findings establish that Eu, substituted for Y in Y2PdSi3 , pre-
fers to occupy the 6h site and not the 2b site in
Eu0.5Y1.5PdSi3 . It appears that as the Eu concentration
creases, some fraction tends to occupy 2b site as well. This
is established in the following way: In the alloy,x50.5, if
Eu prefers 6h site alone, one would naively expect a sha
feature below 10 K only, without any additional magne
ordering well above 10 K due to the 2b site. However, there

FIG. 3. Hysteresis loop of the magnetization of Eu22xYxPdSi3
alloys at selected temperatures. The data close to zero field
shown in the expanded form in the insets. The lines through
data points serve as guides to the eyes.
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is an additional prominent feature near 34 K~as established
by acx andr data more clearly! attributable to the magneti
transition from the 2b site. From the depression of magne
ordering temperature from 40 to 34 K and assuming the
lidity of the indirect exchange interaction, it is estimated th
about 85% of theR2 site is occupied by Eu for this compo
sition. The facts that there are two magnetic transitions,
near 34 K and the other at 8 K, forx50.5 and that there is a
prominent one near 8 K for x51.5 are established by anom
lies in electrical resistivity as well, though the absolute v
ues ofr may not be reliable, considering microcracks in t
sample. The observation that the heat-capacity features
rather smeared out, resulting in broader anomalies, with
substitution may be in favor of SG behavior.

IV. CONCLUSIONS

To conclude, Y substitution modifies magnetic ordering
favor of a disorder-dominated magnetism, particularly co
sidering broadening of heat capacity and ac susceptib
features. We also observe time dependence of isothe
magnetization and magnetic hysteresis loops in Y substitu

FIG. 4. ac susceptibility data at different frequencies below
K with an ac field of 0.8 Oe for the alloys Eu22xYxPdSi3 .
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alloys, which are absent in the parent Eu compound. It is
be noted that these features are also characteristic of
glasses.11 We, however, could not resolve any frequency d
pendence in acx data of the Y-substituted samples~charac-
terizing spin glasses! which, if present, may be masked b
the width of these features. Though the magnetic behavio
influenced by disorder effects, we are at present hesitan
firmly claim that these Y-substituted alloys are spin glass
considering that the low-temperature divergence of FC a
ZFC x, relaxation behavior ofM IRM , and hysteretic behav-
ior of magnetization have also been seen in compounds w
long-range magnetic order.10,12–15 It should, however, be
noted that the coercive field of our alloys is rather sm
compared to those magnetic systems12 and the field em-
ployed to magnetize for magnetic relaxation studies in o
case is larger than the coercive field. Therefore, one
tempted to believe that these Y alloys are spin glasses. F
ther work is required to confirm or rule out this possibility
Finally, we would like to mention that thex50.5 alloy is an
interesting system, considering a sudden jump in ZFC i
thermal remanent magnetization after about 10 min, wh
warrants further investigation for deeper understanding.
short, Y substitution for Eu in Eu2PdSi3 , a compound with
two ~long-range! magnetic orderings from two different Eu
chemical environments, brings out interesting changes in
magnetic behavior, some of which are apparently related
an element of metastability in the magnetic response of th
alloys.

0

FIG. 5. Heat capacity and electrical resistivity fo
Eu22xYxPdSi3 (x50.0,0.5,1.5) below 60 K, with the arrows mark
ing features due to magnetic transitions in ther data.
-

te

,

*Electronic address: sampath@tifr.res.in
1P.A. Kotsanidis J.K. Yakinthos, and E. Gamari-seale, J. Ma

Magn. Mater.87, 199 ~1990!.
2R. Mallik and E.V. Sampathkumaran, J. Magn. Magn. Mat

164, L13 ~1996!.
n.

r.

3R. Mallik, E.V. Sampathkumaran, M. Strecker, and G. Wort
mann, Europhys. Lett.41, 315 ~1998!.

4R. Mallik, E.V. Sampathkumaran, and P.L. Paulose, Solid Sta
Commun.106, 169 ~1998!.

5R. Mallik, E.V. Sampathkumaran, M. Strecker, G. Wortmann



R

.
ys

J.

,

ran,

r-

4248 PRB 59SUBHAM MAJUMDAR et al.
P.L. Paulose, and Y. Ueda, J. Magn. Magn. Mater.185, L135
~1998!.

6R.A. Gordon, C.J. Warren, M.G. Alexander, F.J. DiSalvo, and
Pottgen, J. Alloys Compd.248, 24 ~1997!.

7D.X. Li, Y. Shiokawa, Y. Homma, A. Uesawa, A. Donni, T
Suzuki, Y. Haga, E. Yamamoto, T. Honma, and Y. Onuki, Ph
Rev. B57, 7434~1998!.

8D.X. Li, Y. Shiokawa, Y. Homma, A. Uesawa, and T. Suzuki,
Magn. Magn. Mater.176, 261 ~1997!.
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