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Unexpected modification of magnetic properties by Y substitution in E4PdSk
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The results of dc and ac magnetization, magnetic relaxation, electrical resistiyignfl heat-capacityC)
measurements on ERdS; and its Y-substituted alloys, Eu,Y,PdSg (x=0.5 and 1.5 crystallizing in a
AlB,-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 sigled 2 and éh sites, respective)ywith 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 bx=Y0( alloy), (i) the low-
temperature divergence of zero-field-cool@dC) and field-cooled magnetic susceptibility)( sets in at a
much higher temperature, compared to that#n0.0. (ii) The temperature-dependenandC are considerably
broadened at low temperatures, compared to those in the parent compound; apparently, the features due to
onset of magnetic ordering from theb Zite 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 compouivd.Isothermal remanent magnetization
(M gm) undergoes a slow relaxation with time at low temperatures, whilex$00.0, it falls to zero imme-
diately after the field is switched offv) Interestingly, there is a sudden drop in the ZWGzy 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 gP&8; and appears to favor metastability in the
magnetic response, presumably due to magnetic disorder in such substituted S0d3-18209)02006-3

I. INTRODUCTION II. EXPERIMENT

The samples were prepared by induction melting stoichio-

Recently, ternary compounds of the tyRgPdSi, crys- — metric amounts of constituent elements, followed by vacuum
tallizing in an AlB,-type hexagonal structure have evokedannealing at 700 °C for one week; the loss due to evapora-

considerable interest® It is to be noted that we have re- tion of Eu while melting was compensated by taking suitable
ported the formation of Ce and Eu compounds in Refs. 2,58xcess amount of Eu. The samples were found to be single
This crystal structure is characterized by two Sifefor R~ Phase by x-ray diffraction and the sharpness of the diffrac-

ions, 25% occupying thel2site (hereafter calleRl iong  UON lines is not found to diminish in the Y-substituted
and 75% occupying thelsite (R2 ions) following crys- samples; the lattice constants are also found to decrease with

: . - Y substitution as expected. The measurements were per-
tallographic order at the Pd and Si sites. The majority Eu2rormed by a convenF:ionaI fou?ieprobe method employliong a
ions order magnetically at a lower temperat(ké K), while . . . . ;
the minority onesEu1) order at a higher temperatui0 K). conducting silver paint for making electrical contact of the

0 . ) tiaatiof ELPdS ted that leads with the samples, and data were collected by a
ur previous investigationison =L § suggeste al:  semiadiabatic heat-pulse method. The ac susceptibilidy (
while there is enough evidence for the existence of both a

. . ) . ) Mheasurement§2-300 K were performed employing a ac
tiferromagnetic and ferromagnetic exchange interactions iBeld of 0.8 Oe at different frequencies and gcmeasure-

this compound, there is no spin-glaSG) behavior. This  mants were performed in the presence of a magnetic i#ld
gains _|mportance con5|d_er|ng that the U compoundsgs o kOe [zero-field cooledZFC)] (2—300 K) employing a
U,PdSi (Ref. 7) and LbPtSk (Ref. 8, have been shown to Quantum Design superconducting quantum interference de-
exhibit SG characteristics due to exchange of atoms betwegjfce. In addition, ZFC and field-cooledC) behavior ofy
Pd(PY and Si sites. This might imply therefore that there is ahave been studied below 100 K for=H00 Oe; the mag-
high degree of crystallographic order between Pd and Si sitesetic relaxation and hysteresis behavior were also measured
in this Eu compound. It is therefore interesting to probeat selected temperatures.

whether chemical substitution at the Eu site by honmagnetic
Y leads to magnetic frustration. Keeping this in mind, we
have investigated the electrical resistivity)( heat capacity

(C), and magnetization behavior in the alloys, The results of magnetic susceptibility studies obtained in
Ew,_YPdSk (x=0.0,0.5, and 1) the results of which different ways for all the three compositions are shown in
are reported in this article. We find drastic changes in thd=ig. 1. The findings ardi) the effective magnetic moment
magnetic behavior and significant magnetic disorder effect§u ) obtained from the high temperatuik00-300 K linear

as a result of Y substitution. region of the plots of inverse dg versus temperaturg-ig.

Ill. RESULTS AND DISCUSSION
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. . FIG. 2. Time dependence of the isothermal remanent magneti-
© 00 zation M gu(T,t) of Ew,_,Y,PdSi (x=0.5 and 1.5 at different
temperatures in the magnetically ordered state. The lines through
the points represent least squares fit to the expreddigy(T,t)
=My(T)+a(T)Int, except for the 5 K(ZFC) data forx=0.5, in
__ 80 which case it serves as a guide to the eyes.
= =
£ £
3 S as mentioned in Ref. 5. For the Y-rich composition, how-
L 8 ever, the plot of inversg versus temperature tends to satu-
T > rate only below 10 K. An important point to be noted is that
there are qualitative changes in the temperature dependence
. of ZFC and FC susceptibilityH{=100 Oe) as Y is substi-

tuted for Eu: while, forx=0.0, the difference sets in only
near the peak in ZFC data0 K), for x=0.5 and 1.5, inter-
estingly, FC and ZFC data tend to diverge from far above the

FIG. 1. Inverse susceptibility versus temperature measured i'E)eak(SO and 8 K, respectivelythe peak temperatures rep-
the presence of a magnetic field of 2 kOe and zero-field-cooleqesent the magnetic transitions from Eu2 i8ns.
(ZFC) and field-cooled (FC) susceptibility {=100 Oe) for

Ew_,Y,PdSi (x=0.0,0.5,1.5) alloys.

T (K)

We also measured the isothermal remanent magnetization
(Mrm) as a function of time for all the samples at selected
temperature$2 and 70 K forx=1.5 and 5, 15, and 70 K for
1), measured in the presence of a magnetic field of 2 kOe, ig=0.0 and 0.5 The samples were first zero-field cooled
nearly 8ug, thereby suggesting that Eu remains divalentfrom 100 K to the desired temperature, then a magnetic field
though Y substitution exerts positive chemical press(irg, of 5 kOe was applied for 5 mins and switched ot t
The paramagnetic Curie temperatui, (n the range 100— =0 min). For all the samples, the values at 70 K drop to
300 K) for x=0.0, 0.5, and 1.5 are 3, 8, and 6 K, respec- zero as soon as the field is switched off. While for the parent
tively, thus indicating that Y substitution in fact diminishes compound the magnetization dropped to zero within seconds
the strength of antiferromagnetic correlations; it is to be re-at all temperatures, a nonzekbg, could be detected even
marked that the field required to saturate the magnetization aifter 2 h for the Y-substituted sampleg, 2K for x=1.5 and
5 K is rather smalllabout 5 kOg for the x=0.5 alloy, in- 5 and 15 K forx=0.5. Thus a metastable and irreversible
dicative of stronger ferromagnetic correlations consistenstate in the Y substituted samples at these temperatures is
with this inference, compared to the absence of completereated by the application ¢f; it may be noted that even if
saturation even for higher fields for the parent compaound,these samples are cooled in the presence of the field, similar
(iii) The inversey (Fig. 1) tends to saturate at a higher tem- relaxation behavior is seen.
perature(about 30 K for the x=0.5, compared to tha We would like to emphasize on an unusual finding in the
=0.0 composition, intercepting the axis on the positive ZFC Mgy data forx=0.5 at 5 K: there is a logarithmic
side, which is more evidence for the prominence of ferro-relaxation ofM gy for about 10 min, after which there is a
magnetic correlations with initial Y substitution. This can be sudden drop, the origin of which is unclear, and this feature
correlated to the appearance of a distinct peak in thg ac is reproduceable even if the field values are different. We
data at about 34 K fox=0.5. The corresponding feature for find that this drop is absent if the sample is field cooled from
x=0.0, expected to appear at 40 K, is rather smeared out b{00 K (see Fig. 2, upper panelThis drop is also absent at
a continous change in the slope of the plot due to short-range5 K (data not shown It is not clear whether this drop is
correlation effects with decreasing temperature below 60 Kelated to a decoupling of the Eu moments between the two
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different sites after the system is allowed to relax for some 20
period of time. Very recently,a coexistence of long-range
(canted antiferromagnejiénteraction and SG behavior has
been proposed for copper hydroxy salts which have a layered : ‘
structure, and in which the magnetic Cu ion has two distinct - 0 1 Eu PdSi,
crystallographic sites; considering a similar situation of two = T= 5K
sites for(magnetig Eu in our system, such a scenario is not = 90 1
ruled out for the Y-substituted alloys. It will be interesting to “io 5 o s T
explore this aspect further. The magnitude and the net varia-
tion of the remanent magnetization is, however, small at 15 80 = 40 — — A 7
K, compared to that at 5 K; @t 0, the value is about 1.005 [ /
emu/g, which drops logarithmically to 0.995 emu/g only in _ ]
10 min, remaining constant thereaft@ver the measured _a0 EZ 1 / Fu Y. PdSi
period of time of 1 h. This is presumably related to modifi- -1 0 VA7 1.570.5 3
cation of magnetic structure as the temperature is lowered T= 9K
from about 15 to 5 K, following magnetic ordering of the Eu
ions at the & site below about 10 K. All these results are
shown in Fig. 2(except for the 15 K data fax=0.5 as the
variation is sma)l. For the FC 5 K data fok=0.5 and ZFC I ]
2 K data forx=1.5, the observed time dependence follows -30 = ; :
- . 1 0 y Eu145Y0‘5F’d813
closely the relationshipM \gu(T,t)=M(T)+a(T)Int. .

We have also compared the hysteresis loops of the mag-
netization for all these samples at the same temperatures at ~ S
which M g data were recorded. The results are shown in
Fig. 3. It is clear that the parent compound does not exhibit 10 — :
any hysteresis, while the Y-substituted alloys show hyster- o3 2°[ / ]
esis with a nonzero remanent magnetization at 5 K; the loop, } i - ] 1
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though small, is present even at 15 K for0.5. It may be ]
remarked that these features are characteristic of SG phe- Ly P Eu Y, PdSi,
nomena also. Due to complexities of the magnetic behavior, = _, | T= 2K i
we are not able to precisely define the characteristic freezing N
temperaturd’; if the features in Y-substituted samples are to 10 -5 0 5 10
be attributed to SG phenomenon; the temperature at which

peaks is conventionally taken &g, which turns out to be 10 H (kOe)
and 5 K forx=0.5 and 1.5, respectively. It is to be noted that

there is a difference between FC and ZRCdata for alloys at selected temperatures. The data close to zero field are

Ew,PdSk as well without any other signatures of SG phe-ghown in the expanded form in the insets. The lines through the
nomena and this result establishes that this criterion is NQfata points serve as guides to the eyes.

sufficient to call any such compound a SG; a similar conclu-
sion has been arrived at in the past from the investigations on The heat-capacity data are shown in Fig. 5, along with the
systems known to exhibit long-range magnetic order. resistivity behavior. As reported earlier, for=0.0, there is a
With respect to the ag data(Fig. 4), for x=0.0, while  sharp peak inC below 10 K and a weak one below 40 K,
the feature at 40 K due to the magnetic transition from Eularising from the magnetic transitions from Eu ions at tle 6
site is not visible, there is a prominent peak at about 10 Kand 2 sites, respectively. These results were analyzed in
arising from a magnetic transition from Eu2 ions. Bor detail in Ref. 5. If Eu prefers to occupy théd ite, then, for
=0.5, there is a significant and monotonous increase gf ac x=1.5, one should not see the features around 10 K at all
down to 10 K; thus the magnetic transition below 30 K is (and a feature should appear only around 30—-400 the
very broad, which is indicative of the disordered nature ofcontrary, we find that this alloy in fact shows the features
the exchange interaction. A distinct peak is seerxfell.5at  due to magnetic ordering, though broad, below 10 K. The
abou 6 K attributable to Eu2 ions. Here, we would like to magnetic entropy could be obtained only approximately due
emphasize on the observation that in,EY,, sPdSg, the to the absence of proper reference for lattice contribution as
magnetic transition due to thebZite (above 30 K is very  described in Ref. 5, and such an estimate is found to attain
prominent in the ag data, a feature which is not transparentnearly full value around 15 K for this composition; these
in the data for the parent Eu compouta 40 K). It may be  findings establish that Eu, substituted for Y inPSE, pre-
recalled that taking crystallographic features into account,fers to occupy the B site and not the B site in
the magnetism from thel2site was proposed to be quasi- Eu,sY ;1 sPdSk. It appears that as the Eu concentration in-
one-dimensional in character far=0.0. It is interesting to creases, some fraction tends to occuflyse as well. This
see that the breaking of the Eu chains by the substitution bis established in the following way: In the alloy=0.5, if
nonmagnetic ions appear to make the feature in the ac su&u prefers & site alone, one would naively expect a sharp
ceptibility very prominent. We believe that this observationfeature below 10 K only, without any additional magnetic
is of relevance to the physics of one-dimensional magnetismordering well above 10 K due to thebZite. However, there

FIG. 3. Hysteresis loop of the magnetization of,EY,PdSk
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Euw,_,Y,PdSi (x=0.0,0.5,1.5) below 60 K, with the arrows mark-
ing features due to magnetic transitions in fheata.
o ' 2'0 ” : alloys, which are absent in the parent Eu compound. It is to

be noted that these features are also characteristic of spin
glasses! We, however, could not resolve any frequency de-

FIG. 4. ac susceptibility data at different frequencies below soPendence in ag data of the Y-substituted samplésharac-

K with an ac field of 0.8 Oe for the alloys Eu,Y,PdSi. terizing spin glasseswhich, if present, may be masked by
the width of these features. Though the magnetic behavior is

is an additional prominent feature near 346 established influenced by disorder effects, we are at present hesitant to
by acy andp data more clearlyattributable to the magnetic firmly claim that these Y-substituted alloys are spin glasses,
transition from the B site. From the depression of magnetic considering that the low-temperature divergence of FC and
ordering temperature from 40 to 34 K and assuming the vaZFC x, relaxation behavior oM gy, and hysteretic behav-
lidity of the indirect exchange interaction, it is estimated thatior of magnetization have also been seen in compounds with
about 85% of the]2 site is occupied by Eu for this compo- long-range magnetic ordé®'*~*° It should, however, be
sition. The facts that there are two magnetic transitions, on8oted that the coercive field of our alloys is rather small
near 34 K and the other at 8 K, far=0.5 and that there is a compared to those magnetic systéfnand the field em-
prominent one naa K for x= 1.5 are established by anoma- Ployed to magnetize for magnetic relaxation studies in our
lies in electrical resistivity as well, though the absolute val-case is larger than the coercive field. Therefore, one is
ues ofp may not be reliable, considering microcracks in thetempted to believe that these Y alloys are spin glasses. Fur-
sample. The observation that the heat-capacity features ateer work is required to confirm or rule out this possibility.
rather smeared out, resulting in broader anomalies, with Yinally, we would like to mention that the=0.5 alloy is an
substitution may be in favor of SG behavior. interesting system, considering a sudden jump in ZFC iso-
thermal remanent magnetization after about 10 min, which
warrants further investigation for deeper understanding. In
short, Y substitution for Eu in EPdSE, a compound with

To conclude, Y substitution modifies magnetic ordering intwo (long-rangé magnetic orderings from two different Eu
favor of a disorder-dominated magnetism, particularly conchemical environments, brings out interesting changes in the
sidering broadening of heat capacity and ac susceptibilitynagnetic behavior, some of which are apparently related to
features. We also observe time dependence of isothermah element of metastability in the magnetic response of these
magnetization and magnetic hysteresis loops in Y substitutedlloys.

Temperature (K)

IV. CONCLUSIONS
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