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Anisotropic spin-glass-like and quasi-one-dimensional magnetic behavior in the
intermetallic compound Th,PdSi
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We report temperature-dependent ac susceptibijty fhreasurements on a high-quality single crystal of
Th,PdS, crystallizing in a AlB-derived hexagonal structure. This compound is found to exhibit features
attributable to quasi-low-dimensional magnetism at high temperatures and anisotropic spin-glass-like behavior
at low temperatures<{10 K) with an unusually large frequency dependence of peak temperatureyifThc
This compound thus presents a novel situation in metallic magnetism, considering that the former phenomenon
is normally encountered only among insulators, whereas the anisotropic spin-glass-like behavior, to our knowl-
edge, has not been known in stoichiometric intermetallic compounds.
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The field of magnetism continues to be an exciting onemoment orientation appears to be on the basal plane. In ad-
due to the discovery of magnetic materials with unusualition, the dcy data reveal one more transition below about
characteristics leading to the discovery of novel phenomenal0 K in the polycrystaf, whereas the data for the single
In recent years, there has been a tremendous increase of agystal revedf more transitions at lower temperatures de-
tivity on materials with magnetic frustration effect_s leading pending on the orientation and thmagnetic field and ther-
to spin-glass freezirigon the one hand, and with low- g cycling history of the sample. Another puzzling obser-
dimensional effecfson the other. As far as spin-glass freez- yation in the dex(T) plot is that there is a peak at about 55
ing is concerned, it has been generally assumed that thig for H//[0001] (whereH is the magnetic field This peak,
phenomenon is isotropic in stoichiometric compounds. Withextending over a wide temperature range, is very broad,
respect to low-dimensional magnetism, the focus has alwaygminiscent of that predicted for one-dimensional
been on insulators in which the magnetic ordering is medimagnetisnt’
ated by superexchange mechanism via the intervening non- The single crystalline sample employed in the present in-
magnetic atoms. However, the existence of low-dimensionalestigation is the same as that in Ref. 12. The;aneasure-
effects, to our knowledge, has not been demonstrated amongents were performed in tHE interval 2-150 K at various

intermetalliccompounds. The existence of a compound Withgrequencies $=1.2, 12, 120, and 1220 BiZor two crystal-

these properties in a metallic environment would be Surpnsl'ographic orientation@lOTO] and[0001] with respect to the

ing, as the indirect exchange interaction via the conduction irection of the ac field2 O8 on the same piece employing

; . . d
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dimensional interaction. In this article, we bring out that thelnter;erenceldev:(ce. h I
intermetallic compound TH#dSg exhibits certain unusual ('jl'zef res# ts of ag mefis“fem?“;?' are IS olwn |fn F|gs: 1
strongly anisotropic features in the temperat(if¢ depen- an or the two orientations. It is distinctly C(zar rom Fig.
dent ac susceptibilityx), both above and below long-range L thaththere Ilf a peak at 23'.6 K in the real pa]{”)]( of ac
magnetic ordering temperatufelose to 24 K, which appear a_\nd the peak temperature is independent off his estab-.
to have some bearing to the above assumptions. Ilsh_es that the com_pound underg_oes long-range magnetic or-
This compound crystalizes in a Ajaierived hexagonal derlng_, but not spln-glass_ ordering, at_23.6 K. The corre-
structure® It is worthwhile stating that the Pd-based ternarySporldlng fgature(appearmg as a kink at th? same
compoundsR,PdSi, (R=rare earth) have been found to ex- tempera_tur)als gxtremely weak foH//[OOO_l]. There is also
hibit many interesting and unusual magnetic and transpoi® Peak in the imaginary par() for [1010] at the same
propertie =16 The properties of the Th compound are par-{€mperature, but considering that the peak position ie-
ticularly notable. While the reader may see Reféol poly- ~ dependent, one must cqnclddbat the anomalies at 23.6 K
crysta) and 12(on single crystalfor many other interesting d0 not originate from spin-glass freezing.
properties of this compound, we recall here only those which  The first observation of emphasis is that,Tais lowered,
are relevant to the present article. All the results conclusivelpne observes another peak around 10 K[ft010] for the
establish that long-range magnetic ordering sets in belolowest v both in y’ and x” and the peaks move towards a
about 24 K. However, the nature of the magnetism appears toigher temperature, say, from 10 to 14 K as thé varied
be very complex with a strong evidence for the existence ofrom 1.2 to 1200 HZunlike the 23.6 K transition(Fig. 1).
ferromagnetic correlations along basal plane and antiferroAt this juncture, it may be stated that the neutron diffraction
magnetic interplane interactiof@long thec direction; the  data on polycrystalline materidireveal the presence of a
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FIG. 1. Temperature dependent ac susceptibib{tybehav@r at 0.00 1 . T —
various frequencies for single crystalline ;RuS§ for H//[ 1010]. 0 <0 40 60 80
x' and x” represent real and imaginary parts, respectively. The Temperature (K)

transitions below 10 K are compared in the ins@se below the
othey for two directions. The direction of the shift of the curves for ~ FIG. 2. Temperature dependent ac susceptibily behavior
T<15 K with increasing frequencyl.2, 12, 120, 1220 Hzis for various frequencies for single crystalline ,RuSg for
shown by an horizontal arrow. H//[000Y. x' and x” represent real and imaginary parts, respec-
tively. The peak temperature ip’ for the low-temperature transi-
spin-glass-like component along with the long-range ordertion shifts to a higher temperature with increasing frequeficg,
ing, which actually prompts us to attribute this frequencyl2, 120, and 1220 Hzshown in an expanded form in the inset of
dependence to spin-glass-like freezing. But, in Ref. 10, bot/ig- _1)_. The x" is featureless in the entlre_tempera_ture range with
the orderings are proposed to set in at the same temperaturﬂég"g'b'y small values for lower frquenmes. Thg inset §hows the
(close to 24 K, whereas in the present study, we observedCX b_ehawo_r(Ref. 12 gbovg 25 K with the continuous line rep-
only long range ordering at 23.6 K with the spin-glass-likeresentlng afitas described in the text.
features appearing only at 10 K. We believe that this discrep- ] ] ) .
ancy arises from the differences in the degree of Pd-Si dis:canonical spin-glass” behavidras the sign of the magne-
order among these two forms of the matefaiore in the toresistance in the vicinity of 5 Ksee Fig. 20) of Ref. 12
polycrystalline form—a finding interesting in its own right. for H//[0001] is opposite(positive) to that expected for spin
Though this frequence dependence is characteristic of spi@lasses, and that”(T) does not apparently exhibit a sharp
glasses, it is hard to conclufdor such anisotropic concen- feature, however, weak it may be, around 4 K. Needless to
trated magnetic systems whether the transition is of a spirfemphasize that the magnitude of the shitZ K) of the
glass type. For this reason, we call this behavior “spin-glassPeak temperatures withfor these transitions is interestingly
like.” If these properties are truly due to spin-glass behaviorVvery large compared to that knowabout 1% for canonical
this anomaly in such a stoichiometric compound might arisesPin glasses. It is not out of place to mention that we have
due to the triangu|ar arrangement of Th ioﬁepo|ogica| also measured the isothermal magnetiza(kzlm and we find
frustration and/or a small degree Pd-Si disordeee below thatM varies esssentially linearly fa4//[0001] without any
for a discussion on crystallographic featyrda any case, if ~hysteresis at low fieldébelow 20 kOg, say at 5 K, as re-
this feature in this compound is isotropic, one should makeported in Ref. 12, whereas fdid//[1010], the M-H plot
similar observations in the data fbi//[0001]. In sharp con-  exhibits a hysteresis loop. Therefore, if the hysteresidlin
trast to this expectation, we do not s@dg. 2) any peak in  for the latter orientation arises from spin-glass-like anomaly,
the T range 7-12 K for this direction. Thus, the anisotropicthen clearly this behavior is anisotropic.
nature of the 10 K feature makes this compound an interest- In order to bring out the second major point of emphasis,
ing one. However, the¢’'(T) curve for the latter direction we turn to the data above 23 K. It is obvious that §H€T)
shows a drop at a lower temperature, say around 5 Ky for exhibits a broad peak around 55 K fi@001] as in the case
=1 Hz. In other words, the former direction shows a spin-of dc y (T) plot (see the inset of Fig. 2, with the data taken
glass-like feature at about 10 K, whereas the latter orientafrom Ref. 12. This feature is so broad that it can not result
tion shows similar frequency-dependeggitfeatures around 5 from spin-glass freezing of some fraction of Tb ions. The
K (see the inset of Fig.)1These findingglow-T transitions  present article places this on a firm footing by reportingcac
at distinctly different temperatures for these two directjons as a function ofv, i.e., the plots for all the frequencies over-
are rather consistent with the features in the zero-field-coolethp above 25 K.
dc y data of Ref. 12compare Figs. @) and 2b) of Ref. 12. A careful look at the crystallographic features in light of
The aboe 5 K feature in any case cannot be attributed tothe above finding is quite intriguing. As already remarked,
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center of the hexagonal tube made up of Pd and Si atoms and
the R-R distances are of the order of 4 A. It has been
establishel that theR chain at the &) site can undergo
magnetic ordering due to finite interaction amor{l)2(b)
chains(which are at a distance of abd®iA from each other
leaving the interveningr ions at the 6K) site paramagnetic.
We therefore attribute the broad 55 K peakyirto the anti-
ferromagnetic correlations within the chain of Tb ions
present at the ) site, and the observed broad peak is simi-
lar to that predicted theoretically by Bonner and Fisther
several years ago. In order to compare the experimgntal
behavior with a model on low-dimensional systems, for in-
stance, as in Ref. 21we have used the dg data(Ref. 12

FIG. 3. The unit cell of TBPdS} in thea-b plane viewed along  (aphove 25 K instead of agy, as the absolute values are more
the c axis. Big cirles(light black at 2 site and dark black att6  (ajiaple in the former case. We obtained a fairly goodde
site) represen_t 'Tb atoms, whereas_ smaller ones represent P(fjontinuous the line in the inset of Fig. 2 as per the equation
(darke and Si(lighter) atoms, respectively. 2 in Ref. 21 for an exchange interaction strength of about 35
K. The broad peak is, however, not observable for

structure. The ternary derivative of this structure presents aH//[_lOlO] (see Fig. 1. It IS to be remz_irked that the S”e{;gth
interesting situation(Fig. 3) crystallographically in the of this peak forH//[0001] is very low in tﬁe dox as well:
event®that there is an ordered occupation of Bsite by Pd ~ Such a weak feature is masked f8f/[1010] as they val-

and Si atoms in the basal plane; that is, there are two differues for the paramagnetic Tb ions at thehp@ite for this

ent chemical environments f& ions[called 2) and 6) orientation are large increasing at a faster (@en the de-
sited, doubling thea parametef.As a signature of this, one crease ofy below 45 K in the other directignwith decreas-
normally observes superstructure lines in the x-ray diffracing T. It is worth noting that the paramagnetic Curie tem-
tion patternfe.g.,(101) and(110) appearing at 2=16.6 and  Perature is widely different{ 30 and 23 K for[0001] and
21.7 A, respectively, with Ok, radiatior]. However, such [1010] directions, unlike the situation for other analogous
superstructure lines are usually we#like intensity of which heavy rare-earth compountis:*1°Such a strong anisotropy
apparently depends upon the degree of Pd-Si disprdereven in the paramagnetic state is also a characteristic of
Hence these can easily escape detection. Thus, the wavgdasi-one-dimensional magnetic systems.

length of the neutron employed in a previous stiidyn the To conclude, ThPdSE apparently exhibits quasi-one-
polycrystalline form is too largd2.44 A) that these lines dimensional features in the magnetic susceptibility data
could not be detectable, whereas, in the x-ray diffraction pattaround 55 K, thereby characterizing this compound, to our
tern recorded with a much smaller wave length radiatiorknowledge, to be the first one among intermetallics to show
(CuK,) on the same polycrystalline sample, we could ob-this phenomenon. Naturally, this compound will thus serve
serve these lines in agreement with a previous aftielport-  as an ideal model system to evolve theories to understand
ing doubling of thea parameter. While finalizing this article, low-dimensional magnetism dominated by indirect exchange
we came to know that careful neutron diffraction interaction via conduction electrorfanlike the situation up
investigation& on the single crystals indeed reveal the dou-to now in insulators in which the superexchange interaction
bling of thea parameter. Th& and Pd-Si layers are stacked mediates magnetic couplihgnd associated interchain cou-
alternately along the direction and the arrangement Bf  pling effects. Another unusual observation is that, the 23.6 K
ions in the basal plane is triangular. TRdons at the 6k) long-range magnetic ordering is followed by “anisotropic”
site are sandwitched by eight Si atoms and four Pd atomspin-glass-like anomalies at lower temperatures; in addition,
(with four Si and two Pd placed on the vortices of the hexathere is a large frequency dependence of the peak tempera-
gon on each sidealong the hexagonal tube, whereas theture in the acy(T) plot, uncharacteristic of canonical metal-
ones at the @) site are sandwiched by hexagons of Si in thelic spin glasses. These results clearly reveal that this com-
immediate vicinity. Thus there are chains Rfions at the pound is an exotic magnetic materfal.
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this compound forms in a AlBderived hexagonal crystal
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