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Anisotropic spin-glass-like and quasi-one-dimensional magnetic behavior in the
intermetallic compound Tb2PdSi3
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We report temperature-dependent ac susceptibility (x) measurements on a high-quality single crystal of
Tb2PdSi3, crystallizing in a AlB2-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 temperature in acx(T).
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 o
due to the discovery of magnetic materials with unus
characteristics leading to the discovery of novel phenome
In recent years, there has been a tremendous increase o
tivity on materials with magnetic frustration effects leadi
to spin-glass freezing1 on the one hand, and with low
dimensional effects2 on the other. As far as spin-glass free
ing is concerned, it has been generally assumed that
phenomenon is isotropic in stoichiometric compounds. W
respect to low-dimensional magnetism, the focus has alw
been on insulators in which the magnetic ordering is me
ated by superexchange mechanism via the intervening
magnetic atoms. However, the existence of low-dimensio
effects, to our knowledge, has not been demonstrated am
intermetalliccompounds. The existence of a compound w
these properties in a metallic environment would be surp
ing, as the indirect exchange interaction via the conduc
electrons in metals, being of a long-range type, is expecte
destroy low-dimensional character in favor of thre
dimensional interaction. In this article, we bring out that t
intermetallic compound Tb2PdSi3 exhibits certain unusua
strongly anisotropic features in the temperature~T! depen-
dent ac susceptibility (x), both above and below long-rang
magnetic ordering temperature~close to 24 K!, which appear
to have some bearing to the above assumptions.

This compound crystalizes in a AlB2-derived hexagona
structure.3 It is worthwhile stating that the Pd-based terna
compoundsR2PdSi3 (R5rare earth) have been found to e
hibit many interesting and unusual magnetic and trans
properties.4–16 The properties of the Tb compound are pa
ticularly notable. While the reader may see Refs. 6~on poly-
crystal! and 12~on single crystal! for many other interesting
properties of this compound, we recall here only those wh
are relevant to the present article. All the results conclusiv
establish that long-range magnetic ordering sets in be
about 24 K. However, the nature of the magnetism appea
be very complex with a strong evidence for the existence
ferromagnetic correlations along basal plane and antife
magnetic interplane interaction~along thec direction!; the
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moment orientation appears to be on the basal plane. In
dition, the dcx data reveal one more transition below abo
10 K in the polycrystal,6 whereas the data for the sing
crystal reveal12 more transitions at lower temperatures d
pending on the orientation and the~magnetic field and ther-
mal cycling! history of the sample. Another puzzling obse
vation in the dcx(T) plot is that there is a peak at about 5
K for H//@0001# ~whereH is the magnetic field!. This peak,
extending over a wide temperature range, is very bro
reminiscent of that predicted for one-dimension
magnetism.17

The single crystalline sample employed in the present
vestigation is the same as that in Ref. 12. The acx measure-
ments were performed in theT interval 2–150 K at various
frequencies (n51.2, 12, 120, and 1220 Hz! for two crystal-
lographic orientations@101̄0# and@0001# with respect to the
direction of the ac field~2 Oe! on the same piece employin
a commercial~Quantum Design! superconducting quantum
interference device.

The results of acx measurements are shown in Figs.
and 2 for the two orientations. It is distinctly clear from Fi
1 that there is a peak at 23.6 K in the real part (x8) of ac x
and the peak temperature is independent ofn. This estab-
lishes that the compound undergoes long-range magneti
dering, but not spin-glass ordering, at 23.6 K. The cor
sponding feature ~appearing as a kink at the sam
temperature! is extremely weak forH//@0001#. There is also
a peak in the imaginary part (x9) for @101̄0# at the same
temperature, but considering that the peak position isn in-
dependent, one must conclude1 that the anomalies at 23.6 K
do not originate from spin-glass freezing.

The first observation of emphasis is that, asT is lowered,
one observes another peak around 10 K for@101̄0# for the
lowest n both in x8 and x9 and the peaks move towards
higher temperature, say, from 10 to 14 K as then is varied
from 1.2 to 1200 Hz~unlike the 23.6 K transition! ~Fig. 1!.
At this juncture, it may be stated that the neutron diffracti
data on polycrystalline material10 reveal the presence of
©2003 The American Physical Society01-1
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spin-glass-like component along with the long-range ord
ing, which actually prompts us to attribute this frequen
dependence to spin-glass-like freezing. But, in Ref. 10, b
the orderings are proposed to set in at the same temper
~close to 24 K!, whereas in the present study, we obse
only long range ordering at 23.6 K with the spin-glass-li
features appearing only at 10 K. We believe that this discr
ancy arises from the differences in the degree of Pd-Si
order among these two forms of the material~more in the
polycrystalline form!—a finding interesting in its own right
Though this frequence dependence is characteristic of
glasses, it is hard to conclude18 for such anisotropic concen
trated magnetic systems whether the transition is of a s
glass type. For this reason, we call this behavior ‘‘spin-gla
like.’’ If these properties are truly due to spin-glass behav
this anomaly in such a stoichiometric compound might ar
due to the triangular arrangement of Tb ions~topological
frustration! and/or a small degree Pd-Si disorder~see below
for a discussion on crystallographic features!. In any case, if
this feature in this compound is isotropic, one should ma
similar observations in the data forH//@0001#. In sharp con-
trast to this expectation, we do not see~Fig. 2! any peak in
the T range 7–12 K for this direction. Thus, the anisotrop
nature of the 10 K feature makes this compound an inter
ing one. However, thex8~T! curve for the latter direction
shows a drop at a lower temperature, say around 5 K, fon
51 Hz. In other words, the former direction shows a sp
glass-like feature at about 10 K, whereas the latter orie
tion shows similar frequency-dependentx8 features around 5
K ~see the inset of Fig. 1!. These findings~low-T transitions
at distinctly different temperatures for these two directio!
are rather consistent with the features in the zero-field-coo
dcx data of Ref. 12@compare Figs. 2~a! and 2~b! of Ref. 12#.
The above 5 K feature in any case cannot be attributed

FIG. 1. Temperature dependent ac susceptibility (x) behavior at

various frequencies for single crystalline Tb2PdSi3 for H//@101̄0#.
x8 and x9 represent real and imaginary parts, respectively. T
transitions below 10 K are compared in the insets~one below the
other! for two directions. The direction of the shift of the curves f
T,15 K with increasing frequency~1.2, 12, 120, 1220 Hz! is
shown by an horizontal arrow.
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‘‘canonical spin-glass’’ behavior,1 as the sign of the magne
toresistance in the vicinity of 5 K@see Fig. 2~b! of Ref. 12#
for H//@0001# is opposite~positive! to that expected for spin
glasses, and thatx9~T! does not apparently exhibit a sha
feature, however, weak it may be, around 4 K. Needless
emphasize that the magnitude of the shift (.2 K) of the
peak temperatures withn for these transitions is interestingl
very large compared to that known~about 1%! for canonical
spin glasses. It is not out of place to mention that we ha
also measured the isothermal magnetization~M! and we find
thatM varies esssentially linearly forH//@0001# without any
hysteresis at low fields~below 20 kOe!, say at 5 K, as re-
ported in Ref. 12, whereas forH//@101̄0#, the M -H plot
exhibits a hysteresis loop. Therefore, if the hysteresis inM
for the latter orientation arises from spin-glass-like anoma
then clearly this behavior is anisotropic.

In order to bring out the second major point of emphas
we turn to the data above 23 K. It is obvious that thex8(T)
exhibits a broad peak around 55 K for@0001# as in the case
of dc x ~T! plot ~see the inset of Fig. 2, with the data take
from Ref. 12!. This feature is so broad that it can not res
from spin-glass freezing of some fraction of Tb ions. T
present article places this on a firm footing by reporting acx
as a function ofn, i.e., the plots for all the frequencies ove
lap above 25 K.

A careful look at the crystallographic features in light
the above finding is quite intriguing. As already remarke

FIG. 2. Temperature dependent ac susceptibility (x) behavior
for various frequencies for single crystalline Tb2PdSi3 for
H//@0001#. x8 and x9 represent real and imaginary parts, respe
tively. The peak temperature inx8 for the low-temperature transi
tion shifts to a higher temperature with increasing frequency~1.2,
12, 120, and 1220 Hz! ~shown in an expanded form in the inset
Fig. 1!. The x9 is featureless in the entire temperature range w
negligibly small values for lower frequencies. The inset shows
dc x behavior~Ref. 12! above 25 K with the continuous line rep
resenting a fit as described in the text.
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this compound forms in a AlB2-derived hexagonal crysta
structure. The ternary derivative of this structure presents
interesting situation~Fig. 3! crystallographically in the
event19 that there is an ordered occupation of theB site by Pd
and Si atoms in the basal plane; that is, there are two dif
ent chemical environments forR ions @called 2(b) and 6(h)
sites#, doubling thea parameter.4 As a signature of this, one
normally observes superstructure lines in the x-ray diffr
tion pattern@e.g.,~101! and~110! appearing at 2u516.6 and
21.7 Å, respectively, with CuKa radiation#. However, such
superstructure lines are usually weak~the intensity of which
apparently depends upon the degree of Pd-Si disord!.
Hence these can easily escape detection. Thus, the w
length of the neutron employed in a previous study10 on the
polycrystalline form is too large~2.44 Å! that these lines
could not be detectable, whereas, in the x-ray diffraction p
tern recorded with a much smaller wave length radiat
(CuKa) on the same polycrystalline sample, we could o
serve these lines in agreement with a previous article3 report-
ing doubling of thea parameter. While finalizing this article
we came to know that careful neutron diffractio
investigations20 on the single crystals indeed reveal the do
bling of thea parameter. TheR and Pd-Si layers are stacke
alternately along thec direction and the arrangement ofR
ions in the basal plane is triangular. TheR ions at the 6(h)
site are sandwitched by eight Si atoms and four Pd ato
~with four Si and two Pd placed on the vortices of the he
gon on each side! along the hexagonal tube, whereas t
ones at the 2~b! site are sandwiched by hexagons of Si in t
immediate vicinity. Thus there are chains ofR ions at the

FIG. 3. The unit cell of Tb2PdSi3 in thea-b plane viewed along
the c axis. Big cirles~light black at 2b site and dark black at 6h
site! represent Tb atoms, whereas smaller ones represen
~darker! and Si~lighter! atoms, respectively.
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center of the hexagonal tube made up of Pd and Si atoms
the R-R distances are of the order of 4 Å. It has be
established4 that theR chain at the 2~b! site can undergo
magnetic ordering due to finite interaction among 2~b!-2~b!
chains~which are at a distance of about 8 Å from each other!
leaving the interveningR ions at the 6(h) site paramagnetic
We therefore attribute the broad 55 K peak inx to the anti-
ferromagnetic correlations within the chain of Tb ion
present at the 2(b) site, and the observed broad peak is sim
lar to that predicted theoretically by Bonner and Fische17

several years ago. In order to compare the experimentax
behavior with a model on low-dimensional systems, for
stance, as in Ref. 21!, we have used the dcx data~Ref. 12!
~above 25 K! instead of acx, as the absolute values are mo
reliable in the former case. We obtained a fairly good fit~see
continuous the line in the inset of Fig. 2 as per the equat
2 in Ref. 21! for an exchange interaction strength of about
K. The broad peak is, however, not observable
H//@101̄0# ~see Fig. 1!. It is to be remarked that the streng
of this peak forH//@0001# is very low in the dcx as well.12

Such a weak feature is masked forH//@101̄0# as thex val-
ues for the paramagnetic Tb ions at the 6(h) site for this
orientation are large increasing at a faster rate~than the de-
crease ofx below 45 K in the other direction! with decreas-
ing T. It is worth noting that the paramagnetic Curie tem
perature is widely different (230 and 23 K for@0001# and

@101̄0# directions!, unlike the situation for other analogou
heavy rare-earth compounds.11,14,16Such a strong anisotrop
even in the paramagnetic state is also a characteristi
quasi-one-dimensional magnetic systems.

To conclude, Tb2PdSi3 apparently exhibits quasi-one
dimensional features in the magnetic susceptibility d
~around 55 K!, thereby characterizing this compound, to o
knowledge, to be the first one among intermetallics to sh
this phenomenon. Naturally, this compound will thus se
as an ideal model system to evolve theories to unders
low-dimensional magnetism dominated by indirect exchan
interaction via conduction electrons~unlike the situation up
to now in insulators in which the superexchange interact
mediates magnetic coupling! and associated interchain cou
pling effects. Another unusual observation is that, the 23.6
long-range magnetic ordering is followed by ‘‘anisotropic
spin-glass-like anomalies at lower temperatures; in addit
there is a large frequency dependence of the peak temp
ture in the acx(T) plot, uncharacteristic of canonical meta
lic spin glasses. These results clearly reveal that this c
pound is an exotic magnetic material.22
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