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Magnetic and transport behavior of single-crystalline Dy2PdSi3
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The results of magnetization, magnetic susceptibility (x), electrical measurements, and magnetoresistance
measurements as a function of temperature~2–300 K! in the single-crystalline Dy2PdSi3 are reported for two

different directions~@0001# and @101̄0#) of the crystal. The results reveal that there is an onset of magnetic
ordering below 8 K. The high-temperature paramagnetic Curie temperature is positive for both directions,
though antiferromagnetic coupling dominates in the basal plane; the magnetic coupling along thec axis is of
a ferromagnetic type. The electrical resistance data for both the directions indicate the formation of magnetic
Brillouin-zone boundary gaps. A finding of importance is that the broad peak in the temperature dependentx
around 50 K noted for the analogous Tb compound is not observed in the present investigations, though there
is a weak difference between the zero-field-cooled and field-cooledx versusT curves below 40 K~the
implications of which are not clear at present!. The results establish that this compound exhibits giant mag-
netoresistance behavior at low temperatures. We also compare the observed anisotropic behavior with those in
Tb and Gd compounds.

DOI: 10.1103/PhysRevB.64.012418 PACS number~s!: 75.50.2y, 75.20.En, 75.70.Pa, 72.15.2v
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The compounds of the type R2TSi3 (R5 rare earth,T
5transition metals!, crystallizing in a AlB2-derived hexago-
nal structure, have been found to exhibit many anomalie
their properties.1–14 We have also carried out extensive stu
ies on the single crystals of Pd containing alloys forR5Ce,
Gd, and Tb~Refs. 6–8! considering the importance of som
observations on the polycrystalline samples to the fields
the Kondo effect, heavy fermions, the giant magnetore
tance~GMR! effect, the magnetocaloric effect, etc. We ha
observed a number of interesting anisotropic anomalies, e
for R5Gd ~which is anS-state ion!. This prompted us to
extend the studies on the single crystals to other membe
this series as well in order to get a more complete picture
the anisotropic magnetic behavior of this class of co
pounds. Here, we present the results of magnetization (M ),
magnetic susceptibility (x), and electrical and magnetoresi
tance studies for single-crystalline Dy2PdSi3. The results
confirm the magnetic behavior observed for the polycrys
line sample reported earlier,5 in particular establishing tha
this compound is a low-temperature GMR system. In ad
tion, the data reveal that the magnetic properties are qua
tively more isotropic in the paramagnetic state as compa
to those in the Tb compound.8 The magnetic couplings in
ferred on the basis of the present data are consistent with
neutron-diffraction results on the polycrystalline samples13

The single-crystalline Dy2PdSi3 was grown by the
floating-zone method by rf inductive heating from stoich
metric polycrystalline feed rods. This material exhibits co
gruent melting behavior.15 Accordingly,16 the growth rate
was 5 to 10 mm/h. The orientation of the single crystals w
determined by the x-ray Laue backscattering method. T
oriented rods with respective rod axes parallel to the crys
lographic directions@0001# and @101̄0# were cut from this
crystal with a diamond-coated wire saw. Isothermal mag
tization at selected temperatures and magnetic susceptib
studies as a function of temperature~T! ~2–300 K! were
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carried out at two different magnetic fields, 100 Oe and
kOe ~with H parallel to the rod axis! employing a commer-
cial vibrating sample magnetometer~VSM! ~Oxford Instru-
ments!. The electrical resistivity (r) measurements were pe
formed by a conventional four-probe method employing
conducting silver paint for making electrical contacts of t
leads with the samples; the magnetoresistance~MR! was also
measured as a function of the external field up to 70 kOe
the longitudinal mode (I iH) at selected temperatures belo
40 K.

The results of temperature-dependentx behavior are
shown in Figs. 1 and 2. While the data atH52 kOe were
collected for the zero-field-cooled~ZFC! condition of the
sample, the data at 100 Oe were obtained both for the Z
and field-cooled~FC! states. There are small steplike anom
lies in the data around 60–80 K, always appearing with
magnetometer; a weak change in the slope in the plo
inversex versus T around 270 K has also been noted w
our VSM instrument, but not confirmed by measureme
with the superconducting quantum interference dev
~SQUID! magnetometer; therefore, these are instrumenta
tifacts. It is apparent from these figures that there is a dist
feature at 8 K, appearing as a kink or as a peak, indica
the onset of long-range magnetic order at this temperat
There are additional upturns inx ~Fig. 1! below 3 K ~though
weak forHi @101̄0#) which could just be due to reorienta
tions of magnetic moments. The existence of such transiti
have been inferred from the data on polycrystals as we5

There is a small difference between ZFC and FCx data
below 8 K, unlike the Tb case, but similar to that in the G
compound.6,8,11 The observed behavior rules out spin-gla
freezing in this compound, a phenomenon found in isostr
tural U2PdSi3.17 While the observation of a well-define
peak in the plot ofx versusT around 8 K for @101̄0# ~Fig. 2!
is typical of antiferromagnetic ordering, the absence of su
a peak~but the tendency for saturation below the same te
©2001 The American Physical Society18-1
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perature for the data at 100 Oe!, combined with theM be-
havior ~see below! for @0001# seems to suggest ferromagne
iclike coupling at this temperature along this direction. W
respect to the paramagnetic behavior, the plot of inversx
versus T is linear above 100 K for both the rods with t
value of the effective moment~10.5 and 11mB /Dy ion for
@0001# and@101̄0#, respectively! very close to that expecte
for trivalent Dy ions; there is a weak continuous change
the slope of this plot with decreasing temperature be
100 K, presumably due to crystal-field effects. The sign a
the magnitude of the paramagnetic Curie temperature (up)
above 100 K are the same~11 K! for the Dy compound for
both the directions similar to that of G
compound6—however, they are different from that in T
compound.8 The positive sign ofup indicates dominance o
ferromagnetic correlations in the paramagnetic state for b
the directions at low temperatures, though interestingly
net magnetic structure below 8 K in the basal plane appear
to be antiferromagneticlike. Theup at low temperatures, tha
is for the crystal-field-split ground state, approaches 0
thereby signaling the existence of a competition betw
antiferro- and ferromagnetic interactions as theT is lowered,
though it does not result in spin-glass freezing. Finally, it
important to note that the broad peak appearing in the ra

FIG. 1. Magnetic susceptibility (x) as a function of temperatur
measured withH5100 Oe and 2 kOe for single-crystallin
Dy2PdSi3 for the orientation Hi@0001# of the crystal. While the
data with 2 kOe are recorded for the zero-field-cooled~ZFC! con-
dition of the specimen, the low-field data were obtained also for
field-cooled~FC! state. The inversex for the 2 kOe data is also
shown. The inset shows the low-temperature data in an expa
form.
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40–50 K for the single-crystalline Tb compound8 for @0001#
is not observed in the present measurements; however, t
appears to be a weak difference between the ZFC and
curves below about 40 K~see Figs. 1 and 2!; this observation
is puzzling.

The isothermal behavior~Figs. 3 and 4!, in comparison
with the trends in Gd and Tb compounds, is also quite
vealing. While dramatic anisotropy inM was noted in the
latter compounds as elaborated in Refs. 6 and 8, qualitati
speaking, there are no such major differences in the plot
M versusH for these two directions in the Dy case. How
ever, a careful look at the data below 10 kOe at 2 and 5
brings out a subtle difference. At 2 K, there is an initial ste
rise ~below about 5 kOe! for both the directions. However
for @101̄0# there is a sluggish variation in the rang
5–30 kOe, followed by a tendency for saturation at high
fields, in contrast to the continuous sluggish variation
@0001# in the field range 10–70 kOe. At 5 K, for@101̄0#,
there is an upward deviation in the field range 5–10 k
from the low-field linear variation, as if there is a weak-fiel
induced spin-flip transition, a finding in support of antiferr
magnetic ordering proposed above for this direction; this f
ture is absent for the@0001# direction for the 5 K data in

e

ed

FIG. 2. Magnetic susceptibility (x) as a function of temperature
measured withH5100 Oe and 2 kOe for single-crystallin

Dy2PdSi3 for the orientation Hi@101̄0# of the crystal. While the
data with 2 kOe are recorded for the zero-field-cooled~ZFC! con-
dition of the specimen, the low-field data were obtained also for
field-cooled~FC! state. The inversex for the 2 kOe data is also
shown. The inset shows the low temperature data in an expan
form.
8-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 012418
which caseM increases steeply with H below 5 kOe fo
lowed by a sluggish variation at higher fields; this behav
is indicative of ferromagneticlike coupling for this directio
at this temperature. It may be recalled6,8 that, in both Gd and
Tb compounds, antiferromagnetic coupling dominates al
the @0001# direction, in contrast to that in the Dy compoun
At other temperatures, otherwise,M increases steadily an
monotonically withH. Finally, the fact thatM versusH plots
differ slightly in shape at 2 and 5 K imply that there a
slight changes in the magnetic structure as theT is lowered
in the magnetically ordered state. As pointed out earlier,
may be supported by the existence of upturns below 3 K in
the plots ofx versusT ~Figs. 1 and 2!.

In Fig. 5 we show theT dependence ofr. As expected,
one observes a positive temperature coefficient in the s
around 40 K, which may be related to the anomalous diff
ence in ZFC and FCx curves below 40 K~Fig. 1!. Apart
from this, there is an upturn at the onset of magnetic orde
as theT is lowered through the magnetic transition tempe
ture, attributable to the formation of magnetic Brillioun-zo
boundary gaps. In this respect, while this property is com
rable to that of the Gd compound,6 it is distinctly different

FIG. 3. Isothermal magnetization behavior for the sing
crystalline Dy2PdSi3 for the crystal orientationHi@0001#.

FIG. 4. Isothermal magnetization behavior for the sing

crystalline Dy2PdSi3 for the crystal orientationHi@101̄0#.
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FIG. 5. Temperature-dependent electrical resistivity behav
for the single-crystalline Dy2PdSi3 for two different orientations of

the sample,I i@0001# and I i@101̄0#.

FIG. 6. Magnetoresistance~MR! as a function of an externally
applied magnetic field at selected temperatures below 40 K in
longitudinal mode for two different directions of the crystals. T
error bar in the values of MR is60.5%. The lines drawn through
the data points serve as guides to the eyes.
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BRIEF REPORTS PHYSICAL REVIEW B 64 012418
from that of the Tb compound.8 It is particularly notable that
this feature appears even for the@0001# direction, along
which ferromagnetic coupling dominates, which implies th
the magnetic structure along thec axis is of an incommen-
surate type. The application of a magnetic field should te
to diminish this gap effect, which should result in large ma
netoresistance values. According to this expectation, M
defined as@r(H)-r(0)#/r(0), is found to be of a negative
sign and large in magnitude in the magnetically orde
state, attaining as much as217% for H560 kOe for

@101̄0#. ~See Fig. 6.! Though the values for@0001# are rela-
tively less, these are still larger than what one observe
simple metals. It is to be noted that the negative MR with
large magnitude persists even well above magnetic trans
temperature, say, for instance at 40 K forH560 kOe, con-
sistent with the findings on polycrystals.5 Some differences
among the shapes of MR versusH plots below 10 K for
these two directions have been noted, which is not un
pected considering differences in the magnetic couplings
cussed above.
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To conclude, the magnetic and transport behavior for
single-crystalline form of the compound Dy2PdSi3 have been
reported. The results, while confirming the onset of magn
ordering at 8 K and a large low-temperature magnetores
tance response reported for polycrystals, reveal that there
dominant ferromagnetic coupling along thec axis whereas
antiferromagnetic coupling prevails along the basal plane
contrast to that observed in the Tb compound. We have
brought out similarities and differences between the an
tropic properties among Gd, Tb, and Dy compounds.
would like to stress, in particular, that the broad peak app
ing in the range 40–50 K for the single-crystalline T
compound8 for @0001# is not observed for the Dy case in th
present studies; however, ZFC and FCx curves differ for the
Dy case below 40 K; the implications of which are not cle
at present.

This work in Germany was supported by the Deutsc
Forschungsgemeinschaft within the SFB463. One of
~E.V.S.! would like to thank Professor C. Laubschat for
invitation to Dresden.
-

ar,

-
J.

a,

.

.

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

Magn. Mater.87, 199 ~1990!; R.A. Gordon, C.J. Warren, M.G.
Alexander, F.J. DiSalvo, and R. Po¨ttgen, J. Alloys Compd.248,
24 ~1997! and references therein.

2R. Mallik and E.V. Sampathkumaran, J. Magn. Magn. Mate
164, L13 ~1996!.

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

4R. Mallik, E.V. Sampathkumaran, M. Strecker, G. Wortmann
P.L. Paulose, and Y. Ueda, J. Magn. Magn. Mater.185, L135
~1998!.

5R. Mallik, E.V. Sampathkumaran, and P.L. Paulose, Solid Sta
Commun.106, 169 ~1998!.

6S.R. Saha, H. Sugawara, T.D. Matsuda, H. Sato, R. Mallik, an
E.V. Sampathkumaran, Phys. Rev. B60, 12 162~1999!.

7S.R. Saha, H. Sugawara, T.D. Matsuda, Y. Aoki, H. Sato, an
E.V. Sampathkumaran, Phys. Rev. B62, 425 ~2000!.

8Subham Majumdar, E.V. Sampathkumarancc, P.L. Paulose,
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