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a  b  s  t  r  a  c  t

Polycrystalline  samples  of  the  intermetallic  compounds  Dy2PdGe6 and  La2PdGe6 which  crystallize  in  the
orthorhombic  structure  (Cmca  space  group)  were  studied  by  means  of  magnetic,  electrical  resistivity,  spe-
cific  heat  and  differential  thermoelectric  power  measurements.  The  Dy-germanide  is  an  antiferromagnet
below  25(1)  K  and at low  temperature  and  above  magnetic  fields  of  3.5  T it exhibits  a  metamagnetic
behaviour.  Especially  the  specific  heat  measurements  point  to well-localized  4f-electrons  in  this  com-
pound.  Whereas  the  isostructural  La-germanide  is  a nonmagnetic  material  taken  here  as  a  reference
compound.  A good  overall  fit of  the  resistivity  to  a general  Bloch–Grüneisen  formula  indicates  its  metallic
character  in  contrast  to the  Dy-germanide  being  a  semimetallic-like  conductor.  For  the latter  compound
in its  ordered  state  the electrical  resistvity,  specific  heat  and  thermoelectric  power  are  dominated  by
pecific heat
hermoelectric power

electron–magnon  scattering  with  antiferromagnetic  spin-wave  spectrum  typical  of  anisotropic  antiferro-
magnetic  systems.  The  observed  Schottky  anomaly  yields  an  assumed  crystal  field  scheme  of  low-energy
lying  levels.  Its thermoelectric  power  behaviour  achieves  medium  positive  values  at  high  temperatures,
indicating  a hole  domination  in  electrical  transport  properties.  On  the  other  hand,  S(T)  below  TN for  Dy-
and  in  the  whole  temperatures  measured  for La-based  compounds  is  negative,  pointing  to  their  electron

carrier origin.

. Introduction

More than two decades ago some novel ternary compounds with
eneral chemical formula R2TGe6, where R is a rare earth element
nd T is a transition metal as Pd, Pt, Cu, Ag, Au, were synthesized
1] and found to crystallize in the orthorhombic structure of the
e2CuGe6 type (Amm2 space group) [2].  However, in 2002 the new
tomic order for one compound from this family, namely Yb2PdGe6,
as reported by Fornasini et al. [3],  which differs from that in the
e2CuGe6 type. Contrary to the prior reports, we  have established

n the present work from the X-ray powder diffraction experiment
hat the crystal structures of both La2TGe6 and Dy2TGe6 also belong
o this new Yb2PdGe6-type (Cmca space group).

The R2CuGe6 compounds with both a light (R = Ce, Pr, Nd, and
m)  and heavy (R = Gd, Tb, Dy, and Er) rare elements, all exhibit
n antiferromagnetic ordering below around 20 K [4,5]. Contrary
o all of them, Yb2CuGe6 displays a mixed-valence character of 4f-
lectrons [6,7]. Recently, the magnetic properties of another series
f such germanides with the same stoichiometry, namely R2NiGe6

R = Gd, Dy, Ho), have also been reported to be antiferromagnets
8,9]. As expected, such ternary germanides based on Y with T = Cu
nd Ni behave as Pauli-like paramagnets [4,9]. It was  found that

∗ Corresponding author.
E-mail address: R.Wawryk@int.pan.wroc.pl (R. Wawryk).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.01.036
© 2012 Elsevier B.V. All rights reserved.

for heavy rare-earth representatives for both containing Cu and Ni,
their Néel temperatures TN’s are proportional to the de Gennes fac-
tor (gJ − 1)2J(J + 1) [5,9]. Moreover, the effective magnetic moments
of the R ions agree well with the values of theoretical tripositive
ions. Some data for the transport properties of a series of R2TGe6
compounds with T = Mn,  Ni and Cu, measured on polycrystalline
samples, have also been reported [10].

Up to now only a few such germanides have been studied
containing Pd or Pt. They are Ce2(Pd: Pt)Ge6 [11,12,1] as well as
Sm2(Pd,Pt)Ge6 [13]. In the present paper, we  provide the results
of our detailed measurements of magnetization, magnetic suscep-
tibility, electrical resistivity, thermoelectric power, and thermal
properties made for polycrystalline Dy2PdGe6 and its reference
compound La2PdGe2. All results obtained indicate that this Dy-
based compound orders antiferromagnetically, and its temperature
dependence of the specific heat and the thermoelectric power
are characteristic of an anisotropic antiferromagnet due to the
presence of magnetocrystalline anisotropy. In this compound the
magnetic properties are established by stable Dy 4f9-electrons
being well localized and strongly influenced by crystal-electric-
field (CEF) effect already at the medium range of temperatures.
2. Experimental details

The polycrystalline samples of Dy2PdGe6 and La2PdGe6 were prepared by arc
melting stoichiometric amounts of the elements: Dy (or La), Pd and Ge, under pure
argon atmosphere, using a non-consumable tungsten electrode and a cold copper

dx.doi.org/10.1016/j.jallcom.2012.01.036
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:R.Wawryk@int.pan.wroc.pl
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inset of this figure, indicates an antiferromagnetic (AFM) transition
with the Néel temperature (TN) of 25(1) K. As seen from Fig. 2, the
�−1(T) dependence is well followed by the Curie–Weiss law above
Fig. 1. (a) Sketch of the orthorhombic crystal structure of (La

earth. High purity starting elements were used: Dy (or La) at least with 99.8 wt.%,
d  with 99.95 wt.%, and Ge with 99.999 wt.%. The weight loses of as-cast ingots was
bout 0.5 wt.%. To ensure homogenisation, all alloys were re-melted three times.
uch obtained samples were then vacuum-sealed in a quartz tube and annealed at
00 ◦C for 15 days before being quenched into cold water. X-ray powder diffraction
atterns from annealed alloys were collected with “STOE STADIP” equipment (Cu
�;  7◦ < 2� < 100◦ , step 0.1◦). Lattice parameters were calculated using the STOE-
inXpow software.

A Quantum Designed (QD) SQUID magnetometer was used for magnetization
easurements in fields up to 5 Tesla at a temperature of 2 K. The susceptibility was
easured over the range 1.7 ≤ T ≤ 400 K. The electrical resistivity was examined

etween 0.35 and 300 K using two homemade experimental set-ups and four-lead
C  method. Spark cutting was  used to form an elongated specimen for measure-
ents. The samples dimensions were of about 4 mm × 1 mm × 1 mm.  The contact

laces were first electrochemically covered by a thin layer of copper, and then silver
eads were attached to the sample by a silver paste.

Thermoelectric power was  measured on a sample presenting two  polished faces
rom 6 to 300 K in a homemade set-up using a differential method. The pure copper
as  used as a reference material. The low temperature behaviour (between 0.35 and

 K) was obtained using another homemade setup. The temperature dependence of
he  specific heat between 2 and 300 K was measured by relaxation method with a
ommercial QD PPMS-9 apparatus.

. Results and discussion

.1. Crystal structure and magnetic properties

The X-ray diagrams obtained at room temperature (RT) by using
onochromatic Cu K� radiation have shown that both La- and
y-palladium-germanide samples were almost single phases. One
ould detect the presence of unknown impurities amounting up to
.5%. The least squares calculated values of the lattice parameters
re given in Table 1.

In the unit cell of the Yb2CuGe6-type (s.g. Cmca, No. 64, Z = 2)
he atoms occupy the following positions: Dy and Ge1 atoms at the
6 g sites: [x, y, zi], Pd atoms as well as Ge3, Ge4, Ge5, atoms at
he 2a site: [0, yi, zi] with different yi and zi for each corresponding

toms. They are similar to those given in Ref. [3] for the case of Yb-
ased compound. Figure presenting the sketch of the orthorhombic
rystal structure (for the two cells) of the studied compounds is
iven in Fig. 1(a). It can be described as the sequence of atomic

able 1
attice parameters of (La:Dy)2PdGe6 (in nm units).

Compound a b c V (nm3)

La2PdGe6 0.84301(10) 0.82180(7) 2.2192(3) 1.5374(4)
Dy2PdGe6 0.81361(3) 0.80202(3) 2.1447(1) 1.3995(1)
dGe6. (b) Coordination polyhedron around Dy central atom.

planes stacked along the much-elongated c-axis with very close
values of the a and b axes (c/a(b)) ≈ 2.63(2.68) (for both La- and
Dy-based unit cells) and forming a layered structure giving rise to
fairly large distances between the magnetic atoms along the c-axis.

This structure can be also described as a sequence of the follow-
ing slabs of the AlB2-, BaAl4- and �Po-type along the c-direction [3].
In the AlB2 fragment, the Dy-trigonal prism (yellow balls) are cen-
tered by the Ge atoms. The dDy–Dy distances are equal to 0.396 nm.
Thus for better understanding the two  cells projected on yz plane is
shown in Fig. 1(a). The Dy atom is surrounded by two Pd atoms and
9 germanium atoms (CN = 11), forming irregular geometric figure
(see Fig. 1(b)).

In Fig. 2 the reciprocal magnetic susceptibility �−1(T) is plot-
ted against the temperature. The low temperature susceptibility
variation �(T), in the form of a �-type cusp, given in the upper
Fig. 2. Reciprocal magnetic susceptibility vs. temperature of the polycrystalline
Dy2PdGe6 sample. The solid line denotes the linear fit of the �−1(T) function to
the Curie–Weiss law. The upper inset presents the susceptibility behaviour at low-
T,  whilst the lower inset shows the magnetization vs. magnetic field measured at
1.9  K. The magnetization was measured in increasing (open circles) and decreasing
(solid triangles) fields.
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Fig. 3. Electrical resistivity vs. temperature of the polycrystalline La2PdGe6 (open
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Fig. 4. Electrical resistivity vs. temperature after subtraction of residual resistivity,
�0 (=7.3 �� cm)  for the polycrystalline Dy2PdGe6. The solid and dashed lines denote
the phonon and spin-disorder contributions to the total resistivity, respectively,
iamonds). The solid line denotes the sum of �0, the Bloch–Grüneissen and Mott

–d  scattering contributions given by Eq. (2), whilst the dashed line presents the
loch–Grüneissen term, �BG (Eq. (1)).

bout 80 K with an effective magnetic moment �eff = 10.62�B and
he paramagnetic Curie temperature �p = − 18.6 K. The former value
s exactly as that expected for a theoretical value of a triple charged
y3+ ion (10.62�B). The negative value of �p is consistent with the
FM ordering as is just observed. Very similar magnetic parameters
ere also obtained previously for such isostructural compounds as
y2NiGe6 [9] and Dy2CuGe6 [5].  Their Néel temperatures are 25
nd 22 K, respectively.

Moreover, the free Dy3+ ion has the 6H15/2 ground term, and
H13/2 first excited one at the distant energy of about 4620 K.
he Landé factor for the sixteen fold degenerate ground-multiplet
tate, g = 4/3. A distinct effect of crystal electrical field (CEF) on
he reciprocal susceptibility is seen below 80 K, where its down-
ard deviation tendency takes place. In the lower inset of Fig. 1

he isothermal magnetization measured at T = 1.9 K is presented. As
een, the straight-line behaviour is only observed up to the critical
eld Bcr = 3.5 T. Above this field a metamagnetic transition occurs.
lso for Dy2NiGe6 and Dy2CuGe6 the metamagnetic transitions at
.2 T [8,9] and 1.5 T [5] were reported, respectively.

.2. Electrical resistivity

Our first aim here is the presentation of the electrical proper-
ies of La2PdGe6 serving as the nonmagnetic isostructural reference
ompound that allows for subtracting from the total resistivity
f Dy2PdGe6 approximately its phonon part. Thus Fig. 3 displays
he temperature dependence of the resistivity �(T) = �0 + �ph(T) of
a2PdGe6 which behaves as a typical metallic material, but having
ather a high value of the residual resistivity �0 (57 �� cm).

This value however is lower than that reported for this La-based
ompound in Ref. [11] (74.5 �� cm). Also the slope of the reported
verall �(T) curve is higher than that of our curve. The obtained in
his paper data �ph(T) = �(T) − �0 were then fitted to the generalized
loch–Grüneissen relation �BG(T) given by Eq. (1) (dashed line in
ig. 2, see also e.g. for ThCoGa4 [14]):

BG(T) = a

(
T

�R

)n ∫ �/T
zndz

(ez − 1)(1 − e−z)
. (1)
D 0

e used n = 3, which is more precise for various materials having
 metallic character of resistivity, whereas the power n = 5 is more
ppropriate for the typical good metals, such as Cu, Ag, etc. The
whereas �m (dot-dashed line) displays the fit of low-T data to Andersen Eq. (3a)
in  Ref. [18]. Inset: the temperature derivative of the electrical resistivity, d�(T)/dT.
TN = 27.7 K.

constant a = 4R�R
D, R is the coefficient of electron–phonon inter-

action and its value is of 0.05 �� cm K−1 for �R
D = 195(2) K. Finally,

we used the extended formula �BGM (T) given by Eq. (2) including
the additional interband scattering s–d mechanism described by
Mott [15] (the solid line in Fig. 3):

�BGM(T) = �0 + �BG(T) + KT3, (2)

where �0 is the residual resistivity due to lattice defects and
impurities. All these terms together with Mott’s term yield the
similar T-variation as found for many other nonmagnetic inter-
metallic reference compounds, used as a phonon contribution (see
for example Ref. [16]). Least-squares fitting of the whole BGM
formula (2) to the experimental results in the whole tempera-
ture range yields the parameters as follows: �0 = 57 �� cm and
K = − 3.9 × 10−7 �� cm K−3. The same value �R

D was reported for
La2CuGe6 [10]. This parameter is usually considered as an approx-
imation of the Debye temperature. Therefore one can assume that
in both the La- and Th-based reference compounds the main scat-
tering mechanism of charges is the phonon scattering.

In Fig. 4 there are plotted data of the overall temperature depen-
dences of the electrical resistivity of Dy2PdGe6 (open circles) and
La2PdGe6 (solid line) after subtracting their residual values �0’s. As
seen, the corresponding �(T) − �0 curves taken above about 30 K
for both these germanides, are very similar to each other. Such a
behaviour was also reported for other rare-earth intermetallics, like
e.g. for the RIn3 indides (R = Gd–Eb, Lu) [17a–c].  Hence, the solely
magnetic part of Dy2PdGe6 in the paramagnetic region, being the
spin-disorder contribution �sd(T), found by subtracting the �ph(T)
dependence from the total resistivity of Dy2PdGe6 and reduced by
�0, is given in this figure by the dashed line. According to expecta-
tion, the �sd behaviour in the whole paramagnetic region consid-
ered here is practically independent of temperature with a value of
7.5 �� cm.  Surprisingly, there is difficult to see any distinct pres-
ence of the CEF effect as is also the case of the indides cited above
[17c]. However, it is known that the latter interactions is consider-
ably weaker for the intermetallics containing a heavy RH element

than those observed for the series with light RL elements. In turn,
the magnetic part �m(T) of Dy2PdGe6 below TN exhibits a fast drop
due to the ordering of the magnetic moments and varies accord-
ingly with the relation given by Eq. (3a) for the electron–magnon
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Fig. 5. Total specific heat Cp vs. T of Dy2PdGe6 (filled circles) and La2PdGe6 (open tri-
a
t
m

s
p

�

w
T
A
e
m

�

w
T
m
d
b
m
d
a
b
d
i
(

3

(
u
p
C
t
i
l
t
e
5
e
e
H

Fig. 6. The subtracted from the total specific heat of the La2PdGe6 phonon part (solid
line) vs. T. The dashed line presents the Debye contribution C whilst the dotted
ngles). The solid line is an approximation of the phonon contribution, Cph(T). Insets:
he Cp/T vs. T2 dependences for both these compounds at the lowest temperatures

easured.

cattering process, reported by Andersen and Smith [18], com-
leted by the first electron-electron scattering term:

m(T) = AT2 + bT
(

1 + 2T

	

)
exp

(−	

T

)
(3a)

here A = 7.4 × 10−4 �� cm K−2, b = 0.568 �� cm K−1 and 	 = 47 K.
he result of the fit is indicated as the dot-dashed line in Fig. 4.

 quantitative description of the temperature dependence of the
lectrical resistivity also can be accomplished in terms of the
odel of Continentino [19], as given by Eq. (3b),

m(T) = c	3/2T1/2 exp
(

−	

T

) [
1 +

(
2
3

)  (
T

	

)
+

(
2
5

)  (
T

	

)2
]

,

(3b)

here c = 1.64 × 10−2 �� cm K−2 and 	 = 57 K (not shown in Fig. 4).
he magnitudes of a gap in the magnon spectrum for this ger-
anide, found by application of these two aforementioned models

iffer not so much from each other and are close to that reported
y us in the case of Sm2PdGe6 (57 K) [13]. The goodness of the fits
ade above for �m(T) may  be represented by the coefficient of

etermination, R2, which is equal to 0.9998 and 0.9988 for Eqs. (3a)
nd (3b), respectively. These indicate that the former fit is a little
it better than the latter one. From the plot of the temperature
erivative d�(T)/dT vs. T (inset to Fig. 4) the evaluated value of TN

s a little higher than that inferred from the magnetic and thermal
see below) measurements.

.3. Specific heat

Fig. 5 presents the total specific heats Cp(T) for both Dy2PdGe6
closed circles) and La2PdGe6 (open triangles). The latter has been
sed as a lattice phonon referrence Cph(T) of the former com-
ound (see below). As the insets to this figure we  present the
p/T vs. T2 curves taken for both these compounds. It appears,
hat at low temperatures due to the occurrence of a small max-
mum at about 3 K in the Cp/TDy vs. T2 curve (right hand inset),
ikely due to some impurities in the sample, we were unable to find
he Sommerfeld coefficient 
Dy(0) in a usual way. We  could only
xtrapolate the Cp/TDy data to 0 K for temperatures above about

.5 K from which one indicates 
Dy(0) ≈ 0. This value reported for
xample for the isostructural compound Ce2PdGe6, evaluated from
xperimental data below 0.45 K, is equal to 14 mJ/K2 moleCe [11].
owever it was possible to determine 
La(0) and �La

D from the low
D

line displays the Einstein contribution CE. Their sum gives the solid line, i.e., both
contribute into the phonon behaviour. The inset shows the Cp/T3 vs. T plot which
creates the Einstein temperature (see the text).

temperature Cp/TLa data plotted against T2 (left hand inset), to be
3.6 mJ/K2 moleLa and 343 K, respectively. Taking the former value
into account, the Cph(T) function has been evaluated after subtract-
ing the electronic heat contribution Cel(T)La = 2 × 
La(0) × T from the
Cp(T) data and plotted in Fig. 5 as the solid line.

Near room temperature Cp reaches asymptotically a value
of about 225 J/K mole for both studied compounds that corre-
sponds to the Dulong–Petit limit, i.e., Cp = 3rR = 224.5 J/K mole, for
r = 9 atoms/molecule. R is a gas constant.

It should be noted that the earlier data for La2PdGe6, solely
reported up to now [11], have been limited to the temperature
range only below about 30 K. Therefore, we first will make a more
detailed analysis of our phonon data measured up to 300 K. It is
important to note that we could not get a satisfactory agreement
between the fitting of one-phonon results to experiment. However,
it was  possible to using a two-phonon model. From the point of
view of its components we  have plotted in Fig. 6 the Cph(T) curve
as a sum of the two specific heats originating from the Debye (CD)
and Einstain (CE) models, calculated according to Eqs. (4).

Therefore, in Fig. 6 we show again the above extracted Cph(T)
curve from Fig. 5, and in addition, we  display in the inset to this
figure the Cp/T3 vs. T dependence at low temperatures. As seen this
curve exhibits a maximum at Tmax = 25 K indicating the presence
of the optical modes in La2PdGe6, except for the obvious contribu-
tion of Debye modes. In the next step, we were able to deconvolute
Cph(T) into the Debye, CD, (dashed line) and Einstein, CE, (dotted
line) specific heat contributions, using Eqs. (4),  which individu-
ally can be ascribed by the characteristic temperatures �D and �E,
respectively. It turned out that the former corresponds to that found
at low temperatures (�D = 343 K) whilst the latter to that found from
the well known dependence �E = 4.95 Tmax [20]. This temperature
is then equal to �E ≈ 125 K. As seen from Fig. 6, only above T ≈ 70 K
the acoustic modes (CD) start to dominate and become about two
times greater than the optical ones (CE) for T > 250 K. Eqs. (4) are as
follows:

CD = 9NkB

(
T

�D

)3
∫ �D/T

exx4

(ex − 1)2
dx,
0

CE = 3NkB
e�E/T (�E/T)2

(e�E/T − 1)2
, (4)
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Fig. 7. Subtracted the magnetic Cm and Schottky CSch parts of the heat capacity �CM

(filled and open circles, respectively) vs. temperature. The dotted line presents the
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ative in the whole measured temperature range with almost linear
t  of Schottky contribution to Eq. (6).  Inset: the energies 	1 and 	2 of the low lying
EF  levels of Dy3+ ions.

here N is the Avogadro number, kB is the Boltzmann constant and
 = �ωD/kBT.

The following formula Cph(T) = �DCD(�D) + �EiCE(�E) was  used to
t the phonon specific heat data from 2 to 300 K, where �D and
E are the vibraton modes for r = 9 atoms per molecule. For sim-
licity we used only one Einstein mode (i = 1). With nine atoms
er molecule of La2PdGe6, there are in total �ph = 3 × 9 = 27 phonon
odes: three acoustic and twenty four optical modes.
The magnetic part, �CM, as a function of temperature up to

50 K is displayed in Fig. 7, where �CM corresponds to two  con-
ributions: magnetic specific heat part Cm in the ordered state and
chottky part CSch in the paramagnetic state. By fitting the data to
he above formula, the Debye and Einstain modes require �D = 18.36
nd �E1 = 8.24 numbers of oscillator strengths, respectively. This
rocedure is based on Ref. [21].

The �CM(T) dependence was determined by subtracting from
he total specific heat Cp(T) of Dy2PdGe6 the phonon contribution
pproximated by our data of Cp(T)La − 
La(0) × T, measured for the
olycrystalline La2PdGe6. As shown in the left hand inset of Fig. 5,
he Sommerfeld coefficient 
La(0) = 3.6 mJ/moleLa K2.

The AFM transition is reflected by a sharp peak in Cm(T) at
N = 25(1) K. Below the magnetic transition TN, Cm(T) can be well
pproximated by the formula (5):

m(T) = c	7/2T1/2 exp−	/T

[
1 + 39T

20	
+ 51

32

(
T

	

)2
]

, (5)

eing appropriate for excitations of AFM spin waves with a gap
 in the magnon spectrum [19]. The least squares fit of Eq.

5) to the experimental data taken just below TN (shown in
ig. 7 by the dot-dashed curve) yields the following coefficients:

 = 4.62 × 10−5 J/moleDy K4 and 	 = 18 K. The latter value is much
ower than those found from the electrical resistivity after applying
qs. (3a) and (3b) (47 or 57 K).

Above TN, the Schottky contribution CSch is formed by passing
hrough a maximum at about Tmax = 35 K. The total contribution

CM, containing the magnetically ordered Cm and paramagnetic
arts CSch, assuming that the electronic specific heat part Cel is zero,
t temperatures up to 150 K is presented in Fig. 7. The shadow

rea indicates some short magnetic order described by the T−2

ependence. In turn, the dotted line presents the fit of the latter
ontribution to Eq. (6) where each part is proper for simplified
Fig. 8. The magnetic entropy �SM vs. T. Inset shows this dependence at low-T on
an enhanced temperature scale.

three level system taken here schematically into account with the
corresponding energy splitting by Ei/kB = 	i (in K units):

CSch(T) = R

[∑
igie−	i/T

∑
igi	

2
i
e−	i/T − [

∑
igi	ie−	i/T ]2

T2[
∑

igie−	i/T ]2

]
(6)

where R is a gas constant, gi is a degeneracy of the energy level
and 	i (i = 1 and 2) is the energy difference (in units of tempera-
ture) between the two CEF levels, i.e. between the ground doublet
and the first excited doublet (	1) as well as between the former
and the second excited levels taken here for simplicity as pseudo-
sextet one (	2). The schematic crystal field splitting for Dy3+ ions
is shown in the inset of Fig. 7. The obtained values of 	1 and 	2 are
about of 65 and 130 K, respectively. The fitting is quite good up to
75 K. However, at higher temperatures the calculated Cth

Sch depend-
ence becomes slightly larger than the experimental curve Cexp

Sch but
within a range of the expected experimental error, typical of this
kind of fittings. The scheme shown in the inset of Fig. 7 presents an
oversimplification of the problem and should be treated only as a
demonstrative case. In turn, Fig. 8 presents the magnetic entropy
�SM found by the integration of the (�CM/T)dT function from 0 to
300 K.

This may  indicate that the magnetic ground state is a Kramers
doublet. At higher temperatures, one expects a thermal population
of the remaining doublets inferring from Hund’s rules of the 6H15/2
ground multiplet. According to the crystal field scheme, given in the
inset to Fig. 7, the amount of entropy close to RT is equal to about
R ln 10. Hence to attain the full Hund’s rule value of R ln 16, one
needs higher temperatures than RT. For the sake of comparison,
we mention here that the total splitting energy of 6H15/2 multi-
plet of Dy3+ in DyF3, crystallizing in the orthorhombic space group
Pnma, is even as high as about 700 K [22]. Any more detailed treat-
ment of such topics as above requires an adequate different kind of
measurements made on single-crystalline samples.

3.4. Thermoelectric power

The thermoelectric power (TEP) of both compounds La2PdGe6
and Dy2PdGe6 is shown in Fig. 9. This quantity for La2PdGe6 is neg-
dependence above 150 K. Contrastingly, S(T) for Dy2PdGe6 is pos-
itive, excluding a short temperature range below about TN, where
S(T) changes its sign and then passes through a small negative
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Fig. 9. Thermoelectric power vs. temperature for Dy2PdGe6 (squares) and La2PdGe6

(triangles) measured on the polycrystalline samples. The solid lines present the
expected diffusion terms Sexp

d
for La- and Dy-ternaries. The dashed line indicates S(T)

calculated by using Eq. (9).  The inset displays the diffusion, Sd (taken here as zero
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ine), and excess Sex parts (open circles). The dotted line represents the expected
rystal field SCF contributions to the total thermoelectric power, according to the
cheme shown in the inset of Fig. 7.

inimum at Tmin = 10.7 K reaching a value Smin = − 0.6 �V/K. Below
min, as expected, S(T) goes to zero at T = 0 K. It should be noted
hat negative values of S are involved with the temperature range
f magnetic ordering. At temperatures between TN and 70 K there
s a linear segment in S(T) behaviour, after which a wide hump in
he temperature dependence of the thermoelectric power occurs
p to about 350 K. The solid straight line drawn at low-T through
he experimental points of Dy2PdGe6 at temperatures mentioned
bove may  denote the expected diffusion term of thermoelectric
ower Sd

exp = aT,  which usually varies linearly with temperature
ccording to the Mott relation [23]:

d(T) = 2k2
BT

3eEF
, (7)

here e is the charge of an electron and EF is the Fermi energy.
Next, we extract the hump mentioned above by plotting in the

nset to Fig. 9 the difference S(T) − aT against temperature. Further-
ore, by the dotted curve we have marked in this inset the expected

rystal field contribution to the thermoelectric power, according to
he energy scheme found from the Schottky fitting procedure by
pplying Eq. (8):

CF = constant × F
(

T

	i

)
(8)

here the function F(T/	i), is a universal function with a maximum
t Tmax ≈ 0.3	i for a single separation 	i of the CEF levels [24]. As
pparent from this figure, this kind contribution to the thermoelec-
ric power practically does not exist. It leads to a conclusion that the
ide hump may  be analysed using a phenomenological model of

onduction electrons scattered by a narrow band of Lorentzian form
ocated near the Fermi energy [25]. Within the so-called two-band

odel the Seebeck coefficient is thus given by Eq. (9):

(T) = AT

(B2 + T2)
,  A = 2	

|e| , B2 = 3(	2 + � 2)

2k2
B

, (9)
here 	 is the position of the narrow band relative to EF. � is the
andwidth. As a result, the dashed curve in the figure yields a sat-

sfactory description of the hump (at least at higher temperatures)
bserved in the thermoelectric power of Dy2PdGe6.

[
[

[
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A  similar behaviour of S(T) exhibits a number of rare earth and
uranium intermetallics, as e.g. ErPdBi [26] or CePdSb, UPt2In, UNi4B
and U(Ni:Pd)2Al3 [27] but particularly for UPd2Sb [28].

4. Conclusions

We  have measured and analysed the temperature dependences
of magnetic susceptibility, electrical resistivity, specific heat and
thermoelectric power for isostructural Dy2PdGe6 and La2PdGe6.
The latter nonmagnetic compound was  specially synthesized in
order to eliminate the phonon contributions and this way to extract
the magnetic characteristics of Dy2PdGe6.

This Dy-germanide is an antiferromagnet with TN = 25(1) K as
those studied previously also by us such ternaries containing Ce
and Sm.  If La2PdGe6 is a typical metal, its Dy-counterpart exhibits a
semimetallic-like electrical conductivity. The behaviour of the lat-
ter may  be described by assuming the presence of a narrow gap in
its magnon spectrum in the AFM state.

We have also performed a broader analysis of the phonon
behaviour of La2PdGe6. We  found that only combining acoustic
with optical phonons can give any satisfactory agreement between
the fitting results and experimental data. Taking into account the
phonon contribution to the total specific heat of Dy2PdGe6 one has
allowed to separate the magnetic peak caused by an antiferromag-
netic order and Schottky anomaly caused by CEF effect. Analysing
the latter, we have made fitting to a preliminary CEF scheme of
lower energy levels which yield the magnetic entropy of R ln 10 at
RT with the lowest Kramers doublet as the ground state. Unfortu-
nately, no CEF effect has been seen in the temperature dependences
of the magnetic part of the electrical resistivity and thermoelectric
power. In the case of the latter measurements, we have revealed
the positive sign of Seebeck coefficient of Dy2PdGe6 in the paramag-
netic region of temperatures indicating that the holes are dominant
carriers in this region. On the other hand, S(T) in the ordered state of
Dy- and in the whole temperature range of La-germanides is neg-
ative pointing to the domination of electron-type carriers. Finally,
we were able to fit the S(T) data to the sum of the two contribu-
tions, a linear diffusion part Sd and a convex two-band conductor
model part Sex by assuming a single Lorentzian 4f band, appropriate
for an existence of some hybridization between 4f and conduction
electrons.
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