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a b s t r a c t

The compound ErCu2Ge2 which crystallizes in the tetragonal ThCr2Si2-type crystal structure orders
antiferromagnetically at low temperatures. At 1.4 K, the Er magnetic moments are arranged in a commen-
surate structure described by the propagation vector �k = [1/2, 0, 1/2]. The magnetic moment is equal to
6.80(7) �B and forms an angle of 27◦ with the c-axis. At Tt = 2.6 K an additional incommensurate mag-
netic structure appears and at higher temperatures both structures coexist and concurrently disappear
at TN = 3.1 K. The magnetic phase transitions at Tt and TN clearly manifest themselves in the heat capacity
and thermal expansion data of the compound.
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. Introduction

The ternary germanides RCu2Ge2, where R is a heavy lanthanide
tom, crystallize in the body-centered tetragonal structure of the
hCr2Si2-type with the space group I4/mmm [1,2]. The R, Cu and
e atoms occupy the positions 2(a), 4(d) and 4(e), respectively. The
ain characteristic feature of the crystal structure is the presence

f monoatomic layers perpendicular to the c-axis, alternating in
he sequence R–Cu–Ge–Cu–R. Early magnetic studies [2] indicated
hat the Gd-, Tb-, Dy- and Ho-based compounds order antiferro-

agnetically below the Néel temperatures TN = 12, 15, 8 and 6.4 K,
espectively, whereas the Er- and Tm-based compounds do not
how any magnetic ordering down to 4.2 K [2]. Subsequent neutron
iffraction measurements revealed commensurate antiferromag-
etic order with the same propagation vector �k = [1/2, 0, 1/2] in
bCu2Ge2, HoCu2Ge2 [3], DyCu2Ge2 [4,5] and ErCu2Ge2 [6]. For
he two former compounds this magnetic structure was claimed

o be stable from 4.2 K up to the respective TN [3,4], however

ore recent DC susceptibility and magnetization measurements
n a single crystal of TbCu2Ge2 [7,8] clearly showed two magnetic
ransitions at TN =12.3 K and Tt = 9.6 K, the latter being a change in
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the magnetic moments arrangement. The occurrence of additional
magnetic phase transition in the antiferromagnetically ordered
state is a common feature in the isostructural silicides RCu2Si2
[9,10]. For example, for ErCu2Si2 the neutron diffraction data indi-
cated a change in the magnetic structure from a collinear one below
1 K to a modulated structure near TN = 1.5 K [11].

By means of bulk magnetic and electrical transport measure-
ments we recently established that ErCu2Ge2 orders antiferromag-
netically below the Néel temperature equal to 3.1 K [12]. The main
aim of the present work was to prove by neutron diffraction if the
magnetic structure previously observed at 1.9 K [6] is stable up to
TN.

2. Experimental details

Polycrystalline sample of ErCu2Ge2 was prepared by arc melting the constituents
(Er: 99.9 wt%; Cu: 99.9 wt%; Ge: 99.9 wt%) under titanium-gettered argon atmo-
sphere. The melted ingot was subsequently annealed in an evacuated silica tube at
870 K for one week. Quality of the product was checked by X-ray powder diffrac-
tion at room temperature using the Philips PW-3710 X’PERT diffractometer (CuK˛

radiation). The neutron powder diffraction patterns were collected at tempera-

tures ranging from 1.4 to 12.0 K on the E6 diffractometer installed at the BER
II reactor (BENSC, Helmholtz-Zentrum Berlin).The incident neutron wavelength
was 2.45 Å. The neutron diffraction data were analyzed using the Rietveld pro-
gram FullProf [13]. Heat capacity measurements were done in the temperature
range 0.4–5 K by relaxation method employing a Quantum Design PPMS plat-
form.

dx.doi.org/10.1016/j.jallcom.2010.04.247
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Structural parameters of ErCu2Ge2 refined from the neutron diffraction data taken
at 1.4 and 12.0 K, and the corresponding reliability factors.

T [K] 12.0 1.4
a [Å] 4.002(2) 3.9970(8)
c [Å] 10.305(7) 10.2975(40)
c/a 2.575(3) 2.576(2)
V [Å3] 165.41(28) 164.51(13)
z 0.378(1) 0.378(1)
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Fig. 1. Differential neutron diffraction patterns of ErCu2Ge2 together with Rietveld
fit and difference plot. The patterns were constructed as a difference between exper-
imental patterns collected at 1.4 and 6.0 K (top), and 2.7 and 6.0 K (bottom). The
vertical ticks indicate the positions of the magnetic reflections for the commensu-
rate structure (upper row) and the incommensurate structure (lower row). The inset
presents the temperature variations of the commensurate magnetic moment (cir-
cles) and the magnitude of modulation of the incommensurate magnetic moment
(squares) in ErCu2Ge2.
RBragg [%] 7.1 6.7
Rprofile [%] 6.2 3.5

. Crystal structure

The X-ray diffraction data collected at room temperature as well
s the neutron diffraction data recorded at all measured temper-
tures unambiguously confirmed that ErCu2Ge2 crystallizes in a
etragonal unit cell of the ThCr2Si2-type. In this crystal structure
he atoms are located at the following sites:
Er atoms at 2(a) site 0, 0, 0
Cu atoms at 4(d) site 0, 1

2 , 1
4 ; 1

2 , 0, 1
4

Ge atoms at 4(e) site 0, 0, z; 0, 0, z̄
+body centering translation

The lattice parameters and the free positional parameter z,
etermined from the neutron data collected at 1.4 and 12.0 K are

isted in Table 1. The obtained values are in good agreement with
he literature data [6].

. Magnetic structure

The differential neutron diffraction patterns obtained at 1.4
nd 2.7 K are displayed in Fig. 1. In agreement with Ref. [6], at
.4 K, all the additional Bragg peaks of magnetic origin can be well
escribed by the propagation vector �k = [1/2, 0, 1/2], which corre-
ponds to the magnetic structure with ferromagnetic (1 0 1) planes
tacked antiferromagnetically. The magnetic moment equal 6.80(7)
B forms an angle � = 27◦ with the c-axis (Rmagn = 9.4%). The mag-
etic moment value is notably smaller than the free Er3+ ion value
9 �B), yet it should be noted that the experiment was performed
t T = 0.47TN.

The above-described type of magnetic order is stable up to 2.5 K.
s it is apparent from Fig. 1, the pattern recorded at 2.7 K contains
everal other magnetic reflections besides those observed at lower
emperatures. These additional Bragg peaks can be accounted for by
onsidering the incommensurate wave vector �k = [kx, 0, kz] where
x = 0.5514(7) and kz = 0.5375(37) at T = 2.7 K. Analyses of the neu-
ron diffraction pattern indicated the coexistence of two magnetic
tructures: one collinear, with the magnetic moment equal 3.11(5)
B, and the other modulated, with the amplitude � = 5.64(7) �B

Rmagn = 15.1%). Similar coexistence of the two propagation vectors
as found for the temperatures 2.9 and 3.1 K. The kx component is

lmost unaffected by a change of temperature while the kz compo-
ent slightly decreases with increasing temperature. With further
ising the temperature both magnetic contributions to the neutron
iffraction pattern consecutively decrease and both are entirely
bsent at 3.2 K.

The temperature variations of the magnetic moment in the
ommensurate structure as well as of the refined values of the mod-
lated magnetic moment �m are shown in the inset in Fig. 1. The

atter quantity reaches its maximum of 5.64(7) �B at 2.7 K, i.e. in
he temperature region where the magnetic moment associated
ith the commensurate structure starts to decrease rapidly. The
wo phase transitions are evident in the temperature dependence
f the specific heat of the compound studied—the observed maxima
re at 2.54(9) and 3.04(6) K (cf. Fig. 2).
Fig. 2. Temperature variation of the low-temperature specific heat of ErCu2Ge2.

5. Conclusions

The neutron diffraction data corroborate that ErCu2Ge2 is anti-
ferromagnetic at low temperatures. In the temperature range
1.4–2.5 K, the magnetic order is described by a wave vector �k =

[1/2, 0, 1/2], typical for the RCu2X2 (X = Si, Ge) compounds with R
being a heavy rare earth element [14]. Above T = 2.5 K, an incom-
mensurate propagation vector �k = [kx, 0, kz] develops, yielding a
coexistence of two magnetic structures. Similar changes in the
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Table 2
Comparison of the key magnetic parameters of ErCu2Ge2 and ErCu2Si2. TN denotes Néel temperature, Tt: additional transition temperature, �c: collinear component of the
magnetic moment, �m: modulated component of the magnetic moment.
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[14] D. Gignoux, D. Schmitt, in: K.H.J. Buschow (Ed.), Handbook of Magnetic Mate-
TN [K] Tt [K] kx

ErCu2Ge2 3.1 2.6 0.113(2)
ErCu2Si2 1.5 1.0 0.074(1)

agnetic structure were observed in other rare earth intermetallics
15]. In particular, the coexistence of the commensurate and incom-

ensurate propagation vectors over a range in temperature, and
he commensurate spin arrangement being the ground state have
ecently been established for the isostructural silicide ErCu2Si2
11]. As may be inferred from Table 2, the phase transitions in the
atter compound occur at lower temperatures than in ErCu2Ge2.
lso the value of kx is smaller in the silicide. These differences likely
eflect subtle changes in the interplay between magnetic exchange
nteractions and crystal field effect upon replacement of Si by Ge in
he nearest neighbours coordination sphere of the Er atoms.

The experimental value of the Néel temperature in ErCu2Ge2
TN = 3.1 K) is much larger than that calculated on the basis of the
e Gennes formula (TN = 1.97 K, derived by scaling from TN = 12 K
nown for GdCu2Ge2). This discrepancy arises due to influence of
rystalline electric field (CEF) interactions. Another manifestation
f the CEF effect is seen in relatively small values of the magnetic
oments determined from the neutron diffraction data. Appar-

ntly, the moments are governed by reduction of <J2> value related
o the CEF ground state [14].

The CEF Hamiltonian relevant for ErCu2Ge2 describes the
nfluence of CEF potential of D4n tetragonal symmetry on a
= 15/2 ground multiplet of the Er3+ ion. The Hamiltonian takes
he form HCEF = B0

2O0
2 + B0

4O0
4 + B4

4O4
4 + B0

6O0
6 + B4

6O4
6, where Om

l
’s

re the Stevens equivalent operators expressed by the angular
omenta Jx, Jy and Jz, while Bm

l
’s are the CEF parameters. In such

crystal field the 4I15/2 multiplet of Er3+ splits onto eight Kramers
oublets. In the case of ErCu2Si2, the parameter B0

2 is negative [10]
nd thus, according to the prediction by Greedan and Rao [16], the

agnetic moment should be parallel to the c-axis. In reality, the
agnetic moments in ErCu2Si2 are canted with respect to the c-

xis [11]. Similar canting is observed in the germanide ErCu2Ge2.
hese experimental findings indicate some influence of the higher
m
n parameters in particularly B0

6 [17]. The similarity between the

[
[
[

�c [�B] �m [�B] Ref.

6.80(7) (at 1.4 K) 5.64(7) (at 2.7 K) This work
4.94(15) (at 0.47 K) 4.61(17) (at 1.2 K) [11]

magnetic structures of ErCu2Si2 and ErCu2Ge2 imply quite similar
CEF parameters in both compounds.
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