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a b s t r a c t

TmCu2Ge2 compound crystallizes in the tetragonal ThCr2Si2-type crystal structure. The neutron

diffraction reveals the presence of an incommensurate antiferromagnetic order below TN¼2.5 K.

The Tm magnetic moment of 5.0(1) mB at 0.47 K is parallel to the c-axis. The order is described by

the propagation vector k¼[kx, kx, 0], where kx¼0.117(3). The increase of the values of the components

kx near the Néel temperature is observed.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Ternary RCu2Ge2 compounds (R is a rare earth element)
crystallize in the tetragonal ThCr2Si2-type structure [1]. An anti-
ferromagnetic order described by the propagation vector k¼
(½, 0,½) was found in some of these compounds with the heavy
rare earth elements [2–5]. TmCu2Ge2 compound was reported to
be paramagnetic down to 4.2 K [6]. 169Tm Mössbauer investiga-
tion of the TmCu2Ge2 compound indicates more significant
influence on the crystal field interaction at the rare-earth site [7].
The 197Tm Mössbauer spectroscopy data for TmCu2Ge2 do not
show the magnetic order up to 4.2 K. The new magnetic and
specific heat data give the anomaly connected with the phase
transition para–antiferro magnetic at 3.8 K [8]. This work reports
the results of the temperature dependence of the neutron powder
diffraction data for a polycrystalline sample of TmCu2Ge2 in order
to determine the magnetic structure of this compound.
2. Experimental details

The sample was obtained by arc melting of the constituent
elements taken in the stoichiometric ratio 1:2:2. The purity was
3 N (Tm), 4 N (Cu) and 5 N (Ge). The melting was performed in a
purified argon atmosphere. The sample was subsequently vacuum
annealed at 800 1C for 1 week. Next the sample was examined by
X-ray powder diffraction at room temperature on a Philips PW-3710
X’PERT diffractometer using CuKa radiation. Neutron diffraction
patterns were recorded with the use of an E6 diffractometer located
ll rights reserved.
at the Berlin Neutron Scattering Center in the Helmholtz Center
Berlin for Materials and Energy. The incident neutron wavelength
was 2.45 Å. The powder sample was enclosed in a cylindrical copper
container with a diameter of 8 mm. For a better thermal contact a
small amount of the deuterated methanol–ethanol mixture was
dropped into the container. The data were collected at several
temperatures between 0.47 K and 4.17 K, using an ILL-type cryostat
with a 3He insert in it. The 2Y range was 3.41�122.61.

The neutron diffraction data were analyzed with the use of the
Rietveld-type program FULLPROF (version 4.60—March 2009) [9].
3. Results

The X-ray diffraction data collected at room temperature as
well as the neutron diffraction data recorded at 4.17 K (see Fig. 1)
unambiguously confirmed that TmCu2Ge2 crystallizes in a tetra-
gonal unit cell of ThCr2Si2-type (space group I4/mmm; no. 139).
In this structure the atoms are located at the following sites;

2 Tm atoms at 2(a): 0,0,0;
4 Cu atoms at 4(d): 0, ½, ¼; ½, 0, ¼;
4 Ge atoms at 4(e): 0, 0, z; 0, 0, �z

þ the body centering translation.
The values of the lattice parameters and the free positional

parameter z determined from the x-ray data at room temperature
and neutron diffraction data at 0.47 and 4.17 K are listed in
Table 1.

In the neutron diffraction pattern at T¼0.47 K additional peaks of
the magnetic ordering are observed. (see Fig. 1) These peaks are
indexed by the propagation vector k¼(0.117(3), 0.117(3), 0).
The intensities of the magnetic peaks were calculated using the
FullProf program [9]. The best fit was obtained for a sine modulated
magnetic structure (Fig. 2). The magnetic moment distribution is
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Fig. 1. Neutron diffraction pattern of TmCu2Ge2 collected at 0.47 and 4. 17 K.

The squares represent experimental points; the solid curves are the calculated

profiles for the model crystal and magnetic structures described in the text and the

difference between observed and calculated intensities (at the bottom of diagram).

The vertical bars indicate the Bragg peaks of nuclear and magnetic origin. The peaks

at 2Y equal to 64.51 and 74.21 are connected with the cryostat (Al). The other peaks

of small intensities are connected with the unknown impurity phase.

Table 1
Lattice parameters a and c, unit cell volume, a/c ratio, Ge positional parameter z

and magnetic data of TmCu2Ge2 derived from the X-ray data at room temperature

and the neutron diffraction data collected at 0.47 and 4.17 K.

T (K) 300 4.17 0.47

a (Å) 3.9914(2) 3.9785(12) 3.9853(12)

c (Å) 10.3277(5) 10.3056(37) 10.3394(42)

V (Å3) 164.53(3) 163.12(16) 164.22(16)

a/c 2.5875(2) 2.590(2) 2.594(2)

z 0.3821(2) 0.3822(6) 0.3801(6)

RBragg (%) 3.5 2.9 2.8

Rprof (%) 2.9 2.6 2.5

z 0.3821(2) 0.3822(6) 0.3801(6)

m (mB) 5.0(1)

kx 0.117(3)

Rmag (%) 4.1

Fig. 2. Magnetic structure of TmCu2Ge2. Distribution of the magnetic moments

basal plain a-a.

Fig. 3. Temperature dependence of the Tm magnetic moment m and kx component

of the propagation vector for TmCu2Ge2.
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then described by

m rð Þ ¼ m0cos 2pk:rð Þ

where m0 denotes the amplitude of modulation, k is a propagation
vector, r is a vector pointing from the origin of the coordinate system.
The best fit was found for the magnetic moments equal to
5.0(1) mB at 0.47 K parallel to the c-axis. The temperature depen-
dence of the (000)7magnetic satellite indicates the Néel tem-
perature to be equal to 2.5 K. The analysis of the magnetic part of
neutron diffraction pattern as a function of temperature indicates
that the value of the propagation vector is constant in the
temperature range 0.47–2.08 K and next increases up to the Néel
temperature (see Fig. 3).
4. Discussion

The magnetic ordering determined in the case of TmCu2Ge2 is
different from those observed in other RCu2Ge2 compounds,
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which is similar to that observed in isostructural TmCu2Si2

[10,11].
The ordering observed in both TmCu2X2 (X¼Si, Ge) compounds

can be visualized as the (110) ferromagnetic plane with a sine
modulation along the [110] direction. This type of magnetic
structure can be described by the two exchange integrals consider-
ing nearest (J1) and next nearest neighbors (J2) exchange between
atoms belonging to the same (001) plane of the form [12]:
J(k)¼2J1(cos 2pkxþcos 2pky)þ4J2(cos 2pkxþcos 2pky).

The incommensurate structure with k¼(kx, kx, 0) correspond-
ing to the TmCu2X2 (X¼Si, Ge) compounds is stable for J140,
J2o0 and 9J19�9J29.

For TmCu2Ge2 the value of the kx component of the propaga-
tion vector equals 0.117(3), near the value for isostructural
TmCu2Si2, which is equal to 0.147 [10,11]. Also the value of the
Tm magnetic moment, equal to 5.03(8) mB, is close to the value for
TmCu2Si2 (5.10(3) mB) [11]. The large discrepancy between the
Néel temperatures: experimental equals 2.5 K and calculated on
the basis of the de Gennes formula (scaling for GdCu2Ge2,
TN¼12 K) gives TN¼0.9 K, indicates the influence of the crystal
electric field.

The relevant Hamiltonian for the crystalline electric field of the
tetragonal symmetry D4n of Tm3þ ion in the present crystal is
given by HCEF¼B0

2O0
2þB0

4O0
4þB4

4O4
4þB0

6O0
6þB4

6O4
6 where Om

l are the
Stevens equivalent operators expressed by the angular momen-
tum Jx, Jy and Jz and Bm

l are the CEF parameters. The 4f multiple of
Tm3þ (J¼6) splits into seven singlets and three doublets. The
values of the Bm

l parameters for TmCu2Si2 determined by the
different methods are presented in Refs. [11,13–16]. The results of
these investigations indicate that the B0

2 parameter is negative,
which in the prediction Greedan and Rao [17] suggests that the
magnetic moment is parallel to the c-axis. This is in good
agreement with the experimental result. The CEF levels consist
of a singlet ground state, a singlet first excited state at 6.1 K, a
doublet second excited state at 79.6 K and so on [11]. Tempera-
ture dependences of the quadrupole splittings are similar for both
TmCu2X2 (X¼Si, Ge) compounds [7]. This suggests similar influ-
ence of the crystal electric field. The small difference between the
magnetic parameters of both Tm compounds with X¼Si and Ge
indicates the small change of the CEF parameters with the change
of X element.

The relatively small values of the magnetic moments in both
compounds near 5 mB might be due to the reduction of /JzS value
of the CEF ground state [16].

The increase of the lattice parameters a and c at 0.47 K is
probably connected with the magnetostriction effect and/or the
alignment of the quadrupole moment of thulium charge distribution
in the electric field gradient of the noncubic lattice sites for the
tetragonal ThCr2Si2 structure. Increases of the lattice constants at
low temperatures are observed in isostructural TmCu2Si2 and
RCu2Si2 (R¼heavy rare earth element) compounds with La0 [18].
The data from the 169Tm Mössbauer spectra for TmCu2X2 (X¼Si, Ge)
compounds give the large increase of the quadrupole splitting at
low temperatures [11,12,15].
The Difference in values of critical temperatures of the mag-
netic order observed in this work and in Ref. [8] result probably
because the investigated samples are of different compositions.
The data in Ref. [19] indicate six compounds with the stoichio-
metry 1:2:2, 2:1:6, 3:4:4, 1:1.24:0.76, 1:1:1 and 5:1:10.

The magnetic data are reported only for the 3:4:4 phase [20].
Specific heat data indicate two phase transitions at 2.1 and 2.8 K.

To explain the discrepancies, determination of magnetic prop-
erties of the other phases is planned.
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