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a b s t r a c t

Neutron diffraction measurements indicate that the magnetic moments of chromium atoms in the

ThCr2Si2 compound show long-range order. The Cr magnetic moment equal to 1.20(25)mB at 1.5 K lie in

the basal plane and form magnetic structure AFl-type.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In the last four decades there has been a growing interest in
the investigations of the RT2X2 group compounds, where R is the
rare earth or actinide metals, T is the transition metal and X is the
main group element. These compounds crystallize in a body-
centered tetragonal structure (space group I4/mmm) [1,2]. The
magnetic moments of the rare earth atoms form an enormous
variety of magnetic structures. In RMn2X2 compounds the Mn
sublattice orders anti- or ferromagnetically below 500 K. In
contrast, in RT2X2 compounds with other transition metals (T¼Fe,
Co, Ni, X¼Si, Ge) no magnetic order of the T moments is
observed [3].

Magnetization data reported for the series RCr2Si2 (R¼Gd, Tb,
Dy, Ho, Er and Tm) indicate that the R ion moments order at very
low temperatures [4]. Magnetization measurements for the
mixed series RFe2�xCrxSi2 [5] have shown the presence of anti-
ferromagnetic interactions for Cr rich compounds with ordering
temperatures up to 700 K, whilst low ordering temperatures were
observed for Fe rich compounds. In addition neutron diffraction
measurements have provided direct evidence for antiferromag-
netic order in the Cr sublattice in the Cr rich series RFe2�xCrxSi2

[6], HoCr2Si2 [7] and (R¼Tb, Ho and Er) [8] with Néel tempera-
tures well above ambient temperatures.

ThCr2Si2 also crystallizes in the body-centered tetragonal
structure with space group I4/mmm [1]. Earlier measurements
ll rights reserved.

: þ48 12 6337086.
[9] of the temperature dependence of the magnetic susceptibility
in the temperature interval 100–570 K have not shown any
evidence of a magnetic phase transition. In this study a para-
magnetic Curie temperature of yp¼�1700 K and an effective
magnetic moment of the chromium atom of 2.18mB were
determined [9].

Recently calculations based on first-principles resulted,
besides presenting data on elastic constant, bulk, shear and
Young’s modulus and compressibility, in new evidence for spin
ordering of the magnetic ground state [10]. In this work also
partial and total densities of states were calculated. Within the
light of this study we report results of X-ray and neutron
diffraction measurements of ThCr2Si2 to clarify the magnetic
properties. The neutron diffraction data enabled the magnetic
structure of ThCr2Si2 to be determined.
2. Experimental

A detailed procedure for the sample preparation is given
elsewhere [11]. X-ray powder diffraction confirm that the sample
has the body centered tetragonal structure with the lattice
parameters a¼0.40414(2) nm and c¼1.05879(6) nm in good
agreement with those reported earlier [1,11,12]. Small impurities
of ThO2 and other unindexed phase were also observed. Neutron
diffraction patterns were recorded using the E6 diffractometer at
the Berlin Neutron Scattering Center of the Helmholtz Center
Berlin for Materials and Energy. The data were collected at several
temperatures between 1.5 and 395 K in the 2y range 24–1041
using an incident neutron wavelength of 0.244 nm.
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The neutron diffraction data were refined using the Rietveld-
type program FULLPROF [13].

In purpose to determine the critical temperature of the
magnetic order the additionally magnetic measurement was
performed using a vibrating sample magnetometer (VSM), option
of the Quantum Design PPMS.
3. Results

Fig. 1 shows the neutron diffraction patterns of ThCr2Si2

measurements in the temperature range 1.5–295 K. The observed
reflections obey the condition hþkþ l¼2n typical for the nuclear
reflections in the ThCr2Si2 structure-type. ThCr2Si2 crystallizes in
a body-centered tetragonal structures with two formula units per
unit cell [1,11,12] with the atomic positions Th:2a (0,0,0), Cr:4d
ð0,1

2 ,14Þ and Si:4e (0, 0, z). The structure of ThCr2Si2 can be
described as a sequence of Th sheets and [Cr2Si2] blocks consist-
ing of [CrSi4] tetrahedrons: y Th[Cr2Si2] Th[Cr2Si2] y.

Fig. 2 gives the intensities of the strongest nuclear and
magnetic peaks 101, 110 and 103 intensities at 1.5 and 295 K.

The magnetic contribution to the intensities of (101) and (103)
lines are characteristic of the occurrence of an antiferromagnetic
Fig. 1. (Color online) Neutron diffraction patterns of ThCr2Si2 in the temperature

range 1.5–295 K.

Fig. 2. (Color online) The nuclear and magnetic peaks 101, 110 and 103 intensities

at 1.5 and 295 K.
component within (001) Cr planes. Numerical analysis of the
neutron diffraction pattern at 1.5 K indicates that the magnetic
structure is of AFl-type with the following sequence of the
signþ� �þof Cr moments in position 1

2 0 1
4, 0 1

2
1
4, 1

2 0 3
4 and 0 1

2
3
4.

In this magnetic structure each [Cr2Si2] block consists of chains of
parallel Cr moments that are coupled antiferromagnetically.
Adjacent [Cr2Si2] blocks order in an antiferromagnetic arrange-
ment along the c-axis. The refined magnetic moment of
1.20(15)mB is parallel to the a-axis (Rmag¼8.3%). A possible
arrangement with Cr moments parallel to the c-axis observed in
isostructural RCr2Si2 compounds [7,8] yields a smaller value of
the magnetic moment of 0.96(10)mB and a considerably higher
value of Rmag¼12.0%. The magnetic structure of ThCr2Si2 with
moments parallel to the a-axis is presented in Fig. 3.

A comparison of the calculated nuclear and magnetic inten-
sities with the observed intensities for the diffraction data of
ThCr2Si2 at 1.5 K is shown in Fig. 4.

The thermal evolution of the refined values of the magnetic
moment and lattice parameters a and c are given in Fig. 5. This
data suggests that the Néel temperature is considerably higher at
300 K similar to the transition temperatures observed in other
isostructural 1:2:2 compounds [8]. Temperature dependence of
Fig. 3. (Color online) Observed and calculated neutron diffraction patterns of

ThCr2Si2 at 1.5 K. The squares represent the experimental points; the solid curves

are the calculated profiles for the refined crystal and magnetic structures

described in the text. The difference between the observed and calculated

intensities is shown at the bottom of diagram. Tick marks indicate the positions

of the Bragg peaks of nuclear and magnetic origin and the ThO2 impurity. The

other reflections correspond to the unidentified impurity phase.

Fig. 4. Magnetic structure of ThCr2Si2.



Fig. 5. Temperature dependence of the lattice parameters a and c and the Cr

magnetic moment of ThCr2Si2.

Fig. 6. (Color online) Temperature dependence of the magnetic susceptibility of

ThCr2Si2.
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the DC magnetic susceptibility measurement in the temperature
range 300–950 K at zero magnetic field (ZFC) and field (H¼1 kOe)
cooling (FC) is shown in Fig. 6. This data indicate anomaly at
830 K, which is probably critical temperature of the magnetic
order of Cr moments.
4. Discussion

The results of the neutron diffraction measurements indicate
that the Cr magnetic moments in ThCr2Si2 indeed show long-
range order. The antiferromagnetic order of the Cr moment
within the basal plane is similar to that observed in Mn sublattice
in CaMn2Ge2 and BaMn2Ge2 [14]. This type of order is labeled as
AFM3 in Ref. [10] and corresponds to the minimum energy. The
observed direction of Cr moments is different to those found in
isostructural RCr2Si2 (R¼rare earth) compounds where the Cr
moments align parallel to the c-axis. This indicates a change of
the direction of the magnetic moment due to the exchange of rare
earth by chromium atoms in the crystal structure. The value of
the Cr magnetic moment of 1.20(15)mB is smaller than those
observed in RCr2Si2 (R¼Tb, Ho, Er) compounds which are
between 1.35(7) and 1.62(2)mB [8].

The interatomic Cr–Cr distance in ThCr2Si2 is equal 0.2858 nm
and is thus near to distances typically observed in RMn2X2

compounds whereas in the rare earth compounds RCr2Si2 it is
shorter between around 0.2765 nm and 0.2754 nm [8]. In RMn2X2

(X¼Si, Ge) compounds the exchange interactions are very sensi-
tive to the interlayer distance [15] with makes it probable that a
similar dependence is also likely to be observed in RCr2Si2

compounds.
The determined value of the Néel temperature of the ThCr2Si2

compound is probably 830 K and is similar to those found in the
isostructural RCr2Si2 equal 758 K (R¼Tb), 718 K (R¼Ho) and
692 K (R¼Er) [7,8], refuting the very high value of the Neel
temperature of about 1770 K reported in Ref. [9]. According to
[9] this value corresponds to the paramagnetic Curie temperature
which is incorrect as it was determined from the data in the
ordered and not in the paramagnetic state.
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