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Abstract

The magnetic structures of YbMn Ge with the tetragonal ThCr Si type structure have been investigated by neutron diffraction2 2 2 2

measurements over the temperature range |10–526 K. Rietveld refinements demonstrate that YbMn Ge has a planar antiferromagnetic2 2

structure below T |510 K with a canted antiferromagnetic structure below T |185 K. The canted antiferromagnetic ground state ofN1 N2

YbMn Ge has a Mn moment value of m (10 K)53.03(5) m , with the z-component of the moment m (10 K)51.72(5) m ,2 2 Mn B z B

corresponding to a canting angle relative to the c-axis of u(10 K)555.4(9)8. No evidence for magnetic ordering of the Yb lattice is
obtained although an unusual variation of the a-lattice parameter with temperature is observed.  2000 Elsevier Science S.A. All rights
reserved.
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1. Introduction tution of Ge for Si and formation of a region (x 5 0.1–0.9)
in which the Yb ions are in the Kondo state [7].

Rare-earth intermetallic compounds containing Nowik et al. [8] have recently investigated the magnetic
europium and ytterbium exhibit a wide range of interesting phase transitions in the YbMn Si Ge series by mag-2 22x x

57 57¨and unusual physical and magnetic properties [1]. This netisation and Fe Mossbauer effect studies on Fe doped
occurs mainly as a result of their mixed valence states samples. The limiting compound YbMn Si is consistent2 2

(II / III) or changes from one valence state to the other. For with antiferromagnetic order in the Mn magnetic sublattice
example, Eu has a divalent state in EuMn Si yet a (T 5520 K) with evidence for a transition at 35 K linked2 2 N

trivalent state in EuMn Ge [2]. Likewise, YbPdSn ex- with ordering of the trivalent Yb sublattice. By com-2 2

hibits trivalent Yb in the low temperature hexagonal a- parison, YbMn Ge with divalent Yb ions is reported to2 2

phase whereas nearly divalent Yb is obtained in the high reveal several magnetic transitions, the Mn sublattice
temperature orthorhombic b-modification of YbPdSn [3]. exhibiting antiferromagnetism below T 549565 K alongN

Abnormal behaviour of the Yb ion has also been reported with further transitions at |190, |350 and |430 K which
for the new ferromagnetic compound YbMn Sn [4]. The were linked to canted spin-reorientation transitions. Given6 6

RT Si Ge compounds (R5Eu, Yb; T5transition metal) that no neutron diffraction investigations have so far been2 22x x

of the tetragonal ThCr Si structure (space group I4/mmm) reported for YbMn Ge , we have carried out an inves-2 2 2 2

are of particular interest with a range of effects having tigation of the magnetic structures of YbMn Ge over the2 2

been reported [2,5–7]. Examples include changes in the Eu temperature range |10–526 K. The Mn magnetic sublat-
valence and Mn magnetic order in EuMn Si Ge [2] and tice of YbMn Ge is found to exhibit planar antiferro-2 22x x 2 2

increase of the effective value of the Yb valence in magnetism below T |510 K with canted antiferromag-N1

YbNi (Si Ge ) on compression of the lattice by substi- netism existing below T |185 K.2 x 12x 2 N2
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furnace under an argon pressure of about 1 bar. The 1:2:2 structure as expected, although |9(2)% of the
starting materials contained |10% excess Yb and |2% YbMn Ge phase is also found to be present (Fig. 1a).6 6

excess Mn to compensate for evaporation losses during YbMn Ge crystallises in the hexagonal HfFe Ge struc-6 6 6 6

´melting. X-ray and neutron powder diffraction measure- ture type and is antiferromagnetic with a Neel temperature
ments reveal the predominant reflections of the tetragonal of T |480 K [9]. A small fraction (,|2%) of theN

Fig. 1. Rietveld refinements to neutron diffraction patterns of the YbMn Ge sample at: (a) |526 K and (b) 10 K. The markers for YbMn Ge (top) and2 2 2 2

the impurity YbMn Ge phase (9(2)%, bottom) are also shown (the main (111) reflection of the Mn Ge impurity phase (,|2%) is indicated by an6 6 5 3

arrow).
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Mn Ge phase can also be discerned in the diffraction temperature region: this parameter was then fixed at this5 3

patterns (see the main (111) reflection of Mn Ge as optimal value for all other temperatures. Finally the Mn5 3

indicated by the arrow in Fig. 1). Mn Ge is ferromagnetic magnetic moment value and an overall temperature factor5 3

with a transition temperature of T |304 K [10]). As were refined.C

considered recently, preparations of Yb compounds such
as YbPtSn [11] and YbMn Sn [4] with significant frac-6 6

tions of impurity phases are not uncommon. 3. Results and Discussion
A comprehensive set of neutron powder diffraction

patterns was obtained over the temperature range |10–526 Fig. 2 shows the neutron diffraction patterns obtained
K on the diffractometer E6 at the Hahn-Meitner-Institut, for the YbMn Ge sample over the temperature range2 2

˚Berlin (wavelength l52.448 A). The variable temperature |10–526 K. Rietveld refinement of the diffraction pattern
measurements were carried out with the sample placed in a obtained at |526 K in the paramagnetic state (Fig. 1a)
vanadium can and mounted in a standard cryofurnace. The confirmed that the sample crystallises in the body centred
Rietveld refinements were carried out using the FULLPROF tetragonal space group I4/mmm with, as noted above,
[12] program package which allows simultaneous refine- around 10% of the YbMn Ge phase also present. As6 6

ment of the structural and magnetic parameters. Using the shown in Fig. 3, the initial features revealed by the set of
coherent scattering lengths for all the elements and the diffraction patterns of Fig. 2 on cooling YbMn Ge from2 2

magnetic form factor for Mn as given in Ref. [13], the the paramagnetic region are the onset of magnetic scatter-
parameters varied during the initial least square refine- ing in the (101) and (103) reflections at around T |510N1

ments included: a scale factor for each phase, two parame- K. In common with the behaviour of several compounds in
ters for the background, the lattice constants and a the RMn X series (R5rare-earth; X5Si, Ge), the in-2 2

positional parameter for the Ge atoms in the YbMn Ge crease in the intensity of the (101) reflection below T |2 2 N1

compound. In order to account for preferred orientation 510 K marks the onset of antiferromagnetic ordering
effects we fitted an additional correction coefficient [14] within the (00l) Mn planes [15,16]. This antiferromagnetic
for the YbMn Ge phase to the data in the paramagnetic contribution is found to persist down to 10 K. In addition,2 2

Fig. 2. Neutron diffraction patterns of the YbMn Ge sample from |526 K (bottom) to 10 K.2 2
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Fig. 3. The variation of the normalised intensities for the (101) (j), (111) (h), and (103) (d) reflections of YbMn Ge with temperature (cf. Fig. 2).2 2

the intensity ratio for the magnetic contributions of the to Fig. 4). The onset of the AFl phase at T |510 KN1
˚(101) and (103) peaks indicates that the moments lie in the occurs at the intralayer distance of d |2.861 A. ThisMn–Mn

(00l) plane rather than pointing along the c-axis, resulting temperature is significantly higher than the temperature
in the layered antiferromagnetism (denoted AFl [15,17]) range over which layered antiferromagnetism is observed
common to many compounds in the RMn X series at in other RMn Ge compounds [21], again indicating the2 2 2 2

high temperatures [17,18]. As shown in Figs. 2 and 3, a distinctive behaviour of Yb compounds. On the other hand,
further magnetic superlattice reflection (111) appears no evidence is obtained for a magnetic contribution to the
below T |185 K. This reflection, of the type h 1 k 1 l 5 (112) reflection over the temperature region |10–526 KN2

2n 1 1, is also of antiferromagnetic origin, and leads to (Fig. 2). Calculations show that the (112) reflection is the
refinement of the neutron diffraction patterns below T | most sensitive reflection to the onset of ferromagnetismN2

185 K based on a canted AFmc structure [19,20]. The and, within statistical uncertainties, the invariance of the
refinement of the diffraction pattern of the YbMn Ge intensity of the (112) reflection over the entire temperature2 2

sample at 10 K is shown in Fig. 1b with the structural and range appears to eliminate the occurrence of a component
magnetic parameters of YbMn Ge at different tempera- of ferromagnetic ordering associated with the Mn sublat-2 2

tures given in Table 1 (corresponding to the paramagnetic tice in YbMn Ge . However, it is noted that the onset of2 2

and the AFl and AFmc antiferromagnetic phases; see insets the AFmc phase at T |185 K occurs at the intralayerN2
˚distance d |2.873 A. These values more or lessMn–Mn

overlap the approximate boundary between the AFmc andTable 1
Structural and magnetic parameters of YbMn Ge as determined from Fmc phases as reported for other RMn Ge compounds2 2 2 2
Rietveld refinements of neutron diffraction patterns at the temperatures [21] and the possibility of a small ferromagnetic com-
indicated (cf. Figs. 1 and 2), with errors taken from the refinements ponent (,0.4 m ) cannot be excluded. Higher resolutionB
Parameter 526 K 250 K 10 K neutron diffraction and single crystal magnetisation data

˚ are required to clarify this point.a (A) 4.0432(2) 4.0667(2) 4.0420(2)
˚c (A) 10.9408(9) 10.8670(9) 10.8363(9) The moment values on the Mn sublattice as determined

z (Ge) 0.3863(4) 0.3850(4) 0.3859(5) from the refinements to these two antiferromagnetic struc-
m (m ) – 2.55(5) 2.49(5)x B tures — layered AFl for T |510 K,T ,T |185 K, andN1 N2m (m ) – – 1.72(5)z B canted AFmc for T ,|185 K — are shown in Fig. 4.N2m (m ) – 2.55(5) 3.03(5)tot B

The Mn moments exhibit a regular monotonic increaseCanting angle (8) – 90 55.4(9)
R (%) 11.2 12.5 12.3 with decreasing temperature, as expected, down to T |wp N2
R (%) 2.3 2.9 1.9Bragg 185 K where the moments cant towards the c-axis. The
R (%) – 2.3 8.3mag overall temperature dependence of m , the total magnetictot
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Fig. 4. The temperature dependences of m and m , the components of the magnetic moment on the Mn atoms, and m , the total magnetic moment ofx y tot

YbMn Ge as determined from Rietveld refinements to the neutron diffraction patterns of Fig. 2. The AFl and AFmc magnetic structures are shown as2 2

insets (see text).

moment on the Mn atoms, is similar to that observed for results of Nowik et al. [8]. As discussed previously
the magnetic hyperfine field in YbMn Ge doped with [17,22], the temperature dependence of the electric quad-2 2
57 ¨Fe [8]. Fig. 5 shows the canting angle, u, of the Mn rupole parameter determined by Mossbauer spectroscopy
magnetic moments with respect to the c-axis below T | can be considered in terms of the relative orientation (angleN2

185 K as determined from the present neutron diffraction u ) of V , the principal component of the electric fieldzz

experiments. Fig. 5 also includes the canting angles for gradient (EFG) tensor, and the Mn magnetic moment, and
57 57¨YbMn Ge ( Fe) as deduced by us from the Mossbauer hence the hyperfine magnetic field experienced by the Fe2 2

nuclei. Given that the principal z-axis coincides with the
]

crystallographic c-axis and the point symmetry 4m2 of the
Mn site axial symmetry, the angular dependent term in the

2nuclear hamiltonian is (3cos u 21) /2. Normalising the
quadrupole interaction values [8] to the canting angles
determined from the present neutron diffraction measure-
ments at T |185 K and 10 K, leads to the additionalN2

values for the canting angles shown in Fig. 5. Excellent
agreement is found between the two sets of u values which
reflect the gradual tipping of the Mn moments out of the
crystallographic basal plane with decreasing temperature
below T |185 K. This agreement demonstrates that forN2
57Fe-doped YbMn Ge , the observed variation of the2 2

quadrupole interaction with temperature below T |185 KN2

is due to the changing orientation of the Mn magnetic
moment. This behaviour accounts well for the magnetic
transition observed at 190(10) K in the earlier magneti-

¨sation and Mossbauer measurements on YbMn Ge [8].2 2Fig. 5. The canting angle u relative to the c-axis (j), for the Mn
Similar agreement was obtained for the canting anglesmagnetic moment in the AFmc phase below T |185 K. Also shown areN2

57 ¨obtained by neutron diffraction and Mossbauer measure-¨the canting angles (s) derived from Mossbauer measurements on Fe
57

doped YbMn Ge [8] as described in the text. ments in the canted ferromagnetic region of Fe-doped2 2
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