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Abstract. High-resolution neutron diffraction ané’Fe Mdssbauer experiments have been
performed on powder samples of the ternary intermetallic B g. This compound crystallizes

with a hexagonal structurgP6/mmm) which can be described as an ordered state intermediate
between the HfFg5e5- and YCa@Ges-type structures, with cell parameters suggesting that the Yb
ionisin (or close to) a trivalent state. Atroom temperature, the Fe-sublattice magnetic arrangement
consists of an antiferromagnetic stacking along-taeis of the ferromagnetic (001) Fe planes with

the easy direction of magnetization along [001]. Below ab&uK& spin-reorientation process
occurs; a fractiory (T) of the iron moments rotate abruptly from thexis to a given direction in

or close to the basal plane. This phenomenon allows the observation of anisotropic contributions
to the total hyperfine field at the Fe site. At 4.2 K, approximately 18% of the iron moments remain
along thec-axis. No long-range magnetic order of the Yb sublattice is observed, at least above
1.5 K. We also report’Fe Mdssbauer investigations of the Hff&ss-type LuFgGe; compound.

1. Introduction

The RFgeGe; compounds (R= Mg, Sc-Ti, Y-Nb, Hf, Gd-Lu and U) [1-15] are known

to crystallize in a variety of closely related structures depending on both R size and sample
preparation procedure. All these structures may be seen as resulting from a more or less
ordered insertion of the R element within theg@®mles of the CoSn-type FeG®6/mmm)

host framework. The smallest R elements insert in an orderly fashion in half of the Fe—Ge—Fe
slabs of the binary parent compound, leading to the k{Heg-type structure( P6/mmm).

The largest R elements partially occupy each of these slabs. In the latter case, a long-range R
atomic ordering leads to more complex crystal structures which were first analysed in terms
of intergrowth of HfFgGe; and ScFgGas blocks [3, 16]. In the opposite case, this yields
disordered variants of the HfE®e; type such as the YG&e; type or derivatives intermediate
between these two types.

The magnetic properties of the Rf&s; compounds have been the subject of extensive
investigations [3-5, 7—13, 15]. These compounds are characterized by an antiferromagnetic
ordering of the Fe sublattice at temperatures ranging between 450 K and 510 K (except for
UFe;Ge;, for which Ty = 322 K [4]), while the R sublattice orders magnetically at much
lower temperature (between 30 K forR Gd and 3 K for R= Er [7-10, 15]; probably at
230 K for R= U [4]). Whatever the crystal structure [8—13, 15], when the sole Fe sublattice
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is ordered, the magnetic structures always consist of an antiferromagnetic stacking—)

along thecy,-axis of the hexagonal (sub)cell of ferromagnetic (QOR¢ planes, with the Fe
moments pointing along ths,-axis and ordered Fe moment values ranging betweep 4.5
and 2.2up. Consequently, there is zero molecular field on the R sites; this may explain the
low ordering temperature of the R sublattice solely due to R—R interactions.

The previous studies have shown that the R-sublattice ordering temperature does not
depend on the distribution of R atoms [7-10, 14, 15]. By contrast, the R magnetic arrangement
strongly depends on this distribution as illustrated by the occasionally different results reported
forthe same R atom [7, 15]. Thisis further shown by the influence of the annealing temperature
on the Tb magnetic arrangement in Thees, which is correlated with subtle changes in the
Thb distribution within the FeGe host framework [9, 10]. On the other hand, an influence of the
microstructure on the Ho magnetic behaviour has been shown forddak-€l4, 15]. In all
cases (R= Gd—Er), except for one of the Th§®e; samples of reference [10], the R-sublattice
magnetic ordering does not affect the easy direction of the antiferromagtetic- —) Fe
arrangement. According to reference [7] the Tm sublattice does not order insGaf-e

For the LuFeGe; and YbFgGe; compounds, only room temperaturedbsbauer data
are available [7], while reported neutron diffraction results are restricted togGgs@bove
122 K[11]. To obtain more complete information, we have undertaken a detailed investigation
of the microscopic magnetic properties of Y& by means of neutron diffraction and
5’Fe Mossbauer spectroscopy experiments. In this paper, we also report results*féen a
Mdossbauer study of Luk&e; at 300 K and 4.2 K.

2. Experimental details

The compounds were prepared from commercially available high-purity elements. Pellets of
mixtures of the elements with composition Yak-e;Ge; (to allow for the inevitable loss of Yb)

and LuFgeGe; were compacted using a steel die and introduced into silica tubes sealed under
argon (400 mm Hg). Preliminary homogenization treatments were conducted for one week at
750°C and 900 C for YbFe;Ge; and LUFgGe;, respectively. The samples were then ground,
compacted again, annealed for three weeks at identical temperatures and finally quenched in
water.

Preliminary x-ray analyses (Guinier Cadkfrom scanned patterns have shown the single-
phase nature of our samples. In both cases, the diffraction lines can all be indexed using
the HfFgGe; settings. The LuRge; sample is undoubtedly of Hfs&e; type, while the
observed intensities of théXl with [ odd) lines of YbFeGe; are weaker than those expected
for this type of structure. This suggests that a partial E&&-type ordering of the YCgGe;
structure has taken place, as previously described for thegG&sasample of reference [11],
where a fraction of the Ge(2e) and Yb atoms are shifted f&/from their ideal positions.

The cell parameters were determined by least-squares refinements using high-purity silicon
as an internal standard and were found to be close to those previously reported [3]; that is:
a = 5.0982) A/c = 8.0943) A anda = 5.097(1) A/c = 8.0832) A for YbFe;Ge; and
LuFe;Ge;, respectively. Such cell parameters suggest that the Yb ion is in (or close to) a
trivalent state (4%, J = 7/2).

Neutron diffraction experiments were carried out on powder samples ofg@ssat the
Institut Laue—Langevin (ILL), Grenoble. Several spectra were recorded between 300 K and
2 K using the D1B X = 2.520 A) two-axis diffractometer, while two patterns were recorded at
150 K and 1.5 K with the high-resolution D1A & 1.911 A) instrument. The analysis of the
patterns was performed by Rietveld profile refinements using the software FULLPROF [17].

Several®’Fe Mossbauer spectra were recorded between 4.2 K and 300 K in standard
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transmission geometry using a constant-acceleration spectrometer with a 25JoGburce

in a rhodium matrix. The data were analysed with a least-squares fitting program assuming
Lorentzian peaks and using the full hyperfine Hamiltonian [18]. Isomer shifts are given with
respect to that of metallic iron at room temperature.

3. Results and interpretation

3.1. Neutron diffraction study of Yb§@e;

3.1.1. Crystal structure and magnetic structure above 85 Khe neutron diffraction pattern
collected at 150 K with the D1A two-axis diffractometer is shown in figure 1. No superlattice
lines are observed; all peaks can be indexed on the basis of apGHFg/pe cell but

the intensities of thehf! with  odd) lines are weaker than those expected for this model.
This confirms the partly disordered crystal structure (figure 2), intermediate between the
HfFe;Ges- and YC@Ges-type ones, deduced from preliminary x-ray analyses where the
Ge(2e) and Yb atoms are distributed on two different sites; BGg0, z)/G€, (0,0, z + 1/2)

and Yb (0,0, 1/2)/Yb’ (0, 0, 0), respectively. During the refinement, the site occupancy
ratios of Ge/G€, and Yb/YB were constrained to have the same value. The refinement
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Figure 1. The neutron diffraction patterns of Yb§®es at 150 K and 1.5 K = 1.911 A).
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Figure 2. Crystal structure of YbFRg5e;s.

leads to a partial atomic disorder similar to that previously found in the §@&esample of
reference [11]. Furthermore, such observations are consistent with a magnetic structure built
upon an antiferromagnetic stackifg— + —) along thec-axis of the ferromagnetic easy-axis
(001) Fe planes, as is always observed in theg®Bgintermetallics when the R sublattice

is not magnetically ordered [8-13, 15]. At 150 K, the ordered Fe moment value refined to
ure = 1.51(4) np. The refined parameters and the residual factors are given in table 1.

Table 1. Refined parameters of Ybg®es (P6/mmm) derived from high-resolution neutron data
at 150 K.pupe = 1.51(Apup, a = 5.0881) A, c = 8.0851) A, Ry = 5.32%, Ryuag = 22.4%,
Ryp = 15.7%, R, = 5.83%.

Atom  Position x y z Occupancy B, (A?)
Fe (6i) 172 0 02501 1 0.11(3)
Ge  (2e) 0 0 01531) 0.73(1) 0.28(6)
Ge  (2e) 0 0 0347(1) 0.27(2) 0.28(6)
Ge  (20) U3 23 12 1 0.14(4)
Ges  (2d) 13 23 0 1 0.14(4)
Yb (1b) o o0 12 0.73(1) 0.42(7)
Yo' (1a) 0o 0 o0 0.27(1) 0.42(7)

3.1.2. Neutron diffraction patterns below 85 KBelow about 85 K, the mostimportant feature

is a continuous and strong increase of the (001) line intensity whose nuclear contribution
is weak (figure 1). The best fits were obtained considering a deviation frorm+aes of

the antiferromagnetic direction of the Fe sublattice without any magnetic ordering of the Yb
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sublattice. Assuming a single magnetic phase, refinement at 1.5 K shows that the easy direction
makes an anglé of 56(3) with thec-axis andure = 1.72(5) up (table 2). Finally, we have
to point out that the thermal dependence of the cell parameters reveals no anomalies.

Table 2. Refined parameters derived from high-resolution neutron data forgGxéseat 1.5 K.

a (A) c (A) iFe iGe Z,Gel HFe (,U-B) N (deg) Ruuct,s ang1 pry R, (%)

5.082(1) 8.083(1) 0.250(1) 0.153(1) 0.347(1) 1.72(5)  56(3) 5.38,13.7, 17.3, 5.30

3.2. 5"Fe Mossbauer spectroscopy

3.2.1. Preliminary remarks. In the hexagonal YbR&e; and LuFgGe; compounds, the

point symmetry at the (6i) iron site is/dn. Hence, as for the CoSn-type FeGe [20] and
FeSn [18, 21] compounds, there are three sets of principal EFG axes for the three Fe atoms
of an (001) Fe layer in a unit cell. They are along [110](1 [001], [100] [120] [001],

[010] [210] [001] respectively (figure 3), although it is not possible to kopriori which is

the principalZ-axis. For FeGe and FeSn it has been shown that the priripals lies in the

basal plane. According to the point charge calculations of reference [5] this axis remains in the
basal plane for the RE&e; series. Therefore, these systems may, like the well-known RFe
Laves phases [28-30] or like thedSsp [25] and FeSn [19, 22] compounds, present several
Zeeman patterns for crystallographically equivalent Fe atoms depending on the orientation of
the magnetization direction with respect to the principal EFG axes.

oo o0
ses

T>85K _,f i ?\\ T<8K
/,/"' ! \\,\ H //,/ ;
i e o i

O e |
. Fe \\@/"

Figure 3. The three sets of principal axes of the EFG tensor for iron atoms in the basal plane
of YbFe;Ges, together with schematic representations of the Fe-sublattice magnetic arrangement
above and below the spin-reorientation temperatiisg ¢ 85 K).

3.2.2. YbFgGe;. Two types of spectrum are obtained in the magnetic state (figure 4).
Above the spin-reorientation temperatu® ~ 85 K) deduced from neutron diffraction
experiments, only a classical single sextuplet is observed. Below 85 K, the spectra consist of
six broad and asymmetric groups of lines which evolve with temperature.



1090 T Mazet and B Malaman

V (mm/s)

Figure 4. 5"Fe Mdssbauer spectra of Yb§@es at several temperatures together with their least-
squares envelopes.

In the magnetic state, the apparent quadrupolar splittiagi$yiven to first order by

e — A [300520 - 1+2nsin26’cos?j>}

1)

wheref and¢ are the polar and azimuthal angles of the hyperfine-field direction with respect
to the EFG frame of reference, respectively, while the asymmetry param(@tet n» < 1) and

A = eQV,,/2 have the usual definitions. When equation (1) holds, the relevant ramige of
seen to be 0< 6 < 90°. Despite the fact that th&-axis could not be specifieapriori from

the point symmetry at the Fe site, it can nevertheless be concludefl ithatther O or 90°
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when the direction of the Fe hyperfine field is alongdkexis. By contrast, if the latter lies in
the basal plan#, may either be 90(Z-axis parallel taz) or maya priori range between°Gand
90 for a given Fe site. Assuming that the quadrupole splitindoes not vary significantly
at the magnetic transition, as usually observed:

Ap = AV (1+n2/3) )

whereA , is the total quadrupole splitting in the paramagnetic state. In reference|ﬁ},|a
value of 027 mm s was measured for the RE@e; series. Fits at several temperature between
300 K and 85 K show thate2is constant and has a mean value @3+ 0.01 mm s, in good
agreement with the room temperature result of reference [7]. The Fe moments are known to
be parallel to the-axis whenT > Tsz. The angle is therefore either Oor 90> while ¢ is
irrelevant ford = 0° (equation (1)) and equal either to 0° or to°d0r & = 90°. The only
solution consistent both withe2= 0.03 mm s'%, [A,| = 0.27 mm s and with equations (1)

and (2) i = 90°: the principalz-axis lies in the basal plane. Further, foe= 90° a significant
reduction of the angular factor of equation (1), which is necessary to account for the small
value of 2, can only occur ifp is close to 1 and i%h = 0°. A supplementary consequence

is thatA , and A are negative as also reported for FeGe [20], FeSn [19, 22] ag8hi-[25].

To summarize, the principal- and Z-axes of the EFG tensor lie in the basal plane while the
principal X-axis is alonge. Our fittings at temperatures between 300 K and 85 K, carried out
constraining th&- and¢-angles to 90 and O respectively, yieldA ~ —0.25 mm s and

n ~ 0.8 (table 3). Largej-values were similarly reported for FeSn [19, 22].

Table 3. Hyperfine interaction parameters of YkjGes above the spin-reorientation temperature
(TSR ~ 85 K).

T (K) [ £0.01 (mms?) IS+0.01 (mms?) A +£0.03(mms?) n+01  H=£01(T)

300 0.25 0.33 —0.26 0.7 14.8
240 0.26 0.37 —0.27 0.8 16.1
195 0.25 0.40 —0.25 0.8 16.7
150 0.28 0.42 —0.30 0.8 17.2
105 0.26 0.44 —0.26 0.8 17.3

Attempts to fit the 4.2 K Mssbauer spectrum with two or three hyperfine components
were unsuccessful, resulting in very broad peaks in each s&xtet@.36 mm s*) and large
x2-values. Satisfactory fits were obtained by considering four subspectra divided into two
subgroups. In this last fitting procedure, we assume that only a fraction of the iron atoms have
moments which rotate from theaxis to a given direction to be specified. The isomer shifts,
linewidths and values of andn were therefore constrained to be respectively equal for the
four subspectra (table 4) as expected from the crystallographic structure. Moreover, we were
led to consider that one component has a hyperfine-field value similar to that found above the
spin-reorientation temperature, wighand ¢ fixed at values of 90and O, respectively, as
explained above (the first subgroup for the iron spins staying along-#éxés). We further
considered three other components with equal intensity but different angular parameters and
hyperfine-field values to be fitted independently (the second subgroup corresponding to iron
spins not along the-axis). To avoid introducing @&-distribution, virtually impossible to
deduce from such spectra, we also assumed that the iron spins of the second subgroup lie
in the basal plane; hence tlleangles of these components were constrained to 9be
latter assumption, further discussed below, has only a limited effect on the fitted hyperfine
parameter values. The results of our fittings at 4.2 K are given in table 4. Within fitting errors,
our fitted#-values are consistent with a unique magnetization direction in the basal plane and
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Table 4. Hyperfine interaction parameters of YhfGss at 4.2 K.

I(%) T'+001(Mmmsl I1S+001(Mmsl A+003(mms?) n+01 6+8(deg) H+0.1(T)

274 0.27 0.46 —-0.25 0.7 7 16.4
274 0.27 0.46 —-0.25 0.7 56 15.5
274 0.27 0.46 —-0.25 0.7 17 14.8
178 0.27 0.46 —-0.25 0.7 90 17.4

not along the [100] or [210] directions. Further fits at intermediate temperatures confirmed our
interpretation and showed only a variation in the relative intensity of the preceding subgroups
without notable changes in the refined hyperfine parameter values as compared to those of the
4.2 K spectrum.

In summary, we have shown that belo® R a fractiony (T') of the iron moments rotate
abruptly from the:-axis to a given direction in or close to the basal plane, as already observed in
Fe;Snp [25-27], although it is not possible to specify the precise orientation of these moments.
The fractiony (T') increases when lowering the temperature, being about 82% at 4.2 K (table 4).

3.2.3. LuFgGe;. The®Fe Mossbauer spectra of Lug®es recorded at 300 K and 4.2 K

are shown in figure 5. They both consist of a single sextuplet and hence do not reveal any
reorientation of the iron moments down to 4.2 K. The hyperfine parameters are close to those
found for the Yb-based compound above 85 K (table 5). The hyperfine-field value is however
slightly lower than it is for YbFgGe; when the iron moments are parallel to #axis, in
agreement with the room temperature results of reference [7]. It is worth noting that, as found

V (mm/s)

Figure 5. 5"Fe Mbssbauer spectra of Luf@es at 300 K and 4.2 K together with their least-squares
envelopes.
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Table 5. Hyperfine interaction parameters of L&ss at 300 K and 4.2 K.

T(K) TI'+001(mms?) 1S+001(mmst) 2¢+001(mmshH H£01(T)

300 0.25 0.33 0.03 14.3
42 0.30 0.46 0.00 16.1

forthe binary FeGe parentcompound [12, 20], aslight broadening of the lines is observed at low
temperature. For the latter compound, characterized by the same easy-axis antiferromagnetic
arrangement of the Fe moments at high temperature, neutron diffraction experiments on single
crystal have shown that below 55 K the structure changegtaxds double cone with a cone
half-angle of 14 at 4.2 K [31]. Similarly, in LuFeGe;, the possibility a small spread in the

iron moment direction at low temperature cannot be excluded.

4. Discussion

From our neutron diffraction ardFe Mossbauer experiments we have shown thatin ¥&ieg
below about 85 K the moments of a fractipiiT’) of the iron atoms rotate abruptly from the
c-axis. Our®’Fe Mossbauer results indicate that approximately 18% of the iron moments
remain along the-axis at 4.2 K. Hence th@-angle of 56(3) between the-axis and the easy
direction of magnetization of the Fe sublattice thatis deduced from the 1.5 K neutron refinement
assuming a single magnetic phase is slightly underestimated. Therefore, assuming that 15% of
the iron moments are along theaxis at 1.5 K, the ‘actuakb-angle would be 64(3) The latter
angle disagrees with the basal-plane arrangement of the rotated spins assumed to fit the low-
temperaturé€’Fe Mossbauer spectra. However, it is worth noting that a similar problem occurs
inthe F@Sn, compound R3m) [24], whose Fe—Sn basal planes are crystallographically similar
to those of the present compound. The magnetic structures&fii-és also characterized by
ferromagnetic (001) Fe planes and by a spin-reorientation process below 220 K. For the latter
compound, powder neutron diffraction experiments give-angle of about 60between the
c-axis and the moment direction while both neutron diffraction with external field$'88d
Mossbauer spectroscopy indicate an iron moment direction in the basal plane [25-27]. This
discrepancy was accounted for by a modification of the conventional iron magnetic form factor
due to the localization of the spin carriers along the [001] direction [26]. Althoughitis difficult
to decide whether or not in Ybg&e; the moments lie in the basal plane, both techniques allow
the conclusion to be reached that the iron moments make an angle ranging typically between
25° and O with the basal plane.

The four iron sites used to fit the low-temperaturésdbauer spectra are characterized
by four hyperfine-field values. Such field differences for a unique crystallographic site are
due to the contribution of anisotropic hyperfine fields to the total field [21-23, 25, 28-30].
These anisotropic hyperfine fields make the total hyperfine-field direction deviate from that
of the magnetization, and the component parallel to the magnetization can be expressed, in a
first-order approximation, in the general form [23]

: ®

3co€H — 1+ sifHcos2p
H= I_Iiso + Ha
where H;;, and H, are respectively the isotropic and anisotropic contributions to the total
hyperfine fieldH parallel to the magnetization direction, andis an asymmetry parameter
related to the anisotropy of the hyperfine dipolar tensor. From band-structure calculations [32],

it is now clearly established that the main contribution to the total hyperfine field at nuclei of
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transition metal atoms (i.e. the Fermi contact interaction) is dominated by the polarization
of the s core electrons. Because of the attractive nature of the exchange interaction this
leads to a negative magnetization at the nucleus (i.e. a negative hyperfine field). We assume
consistently that our experimental hyperfine-field values are negative. From relation (3) and
our experimental data, we estimate thaf;,, ~ —16 T, H, ~ 25 T andyn’ ~ 0.3. The
anisotropic contribution was also found to be positive inJe [25] and in Fe_,Mn,Sn
(0 < x <€ 0.2) solid solutions [23] with a similar magnitude. These anisotropic fields cannot
be fully accounted for by the lattice dipolar fields and are probably due to contributions of the
atom’s own electrons (i.e. local dipolar and/or orbital fields).

The spin-reorientation process observed in Yg&& is a unique phenomenon in the
RFeGe; series. For all RRg5e; compounds, thé+ — + —) antiferromagnetic arrangement
of the Fe sublattice with moments pointing along theaxis seemed to be a well-established
rule, whatever the crystal structure, when the R sublattice is not magnetically ordered [8-13,
15], as observed for instance in the presért Mossbauer study of Lug&e;. Even when
the R sublattice is magnetically ordered, a spin reorientation of the Fe sublattice was reported
only for one ThFgGe; sample in reference [15]. Assuming that the sample-independent
R ordering temperature (30 K-3 K from Gd to Er [7-11, 15]) scales with the de Gennes
factor, the Yb sublattice is not expected to order, in agreement with our neutron diffraction
results. We conclude that in Yb§@es, the spin-reorientation phenomenon can therefore no
longer be associated with a long-range magnetic ordering of the Yb sublattice, considering
moreover that the reorientation occurs below 85 K, but we have not yet been able to identify the
mechanism responsible for the spin reorientation in this compound. However, the particular
valence properties of the Yb ion [33] are undoubtedly involved. Finally, the unusual nature of
the spin-reorientation process as inferred from*Ee Mossbauer study might originate from
a complex microstructure (microtwinning, stacking faults,) asfound for HoFgeGe; [14].

5. Conclusions

We have shown by using both neutron diffraction andtke Mossbauer effect that a spin-
reorientation process occurs in YBe; below about 85 K. The moments of a fractip(r") of

the iron atoms rotate abruptly from theaxis to a given direction close to or in the basal plane.

At 4.2 K approximately 18% of these moments remain alongcthgis. This phenomenon
cannot be associated with a magnetic ordering of the Yb sublattice and is therefore the first
example within the RRg&5e; series where the easy direction of magnetization is not along the
cp-axis when the R sublattice is not magnetically ordered. Other experiments are needed to
understand the origin of this spin reorientation.
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