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Abstract. Zero-field nuclear magnetic resonance (NMR) of all NMR isotopes (175Lu, 55Mn, 73Ge, 69,71Ga)
in LuMn6Ge6−xGax, 0 ≤ x ≤ 1, is used to monitor the variation of the hyperfine interaction with the
sequence of antiferromagnetic - helimagnetic - ferromagnetic arrangement of the manganese moments of
subsequent Kagomé net planes achieved by variation of the gallium content x. According to the 55Mn-
NMR results, the local Mn moment varies by less than ±5% in this series. 175Lu-NMR proves canting of
the antiferromagnetic sublattices in LuMn6Ge6. The anisotropy of the Ge magnetic hyperfine interaction
decreases with increasing separation from the hexagonal Lu plane, whereas the absolute value of its isotropic
part is only qualitatively correlated with the average separation of the six nearest Mn neighbours. Due to
the anisotropic magnetic and electric hyperfine interaction at Ge and Ga sites, the non-collinear magnetic
structures are clearly reflected by the NMR spectra, which are described quantitatively in this contribution.
The preferred Mn moment direction rotates away from the c direction with x. The conduction or bonding
electron spin polarization at the Ga nuclei is increased by 35–80% compared to the Ge nuclei. We argue
that this is related with the variation of the magnetic order with the Ga content.

PACS. 71.20.Lp intermetallic compounds – 75.25.+z Spin arrangement in magnetically ordered materials
– 75.50.-y Studies of specific magnetic materials – 76.60.-k Nuclear magnetic resonance and relaxation –
76.60.Jx Effects of internal magnetic fields

1 Introduction

Manganese intermetallic compounds exhibit a fascinating
variety of magnetic properties. The localized Mn magnetic
moment disappears for small atomic volume and otherwise
gives rise to various types of three-dimensionally ordered
structures, including helical modulation with extremely
long periods [1,2]. Sensitivity of these properties to tem-
perature, external pressure or magnetic fields allows sensor
applications using magnetoresistance based effects.

Ternary RMn6Ge6 intermetallic compounds with the
HfFe6Ge6 type structure (P6/mmm, Fig. 1) are espe-
cially appropriate candidates for the study of man-
ganese ordering by zero-field nuclear magnetic resonance
(NMR) [3–11]. Most compounds order magnetically in the
400–500K range. In dependence of the rare earth element
R and temperature, various magnetic structures are re-
alized with the individual Mn Kagomé net planes always
exhibiting ferromagnetic spin arrangement. In compounds
like GdMn6Ge6, all structural sites have been observed by
NMR [12].
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For a non-magnetic R element like lutetium, the vari-
ety of interactions is grossly reduced. Therefore pseudo-
ternary intermetallic compounds like LuMn6Ge6−xGax

(0 ≤ x ≤ 1) are an especially attractive class of com-
pounds for the study of variations in long-range period-
icity of localized Mn moments, because ferromagnetic,
helical and antiferromagnetic arrangements can be real-
ized via the Ga content, that merely acts on the Mn-
Mn interlayer interactions [13–21]. The lattice constant
grows in c direction with Ga content x, and shrinks
to a minor extent in a direction [14–17,20]. The abso-
lute value of the Mn moments barely varies with the
Ga content x. The relative orientation of the moments
in subsequent ferromagnetic (0 0 1) layers along the
hexagonal c direction is modified as follows by the Ga
content [15]: LuMn6Ge6 has an antiferromagnetic struc-
ture with A-A-B-B sequence, i.e. ferromagnetic Mn-Ge(2)-
Ge(3)-Ge(2)-Mn double layers and antiferromagnetic Mn-
(Lu, Ge(1))-Mn arrangement (Fig. 1). According to the
molecular field description of the phase diagram of anti-
ferromagnetic YMn6Ge6, the antiferromagnetic coupling
(A3 = −12.2K) is much weaker than the ferromagnetic
ones (6A1 +A2 = + 325K) [22]. Thus long-distance ex-
change couplings (B1 and B2, Fig. 1c) are of decisive
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Fig. 1. Crystal structure of RMn6Ge6 compounds. The num-
bering of the Ge sites used in this contribution is defined here.
It differs from [15–17], i.e. Ge(1) = Ge at (2c) site, Ge(2) =
Ge at (2e) site and Ge(3) = Ge at (2d) site of the HfFe6Ge6

structure. (a) Two unit cells in c direction seen perpendicu-
lar to c direction. (b) Packing of Mn Kagomé nets and R,
Ge layers seen along c-direction for Mn-(R,Ge(1))-Mn block,
and Mn-Ge(2)-Ge(3)-Ge(2)-Mn block. (c) Three unit cells of
LuMn6Ge6 with definition of the exchange interaction param-
eters within and between the manganese Kagomé net planes.
The strong ferromagnetic intra- and interlayer exchange cou-
plings A1 and A2 and the very weak antiferromagnetic inter-
layer coupling A3 give rise to the A-A-B-B sequence of anti-
ferromagnetically ordered LuMn6Ge6. The importance of the
long distance coupling parameters B1 and B2 is responsible
for the heli- and ferromagnetic structures in LuMn6Ge6−xGax,
x = 0.4, 0.7 and 1.0.

Fig. 2. Anisotropy energy EA and contributions E1 and E2

(Eq. (1)). The inclined helical structures are explained with
K1 < 0, K2 > 0 and |K1|≈|K2| (broken line). A minimum of
EA for θ = 4.8◦ or 55◦ results for K2/K1 = −71 (not shown)
or −0.75 (dash-dotted line).

importance for the phase diagram, because the molecu-
lar field description predicts helical arrangements, as soon
as |B1/(4B2)|≤ 1, and B1 = +4.84K and B2 = −2.16K
were determined for YMn6Ge6 (or +7.97K and −3.85K
for DyMn6Ge6) [9]. Indeed, for LuMn6Ge6−xGax, x = 0.4
and (0.7), double spiral helimagnetic structures were de-
rived at T = 2K by neutron scattering, with propagation
vectors (0, 0, qz) with qz = 0.208 r.l.u. (0.107 r.l.u.), giving
rise to large orientation differences of 66◦ (31◦) for the Mn-
(Lu, Ge(1))-Mn layer pair and small deviations of 9◦ (7◦)
between the Mn-Ge(2)-Ge(3)-Ge(2)-Mn layer pair [15]. Fi-
nally, ferromagnetic arrangement of all layers is found for
LuMn6Ge5Ga1. According to the neutron scattering data,
the orientation of the manganese moments is x-dependent
as well. Only for x = 0, the af ordered Mn moments seem
to be aligned with the c direction (θ = 0), whereas for
ferromagnetic arrangement at x = 1.0 (≡xmp = 0.84
according to microprobe analysis) the inclined direction
θ = 55◦ seemed preferred. The planes of the helical varia-
tions are inclined to the crystallographic axes, with their
normal tilted by about 45◦ with respect to the c-direction.
In the molecular field model description these variations
are accounted for by the relative role of K1 and K2 in the
parametrization of the anisotropy energy (Fig. 2) to be
minimised [22]

EA = E1 + E2

= K1sin2θ + K2sin4θ. (1)

The preferred moment direction θ, or the normal of an
inclined spiral θ∗⊥, is given by [22]

sin2θ
cos2θ∗⊥

}
= −K1/(2K2). (2)

This indicates |K1| ≈ |K2| for x = 0.4 and 0.7 in
LuMn6Ge6−xGax, with K1 < 0, K2 > 0. An absolute
value of K2 that decreases with increasing x explains
the observed variation in the Mn moment orientations
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Table 1. Known low temperature magnetic data of the LuMn6Ge6−xGax compounds [13,15,16,18].

x(xmp) TN/Tc/K Magnetic structure qz/ r.l.u. µMn/µB θMn θ∗
⊥Mn φMn

0 509, 527 antiferromagn. 0.5 2.12(7) 0◦ −
0.4(0.3) 451 helimagnetic 0.2082(4) 2.24(4) (48◦–132◦) 42(1)◦ 194.4◦

0.7(0.55) 372 helimagnetic 0.1067(6) 2.36(5) (45◦–135◦) 45(1)◦ 186◦

1.0(0.84) 352 ferromagnetic 0 2.02(8) 55.0(6)◦∗ −
x: nominal [15] (xmp: microprobe analyzed [16]) composition. Moment data at T = 2K, θMn indicates the orientation of the
Mn moments with respect to the c direction, θ∗

⊥Mn indicates the normal to the helical plane. For the double spiral helical
arrangement, the phases of the Mn-R,Ge(1)-Mn layer pair (at z ≈ +1/4 and z ≈ 3/4–1) are shifted by +φMn and −φMn,

respectively. ∗Single crystal magnetization measurements indicated µMn = 1.86µB and easy-plane anisotropy, i.e. θMn = 90◦,
for xmp = 1.0 [19].

Table 2. Data of the useful NMR isotopes in
LuMn6Ge6−xGax [1,23].

Isotope Nat. abund. I γ/2π/MHz/T Q/10−28 m2

55Mn 100% 5/2 10.501 0.330(10)
69Ga 60.2% 3/2 10.248 0.171(2)
71Ga 39.8% 3/2 13.021 0.107(1)
73Ge 7.6% 9/2 1.490 −0.196
175Lu 97.4% 7/2 4.863 3.490(20)

in LuMn6Ge6−xGax. Indeed, recent magnetization stud-
ies of a LuMn6Ge5.0Ga1.0 single crystal (xmp = 1.0)
indicated easy plane anisotropy, and temperature de-
pendent anisotropy constants with K1 = −0.33MJ/m3

and K2 = +0.07MJ/m3, i.e. K2/K1 = −0.21 at 10K.
This ratio of K2/K1 results in a flattened minimum
at θ = 90◦ in Figure 2, in contrast to K2/K1 =
−0.75, with θ = 55◦, in the neutron scattering result of
LuMn6Ge5.16Ga0.84 [15,16,19]. Table 1 gives a synopsis of
the relevant known magnetic low-temperature data of the
LuMn6Ge6−xGax compounds.

It is worth mentioning that structural refinement
with the neutron scattering data of LuMn6Ge5.0Ga1.0

indicated a preferred but not unique occupation of the
Ge(2) sites by Ga [15]. On the other hand, for the
Ga-rich ScMn6Ge4.42Ga1.58 and ErMn6Ge5.1Ga0.9 com-
pounds structural refinement indicated preferential occu-
pation of the Ge(3) sites [16,17]. Our NMR analysis re-
ported below proves indeed a substantial occupation of
Ge(2) and Ge(3) sites by Ga.

In this contribution we present the results obtained
from zero-field 175Lu (I = 7/2), 55Mn (I = 5/2),
73Ge (I = 9/2), and 69,71Ga (I = 3/2) NMR in
LuMn6Ge6−xGax. The interplay of magnetic hyperfine
and electric quadrupolar anisotropies is explained in Sec-
tion 2. Relevant experimental details are given in Sec-
tion 3. Our results for the macroscopic magnetic prop-
erties (4.1) and for the Lu (4.2), Ge(4.3), Mn(4.4) and Ga
nuclei (4.5) are presented in Section 4. The discussion of
the results reflecting the modification of magnetic order-
ing by the Ga content is given in Section 5, followed by
concluding remarks in Section 6.

2 Zero-field NMR probes in LuMn6Ge6−xGax

All sites in LuMn6Ge6−xGax compounds are accessible
by NMR. Table 2 collects the relevant NMR parameters.
The Mn site has the lowest symmetry (2 mm). There-
fore full anisotropy of the magnetic moment, of the hy-
perfine field and of the electric field gradient is devel-
oped. For ferrimagnetic GdMn6Ge6 with µMn ≈ 2.07µB

for 55Mn the three main values of the Zeeman frequency
ν0,x = 218.4MHz, ν0,y = 201.4MHz, and ν0,z = ν0,c =
241.4MHz, as well as the principal value of the quadrupole
splitting frequency ∆νQ = (5.0 ± 0.3)MHz and the as-
symmetry parameter of the quadrupole interaction η =
0.6 ± 0.1 have been determined at T = 4.2K [11]. The
two latter parameters indicate that the quadrupole satel-
lite line splitting varies between +5MHz, −4MHz and
−1MHz for the three main directions of quadrupolar in-
teraction. For the less clearly resolved 55Mn-NMR spectra
in the pseudo-ternary LuMn6Ge6−xGax compounds with
non-uniform moment orientations at least the general cor-
relation [8]

ν0,Mn = 108 MHz/µB · µMn (3)

can be used to read the manganese moment from the 55Mn
NMR frequency, see Section 4.4.

For all other sites in LuMn6Ge6, the symmetry is
higher and the c axis is the principal axis of the axial
site symmetry. Thus anisotropy of the magnetic hyperfine
interaction is reduced to

ν(θ) = νis + νan(3cos2θ − 1)/2 (4)

and quadrupolar interaction is described by ∆νQ �= 0, but
η = 0. Figure 3 shows the typical variation of the NMR
spectrum with angle θ that can be predicted for the 73Ge
(I = 9/2) nucleus with parameters appropriate for the
Ge(2) site (νis = 11MHz, νan = 3MHz, ∆νQ = 1MHz,
exact diagonalization, individual half width at half height
(HWHH) 50 kHz).

The three Ge sites in LuMn6Ge6−xGax (Fig. 1) can
not be distinguished by qualitative features of the respec-
tive NMR spectra. Therefore the electric field gradients
at these sites were calculated with the WIEN2k program
package for LuMn6Ge6 [24,25]. The respective quadrupo-
lar splitting parameters ∆νQ are reported in Table 3.
Comparison with the experimental data for GdMn6Ge6
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Fig. 3. Variation of the 73Ge (I = 9/2) NMR spectrum with
the angle θ of the local field with respect to the crystallographic
c direction for parameters typical for the Ge(2) site (νis =
11 MHz, νan = 3MHz, ∆νQ = 1MHz, T = 4.2 K) calculated
by exact diagonalization, adopting a half width at half height
(HWHH) of 50 kHz, normalized to 100 for the maximum of the
θ = 0◦-spectrum.

shows that a unique site assignment is achieved [3]. The as-
signment of sites Ge(2) and Ge(3) had to be interchanged
with respect to the earlier published one. The assignment
in Table 3 explains now easily the early NMR observations
in GdxY1−xMn6Ge6 for x decreasing from x = 1 [5,22].
The 73Ge spectrum of the Ge(3) sites, most distant from
the Gd/Y site, remained constant down to the lowest con-
centration x = 0.5, whereas that of the Ge(1) site residing
in the R = Gd/Y plane could only be observed for x = 1.0,
0.9 and 0.8.

NMR in magnetically ordered materials with sponta-
neous macroscopic magnetization gives rise to domain and
wall signals, and enhancement of radiofrequency fields as
well as NMR signals [1]. These peculiarities have to be con-
sidered in the following discussions especially for the nom-
inally x = 1.0 compound. For this compound, the NMR
spectra depend on the excitation conditions. For small ra-
diofrequency (rf) power, only wall signals are observed,
with θ varying between 55◦ and 125◦ and maximum en-
hancement for θ = 90◦ (Tab. 1). On the other hand, for
high rf power, the wall edge and domain signals predom-
inate clearly (θ ≈ 55◦) due to the larger number of spins
residing in domains than in walls. For the helimagnetic
structures (x = 0.4, 0.7), the homogeneous distribution of
Mn spin directions rotating in planes inclined with respect
to the c symmetry axis yields a non-uniform distribution of
θ-values, as exemplified in the upper part of Figure 4. The
θ-dependence of hyperfine field (Eq. (4)) and quadrupolar
splitting visualized e.g. for the Ge(2) site in Figure 3 has
to be folded with this θ-probability distribution. Thus the

Table 3. NMR parameters of 73Ge at the Ge sites in
LuMn6Ge6−xGax and GdMn6Ge6 (Fig. 1).

Ge(1) Ge(2) Ge(3)

LuMn6Ge6

calc. ∆νQ/MHz 2.069 0.941 2.733
exp. ∆νQ/MHz − 0.97(2) 3.20(2)
ν0,‖c = νis + νan/MHz − 11.20(2) 28.80(2)

GdMn6Ge6 [3]
∆νQ/MHz 2.10(1) 1.14(2) 3.22(3)
ν0,⊥c = νis-νan/2/MHz 19.68(2) 7.80(1) 25.04(4)

LuMn6Ge6−xGax

x = 0.4
∆νQ/MHz 2.1(1) 1.00(3) 3.29(4)
νis/MHz 14.59(15) 10.88(8) 25.26(8)
νan/MHz −9.22(15) 2.72(8) 0.18(4)
x = 0.7
∆νQ/MHz 2.2(1) 1.00(3) 3.27(4)
νis/MHz 15.89(15) 10.72(8) 24.62(8)
νan/MHz −10.22(15) 2.68(8) 0.17(4)
x = 1.0
∆νQ/MHz 1.9(1) 0.95(3) 3.19(7)
νis/MHz 14.59(15) 11.12(8) 23.77(17)
νan/MHz −9.22(15) 2.78(8) 0.17(8)

For GdMn6Ge6, the assignment of the NMR spectra to the
crystallographic sites Ge(2) and Ge(3) had to be interchanged
with respect to reference [3] on account of the calculated elec-
tric field gradients.

two orientations θ = 90◦ and θmin/θmax stand out in the
spectra of 73Ge and 69,71Ga as shown in the lower part of
Figure 4, and the θmin and θmax signatures predominate
in the spectra.

Due to the large electric field gradient at the R-
site of RMn6Ge6 compounds [6,7] and the – in this
respect – rather unfavourable NMR parameters of the
predominant isotope 175Lu (Tab. 2), it is more compli-
cated to use this isotope as a NMR probe in the heli-
magnetic LuMn6Ge6−xGax compounds. For the antiferro-
magnetically ordered LuMn6Ge6 compound four nuclear
quadrupole resonance (NQR) transitions of 175Lu can be
clearly resolved, however (Sect. 4.2), and prove an earlier
suggested double cone distortion of the antiferromagnetic
arrangement.

3 Experimental

Sample preparation was described in refer-
ences [14,15,18,20]. The purity of the samples was
checked by powder X-ray diffraction. Only very weak
lines belonging to the Lu2O3 oxide were observed.
Magnetic moment and susceptibility were determined for
powdered samples with a Quantum Design superconduct-
ing quantum interference device (SQUID) magnetometer,
see Figure 5. The powder samples were enclosed in glass
crucibles of 4 mm inner/6 mm outer diameter for the
NMR experiments. The 73Ge NMR spectra and the
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Fig. 4. Angular dependence of anisotropic NMR contributions
and weighting factor for the respective θ values versus angle
θ with axial c direction for helimagnetic structures. θ∗

⊥Mn =
42◦, appropriate for LuMn6Ge5.6Ga0.4, is used (Tab.1). Folding
of the two upper dependences gives the lower spectral weight
distribution. It visualizes that θ = 90◦ and θ = θmin, θmax yield
the most pronounced spectral features, occurring for 3 cos2θ−
1 = −1 and 3 cos2θmin/max − 1 = +0.343.

175Lu NQR spectrum at frequencies below 50MHz were
recorded with a Bruker MSL 300 spectrometer with
tuned home built probehead, using Fourier transforms of
the second half of the spin echo, excited by two pulses
of 1 and 2 µs length and 40 µs separation (Figs. 6–8).
Temperature was controlled with help of an Oxford
Instruments CF 1200 He gas flow cryostat. Only data
for T = 4.2K are presented. In Figures 7 and 8, the
section of the Fourier transforms within the excitation
width for varied excitation frequencies is plotted directly
versus frequency, dubbed “FT amplitude”, whereas in
all other cases the integral over the excitation width is
plotted as “NMR signal”. The sharpness of the “lines”
visible in Figures 7 and 8, which is influenced by the

excitation spectrum, should thus not be mixed-up with
the real sharpness of the spectral features plotted in
Figures 6 for pure LuMn6Ge6 (exhibited in spite of the
forgoing spectral integration). Usually, NMR signals grow
with the square of the frequency: one linear-in-frequency
dependence results from the induction law, the other
one from the difference in thermal population of the
nuclear levels. Since the latter factor is considered also in
the simulated spectra (see e.g. Fig. 3), only the former
linear-in-frequency dependence was corrected in Figures 7
and 8. NMR signals in the 50–450MHz range were
recorded with a home built broad band system based
on the Bruker MSL 300 spectrometer (≤125MHz) or a
Tecmag APOLLO NMR console, with non-resonant, un-
calibrated probehead. Measuring temperature T = 4.2K
was achieved by inserting the probehead directly in a
liquid Helium storage vessel. Again Fourier transforms of
the second half of the spin echo excited now by two pulses
of 1 and 2 µs length and 30µs separation, were calculated
and integrated over ±0.25MHz around the excitation
frequency. This quantity is plotted as NMR signal, and
was analysed in dependence of the radiofrequency power
and pulse separation for a detailed characterization of the
origin of the respective signals (Figs. 9–11).

4 Results

4.1 Macroscopic magnetic properties

The magnetization data of the powder samples
studied here confirm the ferromagnetic ordering of
LuMn6Ge5Ga1 [15], with a field dependent transition
temperature Tc = 335–365K, see Figure 5g. On the other
hand, the susceptibility in the antiferromagnet LuMn6Ge6

(TN ≈ 500K) varies with temperature, as was concluded
earlier [21]. The low-temperature anomalous increase
visible in Figures 5a, 5b may be related to the formation
of a small-angle double-cone structure [13], but could
also be explained by the contribution of a paramagnetic
impurity [18]. The characteristic NQR/NMR-spectrum
of 175Lu observed for this compound at 4.2K proves
unambiguously the non-collinear arrangement of the
manganese moments, however (Sect. 4.2). For the inter-
mediate compositions, antiferromagnetic ordering (TN ≈
430 (350)K) for x = 0.4 (0.7) is confirmed, as well as
the transition to a helimagnetic arrangement below room
temperature for x = 0.4 or at TN for x = 0.7 [15]. The
insets to Figures 5f and 5g reveal that the deviation from
field-independence of the magnetic susceptibility sets
in at higher temperatures than the tabulated TN/Tc -
values of Table 1, already. The respective characteristic
temperatures, i.e. 435 (495)K for x = 0.7 (1.0), fall close
to the TN -values of the x = 0.4 (0) compounds. These
results indicate that in all four compounds correlations
and short range or long range antiferromagnetic order
starts at 430–500K already. Subsequently, at 350K or
below, transition to canted antiferromagnetic, helical
or ferromagnetic arrangement takes place. The NMR
analysis is restricted to the low-temperature range (4.2 K)
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Fig. 5. (Color online) Temperature and mag-
netic field dependence of magnetic moments
per gram or formula unit (µB/f.u.) in (a),
(c), (e), and (g), and molar susceptibilities
(M/H) in (b), (d), (f), and (g) of the four
LuMn6Ge6−xGax powder samples with x = 0,
0.4, 0.7, and 1.0 studied by NMR in this in-
vestigation. Low- and high-temperature ranges
were measured with different inserts of the
SQUID magnetometer, the low-temperature
data in (a)–(d) with a different sample portion
and a vibrating sample magnetometer. There-
fore these data are distinguished in the figures.

allowing the comparison of antiferromagnetic, helimag-
netic and ferromagnetic arrangement for x growing from
x = 0 to x = 1 in LuMn6Ge6−xGax.

4.2 Lutetium NQR

Several frequency ranges of the NMR spectra in
LuMn6Ge6−xGax can be distinguished. In the low-
frequency range 5–40 MHz, the multi-line spectra of 73Ge
with nuclear spin I = 9/2 predominate. Figure 6 shows
an especially simple case, because only two of the three
Ge sites contribute to 73Ge NMR. In the frequency range
200–240 MHz, the 55Mn signals are observed (Fig. 9a).
The 69Ga and 71Ga signals span an extremely broad range
from about 70–340 MHz. For most sample compositions,
the 175Lu NMR signals are hidden under the 73Ge and
69,71Ga signals due to their wide frequency spread. For

the antiferromagnetic (x = 0) compound LuMn6Ge6, the
A-A-B-B sequence of the magnetically ordered manganese
double layers grants in case of collinear arrangement the
exact compensation of the transferred magnetic hyperfine
interaction at the Lu site. Thus a pure NQR spectrum
would have to be observed, with three lines at 1×∆νQ, 2×
∆νQ and 3 × ∆νQ for the ±1/2 ↔ ±3/2,±3/2 ↔ ±5/2
and ±5/2 ↔ ±7/2 transitions, respectively. Using the
WIEN2k program package, 175∆νQ = 21.4MHz was cal-
culated for LuMn6Ge6 [24,25]. Converting the observed
∆νQ-values of 155,157Gd in GdMn6Ge6 [7] to the nuclear
parameters of 175Lu suggests ∆νQ ≈ 18.5MHz, rather
close to the actually observed value for the upper two
NQR resonances at ≈2×∆νQ and ≈3×∆νQ indicated in
Figure 6. The NQR/NMR-spectrum of 175Lu shows, how-
ever, unequivocally that the lowest frequency transition
is split considerably, whereas the line at 48.6MHz is not
(Fig. 6). This results from a small magnetic field (Zeeman)
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Fig. 6. (Color online) NMR and NQR spectrum of LuMn6Ge6

at 4.2 K in the low-frequency range as well as calculated spectra
(solid and broken (colored) lines, HWHH = 50kHz). The NMR
transitions of 73Ge(2) (green) and 73Ge(3) (blue) as well as
four out of five NQR/NMR transitions of 175Lu (orange) can
be distinguished. For the parameters see Section 4.2 and 4.3.

contribution that must be oriented perpendicular to the
c-direction, the orientation of the predominating electric
field gradient. Otherwise, all transitions would be influ-
enced by the component of the magnetic field that is ori-
ented parallel to the predominating field gradient’s direc-
tion c [26]. The resulting complicated splitting pattern was
derived by exact diagonalization. 175∆νQ = (16.20±0.05)
MHz, and 175ν0(90◦) = 1.66MHz is derived for LuMn6Ge6

at T = 4.2K. The latter value can be compared to its max-
imum value of 175νM (90◦) = 19.75MHz, calculated from
the results of the detailed analysis of GdMn6Ge6 [7]. (The
ferrimagnetic order of GdMn6Ge6 comes along with paral-
lel orientation of all Mn magnetic moments of the various
planes. The magnetic hyperfine field transferred from Mn
to the Gd nuclei has been separated (+33 kOe) [7], and
is converted to 175νM (90◦) by considering the 23% larger
hyperfine coupling constant of 175Lu [1] and the respec-
tive nuclear data (Tab. 2).) The ratio 1.66/19.75 indicates
that the deviation from collinear antiferromagnetic struc-
ture with moments oriented parallel to the c-axis is small
and a cone angle of about 4.8◦ is sufficient to explain the
observed transversal field within a double cone magnetic
phase of LuMn6Ge6.

4.3 Germanium NMR

Assuming that primarily the nearest neighbour Mn-layers
are responsible for the hyperfine field at the Ge sites, for
the Ge(1) sites (Figs. 1a and 1b) a characteristic depen-
dence of the Zeeman frequency on the qz-value (Tab. 1)
according to

ν0(x) ≈ ν0(x = 1) · cos(πqz · 0.5l.u. + φMn) (5)
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Fig. 7. (Color online) 73Ge zero-field NMR spectra (FT am-
plitudes) of LuMn6Ge6−xGax for x = 0.4, 0.7 and 1.0 at T =
4.2K (range of the Ge(2) site signals). The signals are non-zero
beginning from the low-frequency end of the trace and are di-
vided by the frequency in order to correct for the frequency
dependence of the induction law and to improve comparability
with the calculated spectra within the broad frequency range.
The solid (green) lines show the fits explained in the text (Sec-
tion 4.3) (HWHH = 100 kHz (200 kHz) for x = 0.4 and 0.7
(1.0)). The fit parameters are collected in Table 3.

is predicted (neglecting the anisotropy, Eq. (4)). Accord-
ing to this relation a ratio of 0:0.84:0.96:1 for the respec-
tive Ge(1) resonance frequencies for the x = 0, 0.4, 0.7 and
1.0 compounds is expected for LuMn6Ge6−xGax neglect-
ing variations of the Mn moment with x and the small
double cone angle for x = 0 (yielding the finite value 0.08
instead of 0). In agreement with this argument, no 73Ge(1)
signal is observed for x = 0 in Figure 6. This supports the
site assignment based on the calculated quadrupolar inter-
action (Tab. 3). Because θMn ≈ 0 for x = 0, equidistant
quadrupolar satellite lines are predicted and observed ac-
cording to [27]

ν(m → m − 1) = ν0 ± ∆νQ

2
(m − 1

2
)(3cos2θ − 1)

+
∆ν2

Q

32ν0
(1 − cos2θ)

[{102m(m− 1) − 406.5}cos2θ

− {6m(m− 1) − 46.5}] (6)

with ∆νQ =| eQVzz/24h | for I = 9/2. Figure 6 shows
the 73Ge spectra recorded at T = 4.2K as well as the
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calculated resonance line positions. Perfect agreement is
obtained. The NMR-parameters are given in Table 3. The
small wings of the NMR lines visible e.g. at 24MHz and
34MHz for the Ge(3) site in Figure 6 reflect the small
deviations from c-axis oriented collinear Mn moment ar-
rangement deduced from the 175Lu-NQR/NMR spectrum
above.

A comparison between the data of LuMn6Ge6 (θ ≈ 0◦,
c ≈ 8.13 Å) and GdMn6Ge6 (θ = 90◦, c ≈ 8.18 Å)
is enlightening (Tab. 3). Evidently, the variation of the
quadrupole splitting parameters ∆νQ(2) and ∆νQ(3) is
negligible. On the other hand, the comparison points to a
pronounced anisotropy of the magnetic hyperfine interac-
tion, with νan/νis amounting to about 25% for the Ge(2)
site and about 10% for the Ge(3) site. This is reflected
by the large width and smeared line splittings in the 73Ge
spectra for x �= 0 for the Ge(2) site in Figure 7 and for
the Ge(1) but not the Ge(3) sites in Figure 8. For the
helimagnetic structures in LuMn6Ge6−xGax with x = 0.4
and 0.7, the solid line fits take the angular dependence of
the weight factor (Fig. 4) and of the line positions along
equations (4) and (6) (using, however, exact diagonaliza-
tion, see Fig. 3) into account. For the ferromagnetic com-
pound with x = 1.0, depending on excitation conditions
either domain and wall edge (θ = 55◦) or wall signals
(55◦ < θ < 125◦) could be excited (Fig. 8b). The respec-
tive angular weight factors, differing then from Figure 4,
were taken into account for the x = 1.0 line fits [28]. The
low resolution of the Ge(1) and Ge(2) site spectra in Fig-
ures 7 and 8 is a support of a domain θ value of 55◦ < 90◦
for the x = 1.0 (xmp = 0.84) sample (Tab. 1), because easy
plane (θ = 90◦) spectra, that would result for xmp = 1.0
according to single crystal magnetization data [19] would
be well resolved, as was shown earlier for the GdMn6Ge6

compound [3,12]. The quantitative description of all 73Ge
NMR spectra in LuMn6Ge6−xGax for 0 ≤ x ≤ 1 was thus
accomplished successfully. All fit parameters are collected
in Table 3.

4.4 Manganese NMR

The 55Mn NMR spectrum of antiferromagnetic
LuMn6Ge6 at T = 4.2K was reported before (1.5 µs-
15 µs-3 µs-spin echo sequence) [22]. The maximum of the
spectrum was observed at ν0,c = 231.2MHz, that means
10MHz lower than the c-axis value of GdMn6Ge6. The
Mn moment of µMn ≈ 2.14 µB deduced via equation (3)
is in agreement with the value indicated in Table 1. The
55Mn NMR spectra recorded for x = 0.4, 0.7, and 1.0
are presented in Figure 9a. The typical dependence of
these signals on the radiofrequency power is shown in
Figure 9b. Both diagrams show a monotonous variation
with the Ga content x. Let us start with the enhancement
factor (Fig. 9b): the highest power is required for the
x = 0.4 sample of LuMn6Ge6−xGax, that resembles
in this respect most to the antiferromagnetic x = 0
compound. The broad maximum starting at very low
power observed for x = 1.0 is typical for ferromagnetic
materials with wall-center and wall-edge contributions.
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Fig. 8. (Color online) (a) 73Ge zero-field NMR spectra (FT
amplitude) of LuMn6Ge6−xGax for x = 0.4, 0.7 and 1.0 at
T = 4.2 K (range of the Ge(1) and Ge(3) signals). The signals
are divided by the frequency (see Fig. 7). The solid lines show
the fit explained in the text (Section 4.3). (HWHH = 200 kHz;
Ge(1), red line, lower frequencies; Ge(3), blue line, higher fre-
quencies.) The smaller ratio of νan/νis explains that quadrupo-
lar split lines are resolved only for the Ge(3) site (for x = 0.4
and 0.7). The fit parameters are collected in Table 3. (b) De-
pendence of the signal strength on radio-frequency power for
the low- (squares) and high-frequency (points) range of the
Ge(1) site spectrum for the ferromagnetic sample x = 1.0.
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Fig. 9. 55Mn zero-field NMR spectra of LuMn6Ge6−xGax for
x = 0.4, 0.7 and 1.0 at T = 4.2 K (a), and dependence of the
respective signal strength on radio-frequency power (b). For
x = 1.0 two different spectra recorded with different excitation
conditions are shown. The x = 1.0 55Mn spectrum is superim-
posed by 69Ga(3) signals at the high frequency wing (Fig. 11),
and 71Ga(1) signals at frequencies below 210 MHz. For discus-
sion see Section 4.4.

The latter’s higher power requirement agrees with that
of the x = 0.7 helimagnetic compound. The center
frequency of the 55Mn spectra shifts systematically
with growing x to lower frequencies (Fig. 9a). From
the center frequencies 236(4)MHz, 232(1)MHz and
221(5)MHz, we deduce with equation (3) Mn moments
of 2.19(4)µB, 2.15(1)µB and 2.05(4)µB for x = 0.4, 0.7
and 1.0, respectively. The agreement with the neutron
scattering results reproduced in Table 1 is persuasive,
taking into account that deviations by up to 9.5% might
be caused by anisotropic orbital contributions, as alluded
to in Section 2 (for GdMn6Ge6).

On a first glance, the variation of the width and line
structures with x in Figure 9a is peculiar. We mentioned
in Section 2 that the 55Mn quadrupole satellite line sep-
aration varies between ∆νQ = +5MHz and −4MHz for
Mn moment in the Kagomé net plane and −1MHz along
the c direction for GdMn6Ge6. Our calculation for the Mn
site based on the WIEN2k program package gave the three
main values ∆νQ,i of the quadrupolar splitting frequency

+1.69MHz, −1.60MHz and −0.09MHz for paramagnetic
LuMn6Ge6 [24,25]. Thus average splittings of | ∆νQ | =
3.6MHz and 2MHz deduced from the width of the 55Mn
spectra for x = 0.4 and 0.7 are in line with these values
and the helimagnetic variation of the moment orientation.
On the other hand, the apparently resolved splitting of
∆νQ = 8.4 ± 1.8MHz of LuMn6Ge5Ga1 is clearly outside
this range of values. We will show in Section 4.5, however,
that the broad “Mn”-NMR spectrum of LuMn6Ge5Ga1

shown in Figure 9a can be explained by the overlap of
three different spectral features — three lines of 71Ga at
Ge(1) sites at the low frequency side, three lines of 69Ga
at Ge(3) sites at the high frequency side, and only the
central part due to 55Mn. Nevertheless, a larger error of
the NMR estimate of the Mn moment has to be conceded
for the x = 1.0 composition.

4.5 Gallium NMR

There exists no previous report of 69,71Ga NMR spectra
in RMn6Ge6−xGax compounds. Therefore it is helpful for
the identification of the NMR signals to relate the ex-
pected 69,71Ga Zeeman frequencies and quadrupolar split-
tings to the known 73Ge spectral parameters (Tab. 3). Ne-
glecting the reduction of the outer electron number by one,
when Ge is replaced by Ga, but in compliance with the
much larger gyromagnetic ratio (Tab. 2), and the compa-
rable outer electron hyperfine coupling constants A4s [1],
an about 5.4 (or 6.9) times higher resonance frequency
is expected for 69Ga (or 71Ga) than for 73Ge according
to 69(71)ν0 = 73ν0 · (69(71)γ/73γ) · (A4s(Ga)/A4s(Ge)) with
A4s(Ga) = 4.5MOe/spin, A4s(Ge) = 5.7MOe/spin. On
the other hand, due to the smaller nuclear spin, but com-
parable quadrupole moment, by a factor of about 10.5 (or
6.6) larger quadrupole splitting frequencies ∆νQ are pre-
dicted for the Ga isotopes assuming unvaried electric field
gradients, i.e. 69(71)∆νQ = 73∆νQ · 12 · (69(71)Q/73Q).

According to neutron structural refinement, the Ge(2)
site (Figs. 1a and 1b) is preferred for Ga occupation in
LuMn6Ge6−xGax [15]. The respective observed 69Ga and
71Ga NMR spectra together with the corresponding sim-
ulated spectra are shown in Figure 10. The fit param-
eters are compiled in Table 4. The parameter ratios of
the two isotopes agree with the tabulated values (Tab. 2)
within the typical accuracy of some percent. The observed
NMR-parameters show that our estimated scaling factors
were quite useful: the quadrupolar splitting frequencies for
69(71)Ga are indeed 9.0–9.5 (or 6.0–6.3) times larger than
for 73Ge (this means, only about 10% smaller than esti-
mated). The reduced outer electron number of Ga gives
rise to a 50% increased hyperfine field, however, because
the ratio of the 69Ga (or 71Ga) and 73Ge Zeeman frequen-
cies is 8.3 (or 10.2–10.5), which is 50% larger than the
converted values of the Ge(2) site.

The 69,71Ga NMR spectra for the highest fre-
quency range originating from Ga at the Ge(3) site
are shown in Figure 11. This site seemed preferred in
ScMn6Ge4.42Ga1.58 and ErMn6Ge5.1Ga0.9 [16,17] and the
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Fig. 10. (Color online) 69Ga and 71Ga zero-field NMR spectra
of LuMn6Ge6−xGax for x = 0.4, 0.7 and 1.0 at T = 4.2 K for Ga
on the Ge(2) site, together with the corresponding simulated
spectra. (69Ga: solid (green) line, HWHH = 0.9 MHz, 71Ga:
dash-dotted (green) line, HWHH = 1.1 MHz. For parameters
see Tab. 4). In the low frequency part, signals of 175Lu can be
seen [28].

Ga NMR signal strength visible in Figure 11 supports rel-
evant occupation of this site also for LuMn6Ge6−xGax.
These spectra can easily be assigned to Ga based on the
ratio of the nuclear data of the two isotopes 69Ga (lower
frequencies) and 71Ga (higher frequencies) (Tab. 2). Split-
ting into three lines can clearly be seen for the line group
around 300–330 MHz for x = 0.4 and 1.0 (Fig. 11). These
well resolved 71Ga lines can be used to assign the lower
frequency 69Ga lines overlapping partially with 55Mn sig-
nals, and to unravel the x-dependence of these spectra.
The parameters derived for 69,71Ga(3) by the line profile
simulation based on Section 2 are tabulated in Table 4.

Again, the quadrupolar splitting frequencies of both
isotopes are only about 10% smaller than the estimates
along the scaling factors given above. On the other hand,
the magnetic hyperfine field is increased even by al-
most 80% compared to the simple conversion, and its
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Fig. 11. (Color online) High-frequency 69,71Ga zero-field NMR
spectra of LuMn6Ge6−xGax for x = 0.4, 0.7 and 1.0 originating
from Ga on Ge(3) sites at T = 4.2 K for optimized radiofre-
quency power (two different excitation conditions for x = 0.7
and 1.0). In the 220–240 MHz range, 55Mn signals predom-
inate. Above 280 MHz, the 71Ga signals (dash-dotted (blue)
line fit) and below 270 MHz the 69Ga signals (solid (blue) line
fit) are observed. HWHH = 1.1 MHz. (Regular anomalies of
the spectra at (n · 10± 2.5) MHz are due to power variation of
the transmitter.) The fit parameters are compiled in Table 4.

anisotropic contribution is clearly larger than for the
73Ge(3) nucleus and is even inverted in sign.

The signals of 69Ga and 71Ga at the Ge(1) sites occu-
pied only to a minor extend (about 14%), instead of the
preferentially occupied Ge(2) site [15], are encountered in
the 120–230MHz range, peaked in the 130–150MHz range
due to the θmin/θmax(x = 0.4, 0.7) or domain and wall
edge (x = 1.0) contributions, but they are generally very
weak due to their large spectral spread and the low site oc-
cupation. Thus a comparison with simulated spectra was
reasonable only for the enhanced signal strength of the
x = 1.0 wall signals [28]. The large hyperfine anisotropy
of the Ge(1) site is confirmed and the low frequency wing
of the 55Mn signal (Fig. 9a) is accounted for by the 71Ga
contribution, as mentioned in Section 4.4. Parameters are
given in Table 4.
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Table 4. NMR parameters of 69,71Ga on the Ge sites in
LuMn6Ge6−xGax at T = 4.2 K.

Ge(1) Ge(2) Ge(3)

x = 0.4
69∆νQ/MHz 9.0(5) 30.0(5)
69νis/MHz 90.7(4) 242.6(10)
69νan/MHz 24.8(4) −19.1(10)
71∆νQ/MHz 6.0(5) 19.1(5)
71νis/MHz 113.0(4) 309.1(15)
71νan/MHz 31.0(4) −24.3(15)

x = 0.7
69∆νQ/MHz 9.0(5) 30.0(5)
69νis/MHz 88.9(4) 237.8(10)
69νan/MHz 25.1(4) −22.8(10)
71∆νQ/MHz 6.0(5) 19.1(5)
71νis/MHz 109.2(4) 302.8(15)
71νan/MHz 30.8(4) −29.0(15)

x = 1.0
69∆νQ/MHz 18.0(16) 9.0(5) 30.0(5)
69νis/MHz 106.7(13) 91.2(4) 234.4(20)
69νan/MHz −106.7(13) 29.9(4) −18.4(20)
71∆νQ/MHz 11.4(10) 6.0(5) 19.1(5)
71νis/MHz 135.3(17) 115.3(4) 302.0(15)
71νan/MHz −135.3(17) 37.7(4) −23.7(15)

5 Discussion

The series of pseudo-ternary intermetallic compounds
LuMn6Ge6−xGax (0 ≤ x ≤ 1) is an ideal model sys-
tem for the study of the influence of long range exchange
interaction (parameters B1 and B2 in Fig. 1c) between
ferromagnetically coupled layers (Kagomé net planes) of
manganese moments of about 2.1 µB on the macroscopic
magnetic properties [9,22]. Growth of the lattice constant
c with Ga content x is paralleled by the sequence of anti-
ferromagnetic (x = 0), helimagnetic (x = 0.4 and 0.7)
and ferromagnetic (x = 1.0) arrangement in the low-
temperature range, a clear evidence for |B2| becoming
larger than |B1/4|.

The variation of the magnetic anisotropy energy EA

has to be considered as well. A 10% anisotropy of the
manganese hyperfine field at the 55Mn nucleus was derived
earlier, see Section 2 [11]. The inclined flat spiral magnetic
structure of the x = 0.4 and 0.7 compounds with θ∗⊥Mn ≈
45◦ indicates that |K1|≈|K2|, with K1 < 0 < K2 in equa-
tions (1) and (2), see Figure 2. The magnetic anisotropy
varies with x. A decrease of the value |K2| with increasing
x is in accordance with θMn = 55◦ in the ferromagnetic
x = 1.0 (xmp = 0.84) compound (i.e. K2/K1 ≈ −0.75).
The anisotropy energy is then lower for θ = 90◦ than for
θ = 0◦ (Fig. 2), explaining that the domain wall center
corresponds to θMn = 90◦, not θMn = 0◦. This was one
result of the NMR lineshape analysis for the wall signals
in LuMn6Ge5Ga1, Sections 4.3 and 4.5. The continuity

of the variation of the anisotropy supports a remaining
deviation of the preferred direction of the antiferromag-
net LuMn6Ge6 from θMn = 0 as well. Such a small cant-
ing or double cone structure for the A-A-B-B-sequence in
zero field at 4.2 K by about 5◦ had to be concluded in
Section 4.2 from the Lutetium NQR/NMR spectrum. In
these respects, the NMR results presented above support
and complement the earlier picture of LuMn6Ge6−xGax

primarily based on neutron scattering data and magne-
tization measurements. We presented one of the rare ex-
amples where all elements and all structural sites could
be monitored by appropriate, naturally abundant I ≥ 3/2
NMR isotopes (Tab. 2), in the case of Ga even by two
isotopes differing in magnetic and quadrupolar moment.
The assignment of the three Ge sites Ge(1), Ge(2) and
Ge(3) (Fig. 1) required the use of ab initio electric field
gradient calculations, but all other analyses required only
the correct description of the variety of the experimen-
tal spectra, Figures 6–11. Consistency of the analysis is
guaranteed by the systematic variation of the parameters
compiled in Tables 3 and 4 for varied Ga content x, and
by the correlation of 73Ge and 69,71Ga results as well as
the mutual agreement of the 69Ga and 71Ga results. The
main disadvantage of the presented comprehensive NMR
analysis was evidently the time consumption that resulted
from the fact that an extremely broad frequency range of
6–350MHz had to be measured, and most of the spectra
had to be unravelled by comparison with simulations re-
quiring the weighted superposition of angular dependent
spectra that had to be calculated by exact diagonalization
of the appropriate Hamiltonian.

Five results of this analysis merit special attention.

(i) The small variation of the 55Mn hyperfine field
with x indicates a rather small variation of the Mn mo-
ment with x, i.e. µMn = 2.14 µB, 2.19(4)µB, 2.15(1)µB

and 2.05(4)µB for x = 0, 0.4, 0.7 and 1.0 respectively (see
Sect. 4.4). This is further supported by the rather small
variation of the isotropic part of the 73Ge or 71,69Ga hy-
perfine field at the Ge(2) and Ge(3) sites with x, which
is below 6%, increasing with x for the Ge(2) site and de-
creasing for the Ge(3) site.

(ii) There is an at least qualitative correlation be-
tween Mn-Ge separation and hyperfine field. The Ge(2)
sites have the largest separation from their nearest six
Mn neighbours, which belong all to the same Kagomé net
plane (Figure 1). For these sites, 73Ge or 69,71Ga nuclei
sense the smallest transferred magnetic hyperfine interac-
tion. For the Ge(1) and Ge(3) sites, residing in the mid-
dle between two different Kagomé planes, the separation
from the 2 × 3 Mn nearest neighbours is similar and sub-
stantially smaller (by 7%), and the transferred hyperfine
field is larger. It is important to note that the transferred
field at the Ge(3) site is larger than that at the Ge(1)
site, in spite of a 0.9–1.5% larger separation. This must
be related to the fact that Ge(3) resides in the middle
of the Mn-Ge(2)-Ge(3)-Ge(2)-Mn double layer exhibiting
ferromagnetic coupling (Figs. 1b and 1c), whereas the ex-
change interaction of the Mn-(Lu, Ge(1))-Mn double layer
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(Fig. 1) is much weaker, allowing for large canting or an-
tiferromagnetic arrangements in dependence of x.

(iii) The anisotropy of the hyperfine interaction at the
Ge and Ga sites varies with the distance from the rare
earth plane. For the Ge(3) [or Ga(3)] sites, the anisotropic
part νan amounts only to about +0.7% [−8%] of the
isotropic part νis, for the Ge(2) [and Ga(2)] sites, this ra-
tio rises to about +25% [+29%], and for the Ge(1) [Ga(1)]
sites to −64% [−100%]. Evidently the strength of the elec-
tric field gradient and the relative strength of the mag-
netic hyperfine anisotropy are not correlated. At all three
Ge sites, the relative anisotropy of the magnetic hyperfine
field is larger for Ga nuclei than for Ge nuclei.

(iv) The Ge(1) site is most sensitive to the varying
arrangement of the Mn moments in subsequent Kagomé
net double layers in LuMn6Ge6−xGax. Thus, for x = 0,
the 73Ge resonances of the canted antiferromagnet occur
at very low frequency, below the range of our analysis.
The highest value of the isotropic part of the hyperfine
field is reached for the long spiral at x = 0.7. No further
increase of 73νis is observed for the ferromagnetic arrange-
ment at x = 1.0, probably because in this compound the
absolute value of the Mn moment is reduced compared
to the antiferromagnetic and helimagnetic compounds, as
is indicated by neutron scattering as well as 55Mn NMR
frequency analysis.

(v) It is evident that the substitution of Ga for Ge
in LuMn6Ge6−xGax influences the long range exchange
interaction (B1, B2 in Fig. 1c) whilst causing a small in-
crease of the lattice constant c. Thus the weak antifer-
romagnetic coupling A3 is overcompensated, and spiral
or ferromagnetic arrangements are favored for x growing
from 0 to 1. It is interesting to consider the local differ-
ences between Ge and Ga nuclei at the three inequivalent
lattice sites. We have shown that the charge distribution
is not much changed with x, because the electric field gra-
dients felt by Ge or Ga nuclei are the same within 10%.
On the other hand, we have seen that the spin polariza-
tion of the conduction or bonding electrons is consider-
ably enhanced at the Ga sites compared to the Ge sites,
because the magnetic hyperfine fields of 69,71Ga at the
Ge(1), Ge(2) and Ge(3) sites were 35–80% larger than
according to a simple conversion with the tabulated pa-
rameters of the different elements and isotopes (Sect. 4.5).
This is thus the most pronounced change accompanying
the substitution of Ga for Ge in LuMn6Ge6−xGax. We as-
sume that this increase in the spin polarization (v) and
anisotropy (iii) is related with the variation of the mag-
netic order with the Ga content in LuMn6Ge6−xGax.

It is interesting to focus on the anisotropy of the spin
polarization and hyperfine interaction at the Ge(1) (and
Ga(1)) sites, reflecting the interactions within the Mn-
(Lu, Ge(1))-Mn double layer. The minimum values are
obtained for Mn moment direction parallel to the c di-
rection (even zero for Ga(1)), the maximum values for
moments in the Kagomé net plane. This angular depen-
dence must have its effect on the overall magnetic order of
LuMn6Ge6−xGax, because the Mn moment direction ro-
tates away from the c direction for growing Ga content x.

6 Concluding remarks

As the final goal in a sequence of studies of RMn6Ge6 com-
pounds with macroscopic, field- and temperature variable
magnetization measurements and local probing by zero-
field NMR of all accessible nuclear isotopes, we focused
on the LuMn6Ge6−xGax pseudo-ternary compounds (0 ≤
x ≤ 1). Using magnetically well defined samples we could
monitor the local variations accompanying the sequence
from antiferromagnetic (double cone) order for x = 0,
over helimagnetism (or inclined flat spiral) for x = 0.4
and 0.7, to ferromagnetic arrangement for x = 1.0. The
175Lu NMR spectrum was of decisive importance for the
proof of the canted or double cone structure in LuMn6Ge6

at 4.2K. The 55Mn NMR signals showed that the local Mn
moment of about 2.1µB varies by less than ±5% in the
sequence of compounds. The assignment and analysis of
the 73Ge NMR spectra for the three structurally inequiv-
alent sites Ge(1), Ge(2) and Ge(3) was successfully ac-
complished. The different degrees of hyperfine anisotropy
and the most pronounced sensitivity of the Ge(1) site to
the overall magnetic structure have to be stressed. The
NMR spectra of both gallium isotopes 69Ga and 71Ga at
the three sites Ge(1), Ge(2) and Ge(3) could be detected,
quantitatively described and correlated with the respec-
tive 73Ge data. The 69,71Ga spectra for the Ge(3) site
are most easily observed, because the anisotropy of the
magnetic hyperfine interaction of this site is the small-
est and the measuring frequency is the highest. However,
the 69,71Ga spectra for the preferred Ge(2) site could also
clearly be resolved already for the low x value x = 0.4, in
spite of its 2.5 times lower resonance frequency.

According to our earlier molecular field analysis, in or-
der to outweigh the antiferromagnetic exchange coupling
(A3 in Fig. 1c) of the Mn-(Lu, Ge(1))-Mn double layer to
give rise to helimagnetic or ferromagnetic long range order
in LuMn6Ge6−xGax for x = 0.4 and 0.7, or 1.0, respec-
tively, the long range exchange parameters B1 and espe-
cially B2 must increase. An increase of the conduction and
bonding electron spin polarization at the Ga nuclei com-
pared to the Ge nuclei by 35–80% could indeed be proved
in this analysis.

We thank Sandra Drotziger and Marc Uhlarz for experimental
contributions and K.H.J. Buschow for making the LuMn6Ge6

sample available to us.
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