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The distribution of magnetic moments in the iron-rich intermetallic compound Lu,Fe;; with Fe partly
substituted by Ru has been investigated on Lu,Fe ¢ sRug s by using several techniques. The crystal structure and
temperature evolution of the magnetic structure was studied using high resolution and high flux neutron powder
diffractometers. In contrast to the parent Lu,Fe;7, which transforms on cooling from an antiferromagnetic to a
ferromagnetic state, Lu,Fe ¢ sRug s is an antiferromagnet (Néel temperature 7y = 208 K) down to the lowest
temperatures. The magnetic polarization at the lutetium L, 3 absorption edges, iron K and ruthenium L, edges
was studied by x-ray magnetic circular dichroism (XMCD) on a single crystal of Lu,Fe ¢ 5Rug s in a magnetic
field of 3 T, i.e., above the field-induced metamagnetic transition. The Ru XMCD signal proves the existence of
induced magnetic polarization parallel to the dominant Fe sublattice magnetization. A corresponding theoretical
analysis in the framework of the local spin density formalism is provided in order to discern the structural disorder

effects and magnetism in the system.
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I. INTRODUCTION

It has long been known that the magnetic moments of
transition metals are intimately tied to the local density of
electronic states and vary strongly with the local coordination
and type of magnetically active neighboring atoms. This is
especially pronounced in the 4d elements, which can develop
a magnetic moment when dissolved substitutionally in the
strong and weak 3d ferromagnets by way of polarizing the d
electrons [1-5]. There exists a large amount of information
on the electronic and magnetic properties of diluted Fe
pseudobinary alloys. For instance, Ru impurity in iron host
has been shown to carry a noticeable magnetic moment [1,5].
However, experimental and computational data on Ru placed
in a complex Fe matrix of binary and ternary alloys are
scarce except, perhaps, recent major interest in modifying the
properties of superconducting iron-based compounds by way
of substituting Ru for Fe [6,7]. In this case, the substitution
was shown to be isoelectronic and acting in a similar fashion
to magnetic dilution [7].

The rare earth R-Fe intermetallics—materials with hard
magnetic and magnetostrictive properties [8,9]—are suitable
objects for studying the 4d dilution on complex 3d-electron
sublattice magnetism as the presence of R is driving the
systems to the structures that are more closely packed,
thus exhibiting features with similarities to fcc iron [10].
Strong magnetovolume effects in the most iron rich of all
R-Fe binaries, R,Fe;;, are reflected in (i) remarkably low
ordering temperatures ranging from as little as 240 K in the
compound with R = Ce to 480 K for that with Gd; (ii) thermal
expansion anomalies in the vicinity of Curie point (7¢) [11,12];
and (iii) large pressure dependence of 7¢ and noncollinear
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magnetic structures observed in some of the compounds under
ambient [13,14] and hydrostatic [15,16] pressure. A compound
with the smallest unit cell volume among R,Fe;; and a
completely filled 4 f shell of the rare earth Lu,Fe,7 is ideal for
all intents of gaining the basic understanding of the 3d-electron
sublattice nature in these Fe-rich rare earth intermetallics.

The crystal structure of Lu,Fe;; (hereafter, we use this
widely accepted notation for this modified-by-doping com-
pound) is partially disordered and departs from the ideal
Th,Ni; by having an excess of Fe toward the ratio 2:19 (see
Fig. 1 and Ref. [17]). The magnetic structure, while ferro-
magnetic (F) at low temperatures, is helimagnetic above O
~ 107-142 K (depending on the cooling-heating conditions),
and the magnetic helix holds up to the Néel temperature Ty ~
270 K [11,14].

Lattice distortions may significantly alter the magnetic
properties of Lu,Fej; and affect the magnetic ordering
temperatures. For example, a pristine sample can be pushed
into the antiferromagnetic (AF) state down to lowest tempera-
tures when hydrostatically or uniaxially compressed with the
applied pressure above 0.3 GPa [18]. Exposure of Lu,Fe;
to chemical pressure (expansion or contraction of the lattice)
caused by inserting suitable interstitial and substituting atoms
was investigated in Refs. [19-24]. Minor expansion of the unit
cell (~0.4%) by absorbing light interstitial elements, such as
hydrogen, was shown to fully reinforce the ferromagnetic state
in Lu,Fe 7H [20]. The robustness of the ferromagnetic phase
against various magnetic and nonmagnetic substitutions at the
Fe sites has been reported for Lu,Fey;_, M, (M = Cr, Mn,
Ni, Si, or Al) solid solutions [21-23]. In fact, strengthening
of the ferromagnetic interactions manifested by dramatically
increased ordering temperatures was observed in all modified-
by-doping compounds even for the case of the decreased unit
cell volume while the AF phase ceased to exist. This suggested
that the effect is not merely due to a change in volume
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FIG. 1. (Color onlinie) The semi-ideal hexagonal Th,Ni;; crystal structure of Lu,Fe;;. Shared atomic positions in a party disordered
structure are shown schematically: Lu(2c) is placed in between two Fe(4 f) atoms, to which it is substituted in a random fashion; Fe(4e) pairs

substitute Lu(2b) randomly in the chains located along the ¢ axis.

but is also due to decreased local coordination number of
Fe ions.

With this in mind, the AF state stabilized at all temperatures
when Fe atoms in Lu,Fe 7 are partly substituted by a 4d metal
Ru [25,26] is striking. For the alloy from the homogeneity
range border Lu,FesRu, Ty decreased more than twofold
despite a ~0.7% volume boost [26]. Assuming preserved
carrier concentration, one expects the Ru substitution for Fe
to affect the bandwidth and hybridization in Lu,Fe;7_,Ru, in
a similar way as application of “negative” pressure. However,
larger Ru atoms, as compared to Fe, prefer certain lattice sites
in the ThyNij7 type of crystal structure [25], thus affecting
locally the atoms positions. Unambiguously defined structural
data appears highly desirable for the study of the idiosyncrasies
of magnetism in this system.

For 1.5 at.% of Ru impurity in iron host, the neutron-
diffraction study and the electronic structure calculations
showed that the magnetic moment of Ru is (0.9 + 0.5)
wp [1,5]. At Ru concentrations of an order higher, the STFe
Mossbauer absorption spectroscopy experiment suggested the
AF ordering of the Ru-Fe solutions [27]. In order to obtain
information on the local distribution of host and impurity
magnetic moments in the complex Lu,Fe;;_,Ru, alloys, a
LuyFe65Rup 5 compound with Ty of 208 K [26] was chosen
for the detailed study. (It is experimentally desirable that
the defect concentration is high enough to allow an accurate
measurement. On the other hand, Lu,Fe s sRug s featuring a
field-induced first-order metamagnetic transition in the mag-
netic field below 1 Tesla suited the measurement conditions.)
Powerful means for studying the Lu,Fe;s5Rups compound
were provided by combination of powder-neutron diffraction
for the crystal and magnetic structure determination with the
spectroscopic spin-dependent methods such as x-ray magnetic
circular dichroism (XMCD) and x-ray-absorption near-edge
structure (XANES) obtained on a single-crystalline specimen.
This allowed us to probe induced local magnetic polarizations
at nominally nonmagnetic lutetium and ruthenium and their
coupling to the iron sublattice magnetization, thus unraveling
the contribution of each element into the overall AF behavior

of Lu,Fe65Rug 5. To isolate the roles of structural disorder
and magnetism in this important intermetallic system, the site
dependencies of magnetic moments and exchange interactions
in LuyFe 6 5Rug s are obtained theoretically in the framework
of the local spin density formalism for the ideal Th,Ni;;
structure model.

II. EXPERIMENTAL DETAILS

The magnetic and spectroscopic studies were performed on
a single-crystalline specimen of LuyFess5Rugs grown by a
modified Czochralski method in a tri-arc furnace (the details
can be found in Ref. [26]). The back Laue patterns were used
to check the monocrystalline state and to orient the crystal for
cutting the samples. In order to exclude possible composition
difference within the crystal length, powder samples for the
neutron diffraction were prepared from the top and bottom
parts of the crystal and from polycrystalline ingots. The
reference magnetization isotherm along the easy a axis of a
LuyFe6.5Rug s single crystal was obtained at 9 K on a SQUID
magnetometer (Quantum Design, USA).

The crystal structure of Lu,Fe;65Rugs was examined at
300 K using the high resolution neutron-powder diffractometer
D1A operating with a 122° take-off angle of monochromator at
the Institut Laue-Langevin (Grenoble, France). The measure-
ments were carried out at a wavelength A = 1.91 A, selected by
the (115) reflection of a germanium monochromator. During
the experiment, a cylindrical vanadium sample holder with
a 7-mm inner diameter was used. The neutron detection
was performed with a set of 6° spaced 3He counting tubes.
Complete diffraction patterns were obtained by scanning
the entire 20 range. To study the magnetic structure of
LuyFei6sRug s, the temperature-dependent measurements at
2-300 K were performed on a double-axis high intensity
powder diffractometer D1B (A = 2.52 10\) with the use of a
standard Orange cryostat. Diffraction patterns were refined by
the Rietveld analysis with the FullProf/WinPLOTR software
using the coherent scattering lengths of 0.945-107'2 cm,
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0.703-10~'2 c¢m, and 0.7210-10~'2 cm for Fe, Ru, and Lu
nucleus, respectively.

The XANES and XMCD measurements on a single-
crystalline plate-shaped Lu,Feigs5Rug s sample with approx-
imately 5 x 7 x 2 mm? dimensions were carried out at the
beamline ID12 of the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. The magnetic field of +3 T
applied along the easy a axis of the crystal was large enough
to induce appreciable bulk magnetization (i.e., to surpass the
metamagnetic transition) and to overcome shape anisotropy.
The XMCD spectra were derived as a direct difference
of XANES spectra recorded with left and right circularly
polarized x rays when the incident beam was collinear with
an external magnetic field. The spectra were obtained at
low temperatures 9 £ 1 K (denoted as LT throughout the
absorption data plots) in the back-scattering geometry with
total fluorescence yield detection mode. To ensure that the
result was free of any experimental artifacts, the spectra were
recorded for two opposite magnetic field directions. The edge
heights at the XANES spectra were normalized to unity at the
Fe K and Lu L3 absorption edges and to 0.5 at the Lu (Ru)
L, edge. The XMCD data at the Lu L, 3 and Ru L, edge
were then additionally corrected for the incomplete circular
polarization rate of incoming x rays (for the Fe K absorption,
the discrepancy was within ~5% as compared to raw XMCD
data). All recorded spectra were corrected for self-absorption
except those for Ru L,, where the corrections were found to
be negligible. To do so, the chemical composition, density,
practically infinite thickness of the single-crystalline bulky
sample, background contributions, the angle of incidence of
the x-ray beam, and the solid angle of the detector were taken
into account [28]. The XMCD field dependency presented
below was measured following the maximum of the XMCD
Fe K-edge signal.

III. CRYSTAL STRUCTURE

The room-temperature powder-diffraction pattern of
LuyFeigsRugs is shown in Fig. 2. The observed Bragg
peaks can be indexed with the hexagonal P63;/mmc space
group (ThyNij7 type of crystal structure) and with the lattice
parameters a = 8.406 A and ¢ = 8301 A. Traces of an
impurity «-Fe phase (no more than 1 wt. %) have been
detected. Since the experiment was performed at 300 K, i.e.,
well above the magnetic ordering temperature, the Rietveld
refinement procedure allowed us to determine all atomic
positions in the crystal lattice of LuyFej6s5Rups. An ideal
Th,Ni; structure model with full occupation of the sites has
led to an unsatisfactory result. A final value of fit quality
x% = 9.2 was obtained for up to 24% of additional Fe-Fe
pairs (4e sites) substituted for Lu (2b) located along the ¢ axis
(shown schematically in Fig. 1). Reverse procedure of adding
Lu (2¢) atoms instead of 4 f Fe dumbbells, as suggested by
Givord et al. [17], has also provided nonzero occupancy. The
full list of structural parameters is reported in Table I. The
refined sample composition is Lu; g4Fej6.84Rug 43.

Further, the addition of Fe 4e dumbbells around the 2b
Lu atoms was found to induce distortions nearby the 12;j
Fe site. The latter has therefore split into two sites with 68
and 32% occupancies, providing two configurations of the
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FIG. 2. (Color online) Powder  neutron-diffraction  pattern
A =191 A) from Lu,Fejs5Rups at room temperature. Observed
(calculated) profiles are given by the dots (solid curve), and
the calculated positions are marked, including the minor «-Fe
contaminant. The difference between the observed and calculated
patterns is shown at the bottom of the figure. The agreement factors
of the fit are x> = 9.2 (Rexp = 3.9), Rpragg = 5.7, and Rp = 4.9(%).

(x, y) plane. Furthermore, the decomposed 12j crystallo-
graphic position involved sequential splitting of the 12k Fe site.
In the course of the diffraction pattern analysis, the occupation
factors for Ru were allowed to vary at different sites. Due
to a significant difference in the scattering lengths of Fe and
Ru nuclei, preferential Ru occupation for the 12k, Wyckoff
position in the crystal structure was clearly observed (Table I).
The Ru role at the 12k sites is rather intricate. Despite an
~0.1% increase of the c-axis lattice constant and overall unit
cell expansion upon the Ru doping in Lu,Fe;7, the shortest

TABLE I. Structural parameters of Lu,Fe ¢ 5Rugs at room tem-
perature from the neutron powder-diffraction experiment. Estimated
standard deviations are given in parentheses.

Coordinates
Atom  Site X y z Occ. (%)
Lu  2b 0 0 1/4 76 (1)
Lu, 2d 1/3 2/3 3/4 100
Lu; 2¢ 1/3 2/3 1/4 8 (1)
Fe,  4f 1/3 2/3 0.1084 (5)  92(1)
Ru,  4f 1/3 2/3 0.1084 (5) 0
Fe,  6g 12 0 0 100
Ru, 6g 1/2 0 0 0
Fesqy 12ja4y 0.3355(9) —0.0430 (8) 1/4 68 (1)
Rusqy 12jqy 0.3355(9) —0.0430 (8) 1/4 0
Fe;n) 12jp) 0.3027 (14) —0.0191 (14) 1/4 32(1)
Ruzo, 12 0.3027 (14) —0.0191 (14) 1/4 0
Feyuy 12kqy  0.1658 (5) 2x —0.0228 2) 69 (1)
Ruyyy 12kqy  0.1658 (5) 2x —0.0228 (2) 0
Feso) 12kp  0.1658 (5) 2x 0.0007 (2)  23(1)
Ruye) 12k 0.1658 (5) 2x 0.0007 (2)  8(1)
Fes  d4e 0 0 0.1001 24) 24 (1)
Rus 4e 0 0 0.1001 (24) 0
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Fe-Fe distances (Fe atoms at 4 f sites) along the ¢ axis have
decreased from 2.39 A in Lu,Fe;; [17] down to 2.35 A in
LuyFei65Rug 5. This is owed to the larger ionic radius of Ru
and a farther displacement of the Fe 12k(;) atoms from their
initial position.

It is critical to note that lattice parameters in LuyFe ¢ sRug 5
display an anomalous temperature behavior, a feature typical
of the R,Fej7-type compounds [12,29]. Deduced from the
powder neutron-diffraction experiment at 2 K (see Sec. IV.C
for details) are the lattice constants of Lu,FeigsRugs,
a=8.389 A and ¢ =8.315 A. One can see that the ¢ parameter
exhibits a negative thermal expansion when the temperature is
lowered. Therefore, the lattice constants obtained at 2 K will
be used for the electronic structure calculations.

IV. PHYSICAL PROPERTIES
A. Iron K-edge XANES and XMCD results

To understand the origin of magnetic order in
LuyFei6sRup s, we probed the electronic states of iron by
recording the XANES and XMCD spectra at the Fe K
absorption edge in the magnetic field of woH = %3 T applied
along the easy a axis of a LuyFejss5Rugs single crystal.
Figure 3 shows the normalized Fe K-edge XANES spectrum
of LuyFeigs5Rugs. This spectrum reflects predominantly the
4 p empty states of Fe probed via the 15-4 p dipolar transitions.
The spectrum is characteristic of Fe metal and does not exhibit
any feature that could be attributed to the presence of Fe
oxides. For comparison, we have also reproduced [Fig. 3(a)]
XANES spectrum of an iron foil taken from Ref. [30]. The
Fe K-edge data of «a-Fe exhibit a characteristic kink at the
onset of the absorption edge at E ~7112-7116 eV (and
corresponding peaks in XMCD spectra)—a feature usually
assigned to the 1s—3d quadrupolar transitions [31]. By
comparing experimental data for Lu,Fe;ssRugs with that
of a-Fe, a well-pronounced pre-edge peak in our single-
crystalline sample situated at E ~ 7115 eV becomes apparent.
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FIG. 3. (Color online) XMCD and XANES signals at the Fe K
edge measured on a Lu,Fe¢sRug s single crystal with the magnetic
field of 3 T applied along the easy a axis at 9 K. Adopted from
Ref. [30] is the XANES spectrum of Fe foil (bcc Fe) recorded at
ambient conditions and matched to fit the experimental data.

PHYSICAL REVIEW B 89, 094420 (2014)

Enhancement of the shoulder in «-Fe, accompanied by an
attenuation of a so-called “white line” and its shift to lower
photon energies, has been previously observed by Baudelet
et al. [30] in an elemental Fe under pressure, where the
structural transition from the bcc to hep phase takes place
above 14 GPa. The pre-edge peak in LuyFe6 sRug s is similar
in shape to that observed in the XANES spectrum of a
purely hexagonal Fe phase obtained under the pressure of,
e.g., 22.4 GPa [30] and is probably characteristic of Fe in a
hexagonal lattice.

The Fe K-edge XMCD spectrum of Lu,FejgsRugs is
shown in Fig. 3. A main narrow positive peak at the absorption
threshold followed by a negative dip of the same amplitude at
higher energies is similar to that of elemental iron [30]. The
strong positive peak at the absorption edge is usually associated
with the presence of unoccupied Fe-3d states in both spin sub-
bands of LuyFe;ss5Rugs. The spectra of LuyFejssRugs and
a-Fe begin to differ at energies above 7120 eV, where another
well-separated negative dip is observed in Lu,Fe ¢ sRug 5. This
high energy feature was also found in the Fe K-edge XMCD
spectrum of another *“2:17” compound, Gd,Fe;7; [32]. The
difference of the recorded spectrum with the shape of Fe
K-edge XMCD of the hydride Ce;Fe7 [33] may be attributed
to the nontrivalent Ce state of the latter and/or the influence
of interstitial hydrogen on the Fe electronic states. These
observations allow us to ascribe the recorded signal to the
magnetic polarization of the iron sublattice in LuyFe ¢ sRug s
only, whereas the rare earth here does not dominate the
spectrum, as opposed to the other rare earth 3d metal systems
such as, e.g., ErCo, [34].

The field dependence of the maximum XMCD amplitude
obtained at the Fe K -edge with the incident energy of 7113 eV
is shown in Fig. 4. A corresponding magnetization isotherm
of a LuyFej5Rug s single crystal measured along the easy a
axis at 9 K is shown for comparison in the inset to Fig. 5. The
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FIG. 4. (Color online) Field dependence of the maximum ampli-
tude of XMCD signal on a Fe K absorption edge measured at the
incident energy of 7113 eV, with the magnetic field applied along the
easy a axis of a LuyFejss5Rug s single crystal and a corresponding
magnetization isotherm (inset).
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FIG. 5. (Color online) XMCD and XANES signals at the Lu L3
(left) and L, edges (right) measured on a Lu, Fe¢ sRug 5 single crystal
with the magnetic field of 3 T applied along the easy a axis at 9 K.

sample is switched from AF into a noncollinear ferromagnetic
state above a field of 0.8 T; the magnetization still increases
as it reaches the collinear phase in the direction of the applied
field. The Fe-sublattice magnetic behavior in Lu,Fe ;¢ 5Rug s
is consistent with the full magnetization curve. The observed
metamagnetic transition is clearly of the first order and exhibits
a wide hysteresis.

B. Lutetium Ly - and ruthenium Ly-edge XANES and
XMCD results and analysis

The XANES spectra of LuyFegsRugs at the Lu L3 and
L, edges are displayed in Fig. 5. (The raw data of the former
showed an additional large peak above the absorption edge
at ~10375 eV due to diffraction. Because it has not induced
any considerable error into the corresponding XMCD signal,
it was carefully eliminated prior to presentation.) The white
lines at the L, and L3 edges of the rare earth elements are
related to the transitions from 2p,; and 2p3;, to the 5d3/»
and 5ds,, electronic states, respectively. The corresponding
XMCD signals are also shown in Fig. 5. The amplitude of the
dichroic L,,3 signal is of an order of magnitude larger than that
of the Fe K edge due to a much weaker spin-orbit coupling in
the final states of the latter [35].

In the Lu-Fe intermetallic compound, Lu atoms may
possess a non-intrinsic, induced magnetic moment originating
from the hybridization effects of 5d-Lu states with the 3d
states of magnetic transition metal matrix (see, e.g., theoretical
and experimental results on LuFe; [36,37]). Because the L,3
XMCD signals are directly related to the spin polarization
of the d final states (and determined by the selection rules)
and act as a spin detector of the absorbing atom, the data
in Fig. 6 reveal a 54 magnetic moment at the Lu sites in
LuyFe6s5Rugs. Left (right) circularly polarized x rays excite
more spin-up (spin-down) electrons from the 2p;/, level [35].
The opposite is the case for the 2p;/, level. A negative sign
of the XMCD L, signal suggests mainly spin-down character
of the 5d unoccupied states, while the occupied states must
be of a spin-up character. Because the contribution of iron
to the magnetism of Lu,FeigsRug s is obviously greater than
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FIG. 6. (Color online) XMCD signal at the Ru L, edge measured
on a Lu,FesRugs single crystal with the magnetic field of 3 T
applied along the easy a axis at 9 K.

that of Lu, the Fe-3d magnetic moments are aligned along the
magnetic field direction [or nearly along that in the 3 T field
(cf. Fig. 4)—in this case, the angle ® between the magnetic
moments and the photon wave vector is rather small, and the
XMCD signal would scale as cos® =~ 1 — ®2/2]. The Fe
S34 spins therefore lie in the opposite direction. Due to the
constant AF interaction between S3; and Ss; spins [38], the
5d magnetic moment of Lu should align against the applied
field, as observed experimentally (Fig. 5).

The intensity ratio between the normalized XMCD am-
plitudes L, and L3 is —1 (or —2 before normalization),
which corresponds to the expected branching ratio. (Here,
the negative sign is due to opposing spin-orbit coupling of
the core states.) Information on the orbital and spin magnetic
moments of a given atomic electronic shell can be obtained
using sum rules, which involve the integrated intensity of both
the absorption spectra and dichroic signal and are independent
of the shape of XMCD spectra [39,40],

Mp = —2/3xC x(Xp3+ X12)=0.007x C
and
Mg =—-C x (X3 —2X12)=-0.209 x C.

Here, X3 and X , are the integrals over the dichroic signal at
the L3 and L, edges, respectively, and C expressed through the
number of holes n;, (=9 for Lu) as n, /(Wr3 + Wy,) = 0.357
is a constant. Wy 3 and Wy, are the integrated intensities of
white lines corresponding to the transitions into 5d states
of Lu. The analysis provides the following values of orbital
and spin moments of Lu 5d states: M; = 0.0025 wp and
Mg = —0.0746 up, respectively, and the total magnetic
moment is Mo = —0.072 1 p.

To shed light on the magnetic polarization of Ru, we
planned to measure the XMCD spectra at the Ru L, and
L3 (2p-4d dipole transition) absorption edges as a function
of photon energy. Unfortunately, the resulting dichroic signal
at the Ru L3 edge was undetectable, being comparable with
the residual signal. The Ru L;-edge XMCD data measured

094420-5



E. A. TERESHINA et al.

with a magnetic field of 3 T applied along the easy a axis of
LuyFei6sRug s are shown in Fig. 6. Despite a rather distorted
signal due to low Ru content and high overall absorption in
LuyFej65Rug s at that energy, the peak observed at ~2970 eV
(also inversed by applied magnetic field of the opposite
direction) demonstrates the existence of magnetic polarization
at the Ru site. Furthermore, the sign of the XMCD signal at
the Ru L, edge suggests ferromagnetic coupling between the
Ru and Fe moments. To define the local magnetic moments
distribution in Lu,Fej¢s5Rugs, we have further employed
powder-neutron diffraction.

C. Neutron-diffraction study

Temperature evolution of the neutron powder-diffraction
profiles from Lu,Fe;¢ sRug 5 measured in zero-magnetic field
between 285 and 2 K is shown in Fig. 7. Cooling through
the Néel temperature has resulted in the appearance of the
superlattice reflections as equally spaced satellites of the
allowed nuclear peaks (101) & 7, (002) £ 7, etc. [where T isa
wave vector T = (0, 0, t,)] of the Th,Ni;7 structure. The relative
intensities of magnetic reflections, including a strong one at
the origin of reciprocal lattice (000) + 7, are characteristic of
a helical spin configuration. Since no magnetic contribution
at the tops of nuclear reflections was detected when varying
temperature and only the first-order satellites were observed
within the experimental error, the pattern recorded at 2 K
was fitted assuming an appearance of an undistorted AF
helix, incommensurate with the crystallographic lattice. In
this model, the ¢ axis of the crystal is the screw axis, and the
moments are ferromagnetically aligned within the basal planes
and rotate from plane to plane with a turn angle determined by
the propagation of a wave vector T of magnetic structure.

We began the refinement procedure with considering the
ideal Fe sublattice (data taken from Table I but with no sites
splitting and/or 4e Fe pairs) and allowed the values of Fe
magnetic moments to vary at different crystallographic sites.
As the magnetic moments at Lu sites in the magnetic cell
of Lu,Fei65Ruy 5, fixed values of —0.38(—0.36) up for Lu
2b(2d) obtained from the electronic structure calculations (see
Sec. V) were used. Individual refined Fe moments fiexp/igeal are
listed in Table II. The neutron-diffraction study was performed
in zero-magnetic field. The magnetization data in Fig. 4
qualitatively demonstrates the effect of applying a magnetic
field in the direction perpendicular to the helix axis. It first
distorts the helix by giving rise to a magnetic moment along
the field, and at a certain critical field (<1 T), a first-order phase
transition to a fan structure takes place. A further increase in
the magnetic field continuously reduces the opening angle of
the fan. The values of all local magnetic moments in case
of an ideal structural model would sum into a saturation
magnetization of 31.2 p g /f.u. (ferrimagnetic alignment of Lu
and Fe magnetic moments is taken into account), whereas the
magnetization data from Ref. [26] obtained on a single crystal
provide a value of ~34 p g /f.u. in the 14 T magnetic field. The
fit quality for the diffraction pattern in this case was essentially
rather poor.

Increasing the disorder in the crystal structure via in-
troducing the 4e Fe sites was found to complicate the
magnetic moments determination. Reasonable compromise
was achieved while keeping the magnetic moments at the 4 f
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FIG. 7. (Color online) Parts of the powder neutron-diffraction
profiles (A = 2.52 A) from Lu,Fe65Rug s at selected temperatures,
with the results of fitting by the Rietveld method. The diamonds are
the observed data, the solid lines are the calculated patterns, and the
dotted line shows their difference. Positions of Bragg reflections for
the main phase and a minor «-Fe contaminant for each temperature
are marked together with the magnetic structure data. The agreement
factors of the fitare at 285 K x? = 10.2 (Rexp = 3.3), Rprage = 2.1(%);
at2 K x2=9.7 (Rexp = 3.3), Rprage = 1.5, magnetic Ry = 10.6(%).
The inset in Fig. 7(b) displays the helical spin model used for fitting
the experimental data and the ferromagnetic configuration predicted
by theoretical calculations (see Sec. V for details).

and 4e positions constrained to be equal during the refinement.
This procedure was necessary due to a small percentage of the
latter and was justified by similitude between the 4e and 4 f Fe
positions, which both correspond to the Fe-Fe pairs substituted
for Lu. Moreover, Mossbauer effect studies of R,Fe;;7 support
this hypothesis by reporting similar hyperfine fields at the 4e
and 4 f Fe sites, being far the largest among those at various
crystallographic positions in the R,Fe;7 compounds [41]. The
magnetic moments at the majority of Fe sites increase with
the increase of disorder in the crystal structure. For 24% of
4e Fe dumbbell pairs, 14 remained almost unchanged within
the experimental uncertainty (Table II). The fit quality was
improved considerably and has led to the total magnetization
value of 34.6 u g /f.u. The pattern and the best fit are shown in
Fig. 7(b).
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TABLEII Experimental site-resolved magnetic moments /iy, 0f 0.25 — T 7T — T
Lu,Fej65Rug 5 at 2 K from the neutron powder-diffraction experiment (a) |
obtained for the ideal (0% 4e Fe atoms) and real (24% 4e Fe atoms)
crystal structure models and helical spin configuration. Indicators of 0.20 - 7]
the fit quality are listed as well. LuzFe16.5Ruo.5 7

. 0.15 =
Atom Site Mexp /ideal(HB) Mexp /real (/»LB)
Ly 2b —0.38 —0.38 0.10 |
Lu, 2d —0.36 —0.36 )
Fe, 4f 2.4(0.1) 2.3(0.1) 1
Fe, 68 1.8 (0.2) 19002) S 0.05
Fey 1) 12 2.1(0.1) 2.2(0.1) g |
Fey. 12k 1.7 (0.1) 2.0 (0.1) >
Ruy) 12k - - L 0.00 — .
Fes de - 230) 8 ]
Rirags (%) 37 1.5 2 N (b) |
Rr (%) 3.7 1.6 a o\,
Ry (%) 17.6 10.6 & gAY ]
x2 13.6 9.7 -

AN A

The propagation vector of the helical structure was found / ]
to vary from 0.236¢* directly below Ty down to 0.219¢* at N
2 K. At low temperatures, the magnetic moments within one N
plane turn from the initial direction by 2wt = 79° over one Lu 2Fe 16 5Ru 0.5
lattice constant along the ¢ axis; therefore, the magnetic spiral ' '
along the c axis repeats itself every 4.5 crystallographic unit _
cells [for schematic representation of the magnetic helix, see . ' .

2 4 6

Fig. 7(b)]. A rather small and broad low angle (000)* peak still
observed at near room temperature [Fig. 8(a)] is probably due
to a short range magnetic order present in the paramagnetic
state of Lu,Fe;¢s5Rug 5.

An attempt to independently refine the values of induced
magnetic moments at Lu has not brought any luck due to
(i) already complex crystal and magnetic structures and (ii)
broad spatial distribution of 5d electrons. The latter causes
the magnetic form factor of Lu to decrease rapidly with the
neutron-scattering vector, thus decreasing the experimental
sensitivity for the precise magnetic moment determination. A
possible cause for the small but noticeable asymmetry in “+1”
and “—1” magnetic satellites is a minor deviation from a simple
spiral model due to the preferential substitution of Ru for Fe at a
certain lattice site. However, a small amount of Ru and a typical
precision of the powder neutron-diffraction technique did not
allow us to confirm the occurrence of magnetic polarization at
Ru and/or to quantify possible phase difference (if any) for Fe
and Ru spins in the unit cell.

V. ELECTRONIC-STRUCTURE CALCULATIONS

To examine theoretically the electronic structure of
LuyFei65Rup s and to make a comparison with experimental
data, we performed first-principles calculations based on
the local spin density approximation (LSDA) [42]. For this
purpose, we employed a Korringa-Kohn-Rostoker Green
Function-based method with the atomic sphere approximation
(KKR-ASA), as described in Ref. [43]. Spherical harmonic
expansion up to /,.x = 3 (spdf-basis set) and set of 30 k-points
in an irreducible wedge of a Brillouin zone were used to
achieve convergence. The sizes of the ASA sphere radii
were chosen as R(Lu)/R(Fe) = 1.4. The Th,Ni; structure

Energy (eV)

FIG. 8. (Color online) (a) The total projected electron-energy
density of p-orbital states (p-DOS) of Fe atoms in Lu,Fe;s5Rug s
given per atom from LSDA calculations. (b) The p-orbital projected
DOS for Fe atoms at 4 f, 6g, 12, and 12k special positions of the
P63 /mmc space group.

model that included no lattice-site splitting and/or additional
4e Fe atomic pairs (that is, perfect) has been used for the
calculations, and principal atomic positions were taken from
Table I as fully populated. The advantage of this approach is
that it allows us to discern the structural disorder effects and
magnetism in the system. The atomic disorder effects due to
the Ru substitution at the 12k Fe sites were treated within the
conventional coherent potential approximation (CPA) [44].

Surprisingly, the ground state of Lu,Fe ¢ sRug 5 calculated
in this way is ferromagnetic. The total projected density of
p-orbital states (p-DOS) of Fe atoms obtained as a sum over
four Fe sites in LuyFe¢s5Rups is shown in Fig. 8(a). The
site-resolved p-orbital states of Lu,Fe 6 sRug 5 are presented in
Fig. 8(b). The Fermi energy Er inall figures is set at 0. Presence
of Fe-3d states in both spin sub-bands of Lu,Fe ¢ sRug 5 agrees
with the measured Fe K-edge XMCD spectrum in Fig. 3. The
main peak of the minority spin band is centered at around
—2 eV to Ep, whereas the majority spin band is mainly
contributing to the DOS below —2 eV. A small DOS peak
in the vicinity of Ef is mostly of a spin-down character and
is caused by the 12k and 6g atomic Fe positions (i.e., those in
close proximity with Ru atoms), both having sharp edges in
the p-DOS at the Fermi energy.

094420-7



E. A. TERESHINA et al.

PHYSICAL REVIEW B 89, 094420 (2014)

TABLE III. Calculated site-resolved magnetic moments (in @ /atom) of (i) LuyFe6sRug s having an ideal crystal structure (no lattice
site splitting and/or additional 4e Fe atomic pairs) with principal atomic positions taken from Table I as fully populated and (ii) a reference

hypothetic Lu,Fe;;* compound with the structural data as above.

Compound Fe, 12k Fe, 12 Fe, 6g Fe,4f Lu, 2b Lu, 2d Ru, 12k
Lu,Fe65Rug 5 1.89 2.07 1.55 2.50 —0.38 —0.36 0.06
Lu,Fe;* 1.86 2.08 1.51 2.52 —0.39 —0.38 -

Table I reports the calculated individual magnetic moments
at various lattice sites in Lu,FeigsRugs. As an overall
assessment, the sequence of magnetic moments fLres f > [LFe12;
> [LFel2k > IFesg 1S in agreement with the neutron-diffraction
experiment and is due to different volumes and the number
of nearest neighbors for each of four inequivalent Fe sites
in the hexagonal ThyNij; crystal structure. The calculated
magnetic moments induced at Lu 2b and 2d sites are —0.38
and —0.36 up/at., respectively, being close in value to those
obtained for another iron-rich phase, LuFe, [36,37]. A smaller
average Lu moment is derived from the XMCD data at the
maximum applied magnetic field of 3 T, My, = —0.072 pup.
Since the magnetization does not reach full saturation at this
field (see Fig. 4), it is natural to assume that the increase
of the field would increase the magnetic moments of both
Fe and Lu. Both theoretical and experimental XMCD data
nevertheless yield the same coupling scheme for the Lu 5d- and
Fe 3d-magnetic moments. Further, the calculations provide an
induced magnetic moment of 0.06 1 /at. at Ru coupled ferro-
magnetically with Fe. The total magnetization 33.03 upg/f.u.
is in good agreement with the experimental values both for
the field-induced ferromagnetic state in Lu,Fe 6 sRug s [26]
and obtained as a sum of magnetic moments derived from the
neutron-diffraction experiment, 34 wp/f.u. and 34.6 g /fu.,
respectively.

Only weak electronic structure changes in the Ru-undoped
compound, Lu,Fe;* (a hypothetical reference material with
the same structural characteristics as Lu,Fe 6 sRug s with Ru
content being nil) are detected. The calculations show that
Lu,Fei7* orders ferromagnetically. As seen from Table III,
absence of Ru in the 12k-6g kagome nets slightly decreases
the magnetic moments of Fe atoms at these positions and
increases marginally the moments at the neighboring 12j
and 4 f Fe sites. The total magnetic moment of Lu,Fe;;*
is 32.44 pg/fu.

In order to explore further the role of Ru on magnetic
interactions in Lu,Fe ¢ sRug 5, we have estimated the effective
exchange in the system by employing Liechtenstein Green
Function formalism based on magnetic force theorem [45].
In the particular implementation used here [46], a total
effective exchange experienced by a given atomic site in the
ferromagnetic state (so-called Jy constant) was calculated.
This effective exchange was defined as a sum of all distant
pair-wise exchange interactions of a given atomic moment

with the rest of magnetic sites. Namely, the sum Jy = Zi Joi
was calculated, with J;; as a parameter of the model classical
Heisenberg Hamiltonian

H = E J,-_,-e,-ej,
ij

where ¢; is the unit vector of a spin at the ith lattice site.
The results of Jy calculations are presented in Table IV. In
contrast to the common speculation on AF interaction in
the 4 f dumbbell pairs of R,Fe;; compounds [11], we find
strong ferromagnetic exchange between the 4 f Fe atoms in
LuyFe6sRugs. In addition, Ru doping seems to affect the
exchange coupling stronger than the magnitudes of individual
Fe moments. The absolute J, values in Lu,Fe ¢ sRug 5 increase
for 4-20% for various Fe lattice sites as compared to Lu,Fe7*.
The maximum increase corresponds to the 12k Fe moments,
whereas the minimum is found for the 4 f sites. As an overall
conclusion, Ru should strengthen the ferromagnetic exchange
in the ideal system.

VI. DISCUSSION AND CONCLUSIONS

Despite an overall good quantitative agreement on the val-
ues of magnetic moments at the three constituent elements in
Lu,Fe65Rug 5 obtained theoretically and experimentally, the
major discrepancy is observed in the type of magnetic ordering
of the compound. The first-principle KKR CPA calculations
show that a partial replacement of Fe by Ru atoms in a fixed
crystal structure should reinforce the ferromagnetic exchange.
Furthermore, we find that all pair-wise exchange interactions in
the ideal LuyFe 6 sRuqg 5 crystal are positive, with the strongest
exchange in the 4f dumbbell Fe pairs of approximately
54 meV (cf. with 20.6 meV obtained theoretically for the
same positions in the hexagonal, ferromagnetic Gd,Fe;7 [47]).
The deviation of theoretical calculations from the experi-
mentally observed spiral-spin configuration seemingly stems
from simulating a perfect crystal, while experimental data
are obtained on an off-stoichiometric compound with local
structural defects.

Interestingly enough, similar influence of Ru doping
on magnetism of Y,Fe;; was reported in Ref. [48]. The
single-crystalline neutron-diffraction study on a hexagonal
Y,Fe7 [49] has shown that the compound is almost stoichio-
metric despite the structural defects. According to our present

TABLE IV. Exchange constants J, (in meV) calculated for the same cases as in Table III.

Compound Fe, 12k Fe, 12 Fe, 6g Fe, 4f Lu, 2b Lu, 2d Ru, 12k
Lu,Fe65Rug 5 41.23 69.39 64.08 82.59 —17.14 —15.51 2.04
Lu,Fe;* 34.42 62.18 55.92 79.32 —18.23 —17.55 -
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calculations, only weak electronic structure changes due to
the substitution of a few percent of Fe atoms by Ru atoms
are induced in Lu,Fe 7 with the ideal Th,Ni;; structure, and
those are not sufficient to promote the magnetic order change
in the material. Careful inspection of Fig. 4 also reveals a small
remanence in LuyFe ¢ sRug s after the magnetic field has been
fully removed. This weak residual ferromagnetism seems to
be intrinsic to both Ru-doped Lu,Fe;; and Y,Fe;;. Moreover,
it cannot be explained by the presence of a ferromagnetic
impurity in both compounds, as the remanence gradually
decreases until it has ceased at temperatures above 40 K [48].
The temperature is too low to be ascribed to any Fe-containing
substance.

Weak ferromagnetism in some AF systems has been shown
to appear as a consequence of pair-wise Dzyaloshinskii-
Moriya (DM) spin interactions [50-52]. In nonsymmetric
FeGe, for instance, the DM interaction is shown to be
responsible for the long-period magnetic spiral structure [53].
Local structural inhomogeneities lower the symmetry of the
individual Fe atomic sites in the hexagonal Th,Ni; lattice
of LuyFes5Rups and, in principle, may favor the onset of
these interactions at some of the Fe-Fe bonds. The magnetic
helix in Lu,Fe 6 sRug 5 observed at 2 K in zero magnetic field
is characterized by a period of 4.5 unit cells, i.e., it involves
19 Fe layers. It should be noted that the interactions causing the
AF cone structure in Lu,Fe5Rug s must not be too strong:
the spin-spiral structure in the basal plane is destroyed by
the magnetic field of less than 1 T (see Fig. 4). Although
modelling the DM interactions in such a complex structure
as LuyFe g 5Rup 5 can be difficult, the hypothesis concerning
relativistic origin of the spin spiral in this material is worthy
of attention and further elucidations.

We find that Lu,Fe ;¢ sRug s displays an Invar-like behavior
in a wide temperature range reflected in an anomalous
temperature variation of lattice parameters (detailed study of
magnetoelasticity of LuyFeigsRugs will be presented else-
where). This suggests that the interplay between local lattice
distortions and magnetovolume effects is rather complex.
Spontaneous volume strain proportional to the square of

PHYSICAL REVIEW B 89, 094420 (2014)

magnetization [12] most likely increases stress locally through
the varied individual magnetic moments across the lattice sites.
This can be a driving force toward strengthening the overall
AF exchange in the Ru-doped Lu,Fe;;.

To conclude, we have performed an element-specific prob-
ing of local magnetic polarization at each of three chemical
species of a single-crystalline Lu,Fe;s5Rugs by hard x-ray
absorption spectroscopy technique. Lutetium and ruthenium
are shown to carry a noticeable magnetic polarization antipar-
allel and parallel to the dominant Fe sublattice magnetization,
respectively. Neutron powder-diffraction experiment revealed
a preferential occupation of the 12k sites by Ru in the
partially disordered ThNij7 type of crystal structure. Below
the ordering temperature of 208 K, neutron-diffraction patterns
were fitted using a spiral spin model. The first-principle KKR
CPA calculations performed with the use of an ideal structure
model provide the values of site-resolved magnetic moments
close to those found experimentally. The calculations, how-
ever, suggest that Lu,Fe ¢ sRug s is a ferromagnet—a result
that is in conflict with the observed stabilization of the
helical AF configuration. In contrast to relatively negligible
electronic effects due to the isoelectronic substitution of a few
percent of Ru atoms for Fe, local structural inhomogeneities
and distortions most likely have the strongest impact on
exchange interactions, thus defining the final magnetic state
of the compound. Relativistic cause of the spin spiral in
Lu,Fe65Rug s cannot be fully excluded.
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