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We present here a study of the magnetic properties of the Nd,_ Ho,Fe 4B series. The macroscopic properties
of these compounds evolve continuously from those of Nd,Fe 4B to those of Ho,Fe ;4B as Ho gradually
replaces Nd. The system shows a compensation of the rare-earth sublattice magnetization for a critical con-

centration, x,.=0.55, that is reflected into the anomalous behavior of both macroscopic and microscopic mag-
netic probes. The combined analysis of magnetization, STFe Mbssbauer spectroscopy and Fe K-edge x-ray
magnetic circular dichroism (XMCD) measurements suggests that the origin of the anomalous magnetic be-
havior found at x.=0.55 is mainly due to the Ho sublattice. Moreover, the analysis of the Fe K-edge XMCD
signals reveal the presence of a rare-earth contribution, reflecting the coupling of the rare-earth and Fe mag-
netic moments, which can lead to the possibility of disentangling the magnetic behavior of both Fe and R

atoms using a single absorption edge.
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I. INTRODUCTION

In the past years we have witnessed the development and
consolidation of the x-ray magnetic circular dichroism
(XMCD)! as a powerful tool for microscopic magnetic char-
acterization. XMCD incorporates the inherent advantage of
x-ray absorption spectroscopy, that of being element and
shell specific, to study magnetic effects. The derivation of the
so-called sum rules,>® showing the relationship of the
XMCD to the local spin and orbital magnetic moments, trig-
gered an enormous interest into applying XMCD to basic
and applied research on magnetism. XMCD can be particu-
larly suitable to study those phenomena hidden to macro-
scopic techniques.

This is the case of rare-earth-iron (R-Fe) intermetallic
compounds in which the detailed knowledge of the mecha-
nism coupling the magnetic properties of both R and Fe sub-
lattice needs the magnetic characterization of the R-5d states.
However, the experiments performed at the rare-earth L, ;
edges show that the interpretation of XMCD at the L, ; edges
of the lanthanides is not so straightforward as for the 3d
transition metals.*7 On the other hand, different experimen-
tal XMCD works performed at the Fe K edge in R-Fe inter-
metallic compounds have shown the influence of the rare-
earth magnetism into the dichroic spectra.3-!! The rare-earth
contribution to the Fe K-edge XMCD not only reflects the
magnetic state of the R atoms but also bears information on
the coupling of the rare-earth magnetic moment to that of Fe.
As a consequence, the correct identification of this rare-earth
contribution would allow us to disentangle, using a single
absorption edge, the magnetic behavior of both Fe and R
atoms.

Aimed to verify this proposition we have tailored a sys-
tematic study of the Nd,_,Ho/Fe;,B series, in which Ho
gradually replaces Nd, by means of magnetization, °'Fe
Mossbauer spectroscopy and Fe K-edge XMCD measure-
ments. The R,Fe 4B intermetallic compounds have been the
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subject of a great activity due their permanent-magnet
properties.!>!5 The complicated interplay of exchange and
crystal field interactions in these systems aimed numerous
studies from a macroscopic point of view. However, the be-
havior of the magnetic moments at the microscopic scale is
less understood, specially concerning the magnetic arrange-
ment of the rare-earth and Fe moments in the low-
temperature phase. The collinearity between the magnetic
moments in Nd,Fe 4B in the low-temperature phase has been
a subject of study and controversy for a long time,'>!%!7 and
only the use of microscopic techniques as XMCD and x-ray
resonant magnetic scattering has provided a definitive
answer.'8-20

In the Nd,_,Ho,Fe ;B compounds the Fe magnetic mo-
ments are ferromagnetically coupled to those of Nd, while
the coupling is ferrimagnetic with respect to the Ho mo-
ments. Therefore, the rare-earth contribution to the Fe
K-edge XMCD would vary in both sign and amplitude as a
function of the Ho concentration, making possible the disen-
tangling of the Nd and Ho contribution to the XMCD spec-
tra. The detailed study of the XMCD signals shows that the
rare-earth contribution is not equivalent to that of an effec-
tive rare-earth magnetization but it preserves the atomic na-
ture and the characteristic magnetic coupling of each rare-
earth species.

II. EXPERIMENT

Y,Fe;,B and the Nd,_,Ho,Fe;,B alloys (x=0, 0.2, 0.4,
0.5, 0.55, 0.6, 0.8, 1.2, 1.6, and 2) were prepared by melting
the pure elements in a high-frequency induction furnace, un-
der Ar protective atmosphere. The as-cast alloys were
wrapped in Ta foil and enclosed in silica tubes, under Ar gas.
All the samples were annealed at 950 °C for two weeks and
then quenched to room temperature. Structural characteriza-
tion was performed at room temperature (RT) by means of
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powder x-ray diffraction, using a rotating-anode Rigaku dif-
fractometer in the Bragg-Brentano geometry, with Cu K« ra-
diation. The diffraction patterns were Rietveld refined using
the FULLPROF code.?! All the studied compounds exhibit the
Nd,Fe,,B-type structure (P4,/mnm space group). In all the
cases the presence of secondary phases (a-Fe) is less than
3% overall.

The macroscopic magnetic measurements were performed
by using a commercial superconducting quantum interfer-
ence device magnetometer (Quantum Design MPMS-S5).
Magnetization isotherms were measured on loose powders in
applied magnetic fields H=<50 kOe. The Curie temperature,
Tc, was determined from thermomagnetic curves measured
with a Faraday-type balance between RT and 1073 K, using
Ni standard as reference. T was determined at the inflection
point of the M(T) drop at high temperature. The Mossbauer
spectra were measured at RT by using a constant-
acceleration spectrometer which uses a rhodium matrix >’Co
source and was calibrated with an «-Fe foil. The thickness of
the Mossbauer absorber was optimized, ~30 mg/cmz, in or-
der to improve the absorption line resolution.

X-ray magnetic circular dichroism measurements were
performed at the beamline BL39XU of the SPring8
Facility.?? Undulator radiation, linearly polarized in the orbit
plane, was monochromatized by a Si(111) fixed-exit double-
crystal monochromator and higher harmonics rejected by a
Pt coated mirror. Circularly polarized x rays were generated
using a 0.73 mm thick diamond x-ray phase plate.?® The de-
gree of circular polarization is >90% in the energy range of
our interest. Fe K-edge XMCD measurements of the
Nd,_,Ho,Fe 4B and Y,Fe 4B compounds were carried out at
room temperature and under the action of an applied mag-
netic field of 50 kOe. XMCD spectra were recorded in the
transmission  mode  using the  helicity-modulation
technique.?* Therefore, the sample is magnetized by an ex-
ternal magnetic field, applied in the direction of the incident
beam, and the helicity is changed from positive to negative at
each energy point. Consequently, XMCD spectra are ob-
tained without reversing the applied magnetic field. The
XMCD spectrum corresponds to the spin-dependent absorp-
tion coefficient obtained as the difference of the absorption
coefficient u,=(u”—u*) for antiparallel, w~, and parallel,
wut, orientations of the photon helicity and the magnetic field
applied to the sample. For the sake of accuracy the direction
of the applied magnetic field is reversed and XMCD, now
pe=(u"—u7), is recorded again by switching the helicity.
The substraction of the XMCD spectra recorded for both
field orientations cancels, if present, any spurious signal.

We have adopted the same convention for the sign of the
circular dichroism as in Ref. 2, i.e., with the quantization
axis determined by the direction of the Fe majority spin. It
should be noted that the magnetization of the Fe sublattice is
always dominant for both Y,Fe,B and Nd,_Ho,Fe ;B sys-
tems. For the XMCD measurements, homogeneous layers of
the samples were made by spreading of fine powders of the
material on an adhesive tape. Thickness and homogeneity of
the samples were optimized to obtain the best signal-to-noise
ratio. The absorption spectra were analyzed according to
standard procedures.”> The origin of the energy scale, E,,
was defined as the inflection point of the absorption edge.
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TABLE 1. Structural parameters of the Nd,_,HoFe;4B com-
pounds: lattice constants a and ¢, a/c ratio, and unit-cell volume

(V).

X a (A) c (A) alc v (A?)
0 8.7972(3) 12.1901(7) 0.7217 943.4(1)
0.2 8.7919(4) 12.1687(10) 0.7225 940.6(1)
0.4 8.7928(3) 12.1587(7) 07232 940.0(1)
0.5 8.7956(2) 12.1518(7) 0.7238 940.1(1)
0.55 8.7798(4) 12.1182(9) 0.7245 934.1(1)
0.55%2 8.7751(4) 12.1198(9) 0.7240 933.3(1)
0.6 8.7944(3) 12.1426(7) 0.7243 939.1(1)
0.8 8.7735(5) 12.0998(13) 0.7251 931.4(1)
1.2 8.7645(4) 12.0626(10) 0.7266 926.6(1)
1.6 8.7478(5) 12.0034(14) 0.7288 918.5(1)
2 8.7368(3) 11.9701(8) 0.7299 913.7(1)

The spectra were normalized to the averaged absorption co-
efficient at high energy, u, in order to eliminate the depen-
dence of the absorption on the sample thickness.

III. RESULTS AND DISCUSSION
A. Macroscopic structural and magnetic characterization

The Nd,_,Ho,Fe;,B compounds show a tetragonal unit
cell with six different crystallographic positions for Fe (16k,
16k,, 8j,, 8,, 4e, and 4c¢), two for Nd ions (4f and 4g), and
one for B (4g).!> The lattice constants, a/c ratio, and unit-
cell volume are summarized in Table I. The cell parameters
decrease as the Ho content increases through the
Nd,_,Ho,Fe ,B series (see Fig. 1). The contraction of the
crystal cell as the Ho content, x, increases from 0 to 2 is
anisotropic: 0.8% and 1.9% along the a and ¢ axes, respec-
tively. Surprisingly, both a and c lattice parameters show a
marked reduction for x=0.55, which is also reflected into the
cell volume dependence. A second sample (S2) with x
=0.55 concentration was prepared in order to confirm this
result. As shown in Fig. 1, the refined values of the lattice
constants are reproducible for the Nd, ,sHog ssFe 4B samples
of different batches.

The temperature dependence of the magnetization through
the Nd,_,Ho,Fe B series is shown in Fig. 2. Both Nd,Fe,,B
and Ho,Fe,B display uniaxial magnetic anisotropy at RT
with the easy direction of magnetization (EMD) lying along
the tetragonal ¢ axis. Below RT these compounds exhibit
spin-reorientation transitions (SRTs) at which the magnetiza-
tion cants away from the c-axis direction with an angle that
increases with decreasing temperature.'®!” These transitions
are characterized by an abrupt change in the magnetization
vs temperature curve, M(T), at the onset of the SRT.?%%’

As shown in Fig. 2, the substituted Nd,_ Ho,Fe ;4B com-
pounds exhibit similar M(7T) behavior as that of Nd,Fe 4B
and Ho,Fe 4B. Noticeably, the jump of the magnetization at
Tgr is less marked for the x=0.5 and 0.6 compounds. This
result seems to be related with the dependence of Tz on the
Ho concentration. The temperature of the onset of the SRT
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FIG. 1. Top panel: composition dependence of the lattice con-
stants a (@) and ¢ (A) through the Nd,_,Ho,Fe,B series. Bottom
panel: the same comparison is shown for the a/c ratio (@) and the
cell volume (A). The open symbols correspond to the S2 (x
=0.55) sample (see text for details).

transition, 7gzr, has been determined as the inflection point
of the M(T) curves measured in the presence of an applied
field of 1 kOe (see Table II). As shown in Fig. 2, Tsrr de-
creases as the Ho content increases. However, this decrease
is not linear but showing a different trend for compounds
with x<0.45 and x=0.50. Moreover, the T¢r of the x
=0.55 compound follows the same dependence as the low
Ho content samples.

These results are tentatively addressed to the different
substitution of Nd by Ho at the 4f and 4g sites. In the case of
Nd,Fe 4B the 4g site prefers the [001] direction at ambient
temperature and dictates the macroscopic easy-axis direction.
On the contrary, the 4f site reduces the intrinsic stability by
favoring alignment along [110]-type directions.”® As a con-
sequence, the competition between the rare-earth magnetic
anisotropy at both 4f and 4g sites controls the SRT transi-
tion. On the basis of the R-atom size and lattice site
volume!>!3 one may assume that Ho preferentially substi-
tutes Nd at the 4f sites. For x<<0.5 all the 4g sites are occu-
pied by Nd ions and there are more Nd atoms than Ho ones
at the 4f sites. For 0.5=<x=1 the Nd vs Ho occupancy of the
4f sites is reversed and Ho should dominate the contribution
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of the 4f sites to the magnetic anisotropy. However, it should
be noted that the R-Fe exchange is larger for the light R than
for the heavy R.'> Consequently, the peculiar behavior of
M(T) for x=0.5 and x=0.6 may be addressed to the compe-
tition between the Nd and Ho ions into determining the mag-
netic anisotropy of the 4f sites. Within this frame, the fact
that the Tgzy of the x=0.55 compound follows the same de-
pendence as the low Ho content samples should indicate an
unexpected smaller contribution of Ho to this competition.

Further confirmation of the different R-Fe exchange for
Nd and Ho ions can be obtained from the analysis of the
Curie temperatures. According to previous findings in the
R,Fe,,B series, T exhibits a smooth (~G'"?) dependence
with the de Gennes factor (G) that is different for light R and
heavy R. This behavior has been interpreted in terms of the
larger R-Fe exchange for the light R than for the heavy rare
earths since the exchange interactions between 4f and 5d
electrons are larger for light-R elements due to a smaller
difference between the spatial extent of 4f and 5d shells.'>!3
The variation of T on the Ho concentration through the
Nd,_,Ho,Fe 4B series reported in Fig. 2 shows that T de-
creases as the Ho content increases. However, a different 7
vs x dependence is found for compounds in which x<1.2
and those with x= 1.6, i.e., for the Nd-rich and Ho-rich com-
pounds. According to the preferential substitution scheme
discussed above, this change of behavior takes place at x
~ 1.5, i.e., when Ho ions occupy all the 4f sites and, in
addition, there are more Ho atoms than Nd ones at the 4g
sites. In other words, the change of the T~ dependence takes
place when Ho dominates the anisotropy of both 4f and 4g
sites within the Nd,_ Ho Fe ,B series.

The concentration dependence of the cell parameters
(Table I), M(T) (Fig. 2), and Tggy (Table II) through the
Nd,_,Ho,Fe 4B series indicates the peculiarity of the region
close to x=0.55. The singular behavior of the
Nd, 4sHog 55Fe 4B compound within the whole series is also
reflected in the composition dependence of the magnetization
as a function of magnetic applied field, M(H). As shown in
Fig. 3, the maximum of magnetization is found for the
Nd,Fe 4B compound and the magnetization decreases as the
Ho content increases so as to reach its minimum value for
Ho,Fe 4B. This behavior can be accounted in terms of the
different magnetic coupling of both Nd and Ho magnetic
moments with that of Fe. At room temperature, the magnetic
moments of both Fe and Nd atoms are ferromagnetically
coupled in Nd,Fe 4B. By contrast, the coupling between iy,
and ug, is ferrimagnetic in the case of Ho,Fe,B. Within a
two-sublattice framework the magnetization of the
Nd,_,Ho,Fe ;B compounds can be expressed as® M,,
=MF8+A2R’ being AZFC= 14/1Fe and MR=(2_X)IJ‘Nd+le’HO'
Due to this coupling scheme uyy and gy, are ferrimagneti-
cally coupled through the Nd,_,Ho,Fe4,B series and, conse-
quently, the magnetization decreases as the Ho content in-
creases. Beyond this general trend, the dependence with the
Ho concentration of the magnetization measured in an ap-
plied magnetic field uyH=5 T, M, (5 T),”° shows an un-
usual behavior (see Table II). As shown in Fig. 3, M,,(5 T)
decreases in a linear way as increasing x through the
Nd,_,Ho,Fe,B series, with the exception of the x=0.55
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compound for which M,,(5 T) shows a sudden increase.
This behavior is similar for the M (H) curves recorded at both
T=4.2 K and at RT.

We have applied a two-sub-lattice model in order to ex-
tract the magnetization of the rare-earth sublattice, M. It has
been assumed that the magnetization of the Fe sublattice in
the Nd,_,Ho,Fe,B compounds corresponds to that of
Y,Fe ;4B recorded at the same conditions (temperature and
applied magnetic field). In this way, My is obtained from the
direct subtraction of the Y,Fe 4B magnetization to that of the

Nd,_,Ho,Fe 4B compounds. It should be noted that at room
temperature the reduced temperature, 7/ T, ranges from 0.51
for Nd,Fe ;B to 0.52 for Ho,Fe 4B, being 0.52 that of
Y,Fe ,B. The obtained values of My have been compared
with the rare-earth sublattice magnetization calculated as
M = (2—X) fing + X fiyzo. Where ung and uyy, have been deter-
mined by subtracting the Y,Fe;,B magnetization to that of
the Nd,Fe ;B and Ho,Fe ;B compounds, respectively. The
comparison between the rare-earth sublattice magnetization
experimentally determined, M, and the calculated one, M .,

TABLE II. Curie temperature (7), spin-reorientation temperature (7sg7), and magnetic parameters of the
Nd,_Ho,Fe 4B compounds. M,,(5 T) is the total magnetization at 5 T; My is the magnetization of the
rare-earth sublattice and M its calculated value (see text for details).

M (5T) My (5T) Tc Tspr  Mp(ST)  MR(ST) M,(ST) M,(ST)

X 42K 300 K 42K 300 K 42K 300 K
0 37.81 3317 5935 140 4.90 3.89 4.90 3.89
0.2 3532 31.53 592 134 241 2.25 2.39 2.22
0.4 32.81 3023 5915 125 -0.10 0.95 -0.13 0.56
0.5 32.18 2955 5895 130  -0.73 0.27 -1.38 -0.27
0.55 32.60 30.20 500 120  -031 0.92 -2.01 -0.69
0.6 29.96 28.83 589 126 -2.95 ~0.45 ~2.64 ~1.11
0.8 26.99 2583 5885 118  -5.92 ~3.45 -5.15 -2.77
1.2 23.67 2378 5855 105 -9.24 -5.50 -10.18 -6.10
1.6 17.70 2022 5775 87 -15.21 -9.06 -15.21 -9.42
2 12.67 1653 5755 61 -2024 1275 -20.24 ~12.75
Y,Fe,,B 3291 29.28 574
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FIG. 3. (Color online) Top panel: magnetization vs applied mag-
netic field curves of the Nd,_,Ho,Fe 4B series recorded at room
temperature. The M(H) curve of Y,Fe 4B is also shown (solid line).
Bottom panel: comparison of the concentration dependence of the
rare-earth sublattice magnetization (My) obtained from the experi-
mental M(H) data at uoH=5 T (M), and that computed, M, (),
as the weighted sum of the rare-earth magnetization derived for
Nd,Fe;4,B and Ho,Fe 4B (see text for details). In the inset, the con-
centration dependence of Mp at T=4.2 K and uyH=5 T is shown.

shows a good agreement in the whole composition range
except for the compound with x=0.55. In this case the cal-
culated value is M,.,;=-0.69 up while the experimental one
is MR=092 MpB.

The peculiarity of the x=0.55 concentration within the
Nd,_,Ho,Fe 4B series lies close to the expected value for the
occurrence of the compensation of the rare-earth sublattice
magnetization. As discussed above, the relative orientation of
the Mg, and My sublattice magnetizations depends through
this series on the particular Ho concentration: it is parallel in
the case of Nd-rich compounds [(2-x)|ung > x|uyo|] and
antiparallel in the Ho-rich side [(2—x)|una| <x|ptyo|] of the
series. As a consequence, the orientation of My with respect
to Mg, is reversed for a critical concentration at which (2
—x)| ndl =X| 10| and My cancels. This behavior is equivalent
to a magnetic-compensation phenomenon but referred to the
rare-earth sublattice only. An estimate of the critical concen-

tration, x,., at which the compensation occurs can be obtained
by assuming the free ion value for both wyg (3.27 up) and

Mo (10 wp). Under this approximation, My should be zero
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for x=0.49. This value cannot be directly compared to the
room temperature data as the free ion approach is not longer
valid and, in addition, the thermal dependence of the Nd and
Ho magnetic moments may be different. Therefore, we have
determined the critical concentration as x.=0.47 by using the
Mg and up, values derived from the M(H) data at room
temperature. These values are close to that of
Nd, 4sHoq 55Fe 4B, i.e., the compound showing a peculiar be-
havior within the series.

Trying to discern if the origin of such behavior is con-
nected to the occurrence of a magnetic compensation within
the rare-earth sublattice, we have applied two different mi-
croscopic techniques as °’Fe Mossbauer spectroscopy and Fe
K-edge XMCD. By using these atomic-selective techniques
it would be possible to disentangle the dependence of the
magnetic properties of the Fe sublattice on the Ho concen-
tration. Moreover, they allow us to verify if the magnetiza-
tion of the Fe sublattice remains unaltered through the whole
Nd,_,Ho,Fe,B series, as assumed in the two-sublattice
analysis of the magnetization data. We have performed the
study of both *’Fe Mossbauer and Fe K-edge XMCD at room
temperature. Working well above the temperature region in
which the spin reorientation takes place guarantees that pos-
sible effects associated with the modification of the magnetic
moments arrangement, due to the variation of the EMD, are
minimized.

B. Analysis of the 5"Fe Massbauer spectra

The Mossbauer spectra of the Nd,_ Ho,Fe;,B com-
pounds, see Fig. 4, have been fitted with six sextets corre-
sponding to the six crystallographic nonequivalent Fe sites of
the R,Fe ,B structure.3*33 In all cases a small amount of
magnetic a-Fe has been included in the fit. Because its
amount (<3%) is known from the previous x-ray diffraction
(XRD) analysis and the hyperfine parameters are known
from the literature, they have been included in the fit with
no modification of the number of adjustable parameters.

The assignment of the six spectral components to the dif-
ferent crystallographic iron sites 16k; (10, 1, 11.75), 16k,
(10, 0, 11.55), 8j, (9, 0, 12.11), 8j, (12, 0, 12.70), 4e (9, 2,
11.83), and 4c¢ (8, 0, 12.30), is based upon their relative areas
and near neighbor environment. The numbers in the paren-
theses are, respectively, the number of Fe (Zg.) and B (Zp)
near neighbors and the Wigner-Seitz volume [V yy5(A%)].3° In
general, the largest Zp, and Vy, the largest the hyperfine
field B, is. Moreover, in the case of the R,Fe 4B compounds
it is considered that the B atoms behave as electron donors to
the Fe atom, thus reducing the hyperfine field of the adjacent
Fe atoms.?3! The largest value of By, is expected for the 8,
site because it has Zz=0 and the largest value of both the
number of Fe near neighbors (Zg.=12) and Wigner-Seitz
volume. For both 16k; and 16k, sites Zg.=10 and
Vws(16k,) > Vy,4(16k,). However, because Zg=1 for the 16k,
site while it is zero for the 16k, one, the second largest
hyperfine field is expected for the 16k, site. The smallest
hyperfine field corresponds to one of the two weakest com-
ponents, the 4c¢ site with only eight Fe atoms near neighbors.
The assignment of the remaining 16k, 8j;, and 4e sites is
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FIG. 4. (Color online) *’Fe Méssbauer of Nd,_,Ho,Fe ,B com-
pounds (x=0, 0.4, 0.55, 0.8, and 2) recorded at T=295 K.

straightforward on the basis of their relative area; however, it
is not easy to predict the relative values of By at these sites.
On the basis of the near neighbor environment (Zg, and Z)
one would expect B,(16k;) > B),/(8;,) > B)(4¢) but, in prac-
tice, it is found that the values of B/(16k;), B,A8j;), and
B,{4e) are very similar. >33 Moreover, their hierarchy is
different depending on both the particular compound and the
fitting procedure.3*3 These small discrepancies may be due
to the influence of the different Wigner-Seitz volumes (the
16k, has the smallest Vy,g), and also to the influence of the
rare earth (the 8j, site has four R-atom near neighbors while
the 16k; and the 4e sites have only two R near neighbors).
In the present case we have applied a similar fitting pro-
cedure to that described in Ref. 30. Each sextet is defined by
its relative area, linewidth, hyperfine field, Byp isomer shift,
6, quadrupole interaction, eQV,,/2, and the angle, 6, be-
tween the principal axis of the electric field gradient and the
magnetic hyperfine field that is assumed parallel to the easy
axis of magnetization. The relative area of each sextet has
been kept fixed and equal to 4:4:2:2:1:1 for the 16k, 16k,,
8j1, 82, 4c, and 4e Fe sites, respectively. The linewidth, T',
has been determined from the fit of the most external peak at
~6 mm/s (I'=0.27 mm/s), and it has been kept constant
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and identical for each sextet. The fitting process has been
performed in two steps. First, we have determined the hyper-
fine parameters of the more intense and well defined 16k,
16k,, and 8j, sextets and, secondly, those of less well defined
8j1, 4c, and 4e sextets. The corresponding hyperfine param-
eters are given in Table III. It should be noted that our fitting
model only allows us to determine the value of the quadru-
pole shift e=(eQV../ 2)(%). According to previous
works3%32 the @ angles are 17.8, 32.9, 2.5, 11.5, 0, and 90 for
the 16k, 16k,, 8j;, 8j,, 4c, and 4e Fe sites, respectively, if
the hyperfine field is along the ¢ axis. Provided that for all
the studied Nd,_,Ho,Fe;;B compounds both EMD and B,
lie along the [001] direction, we have used the values of 6
given above to determine eQV_. /2.

The obtained hyperfine parameters, summarized in Table
II, are in agreement with those previously reported for
R,Fe;,B compounds.’*3? In particular, we have observed
that the largest absolute values of the quadrupole interaction
are found for the 8j, and 4e sites, which is consistent with
the very asymmetric electronic environment of these sites.*
As shown in Table IIT all the hyperfine parameters (B, 9,
and eQV../2) slightly decrease when increasing the Ho con-
tent. The total Fe average hyperfine field, (B, of the
Nd,_,Ho,Fe ;B compounds is shown in Fig. 5 as a function
of the Ho concentration and compared to that of Y,Fe ,B
obtained under the same experimental conditions. As we can
see in this figure (B, decreases linearly with x, and an
anomalous reduction is observed for the x=0.55 concentra-
tion. Making a parallel to the two sublattices model for the
magnetization (B) has been calculated as a linear combina-
tion of the end-member values according to (2-x)
X(B,/(Nd,Fe,4B))+x(B,(Ho,Fe 4B)) expression. The com-
parison of the experimental data to the calculated ones shows
a good agreement with the exception of Nd; 4sHo,ssFe 4B
for which (B);) suddenly departs from the linear trend. In
principle, this anomalous reduction may be related with the
anomalous variation of the volume. However, as shown in
Fig. 5(b), there is no direct relationship between (B and V.
Consequently, this result indicates that the anomalous varia-
tion of (By) at x=0.55 is not of steric origin.

In all the Nd,_,Ho,Fe 4B compounds, the total Fe average
hyperfine field is greater than that of Y,Fe4B, i.e., of the
compound in which no magnetic rare earth is present. In-
deed, the excess in (Bhf> in the former compounds is due to
the rare-earth sublattice contribution to By, the so called
rare-earth transferred field, B;g. Therefore, B, also probes a
magnetic contribution coming from the rare-earth atoms
present in the material under study. In a recent work, the
variation of (By,) along the RFe,; sTa s series has been ex-
plained in terms of the rare-earth transferred field.>> Accord-
ing to this model, (B can be written as

(Byy) = (Bre) + (B, (1)

where (Bg,) represents the contribution coming from the iron
sublattice, and (B,) represents the contribution coming from
the rare-earth sublattice. Within this model the (Bg,) term is
assumed to be the same for all the members of a given series
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TABLE III. Room temperature hyperfine parameters of the Nd,_,Ho,Fe 4B compounds. The values of the
isomer shifts are relative to a-Fe at room temperature. (In all the cases the estimated errors are at most
#0.05 T for By, +0.010 mm/s for &, and +0.020 mm/s for eQV../2.)

Site
Hyp. Par. X 16k, 16k, 871 8j» 4c 4e Aver.
BAT) 0 28.9 30.8 28.1 34.5 25.6 28.9 29.9
0.2 28.9 30.7 28.0 34.5 25.6 28.9 29.8
0.4 28.8 30.6 27.9 344 25.6 28.9 29.7
0.5 28.7 30.5 27.8 344 25.6 28.9 29.7
0.55 28.6 304 27.7 342 25.5 28.8 29.6
0.6 28.7 30.5 27.8 34.4 25.6 28.9 29.7
0.8 28.7 30.4 27.7 34.4 25.6 28.8 29.6
1.2 28.6 30.2 27.5 343 25.6 289 29.5
2 28.5 29.9 27.1 342 25.6 28.7 29.3
Y,Fe 4B 27.7 29.0 28.1 33.0 252 26.2 28.6
8 (mm/s) 0 -0.040 -0.128 -0.080 0.073  -0.109 -0.042  -0.060
0.2 -0.048 -0.128  -0.071 0.075 -0.116  -0.044  -0.061
0.4 -0.047 -0.126  -0.073  0.068 -0.132 -0.024  -0.061
0.5 —-0.051 -0.128  -0.078  0.068 -0.117 -0.024  -0.063
0.55 -0.050 -0.125 -0.077 0.067 -0.121  -0.029  -0.062
0.6 -0.050 -0.128 -0.078  0.065 -0.120 -0.033  -0.064
0.8 -0.054 -0.131  -0.081  0.060 -0.122  -0.018  —0.066
1.2 -0.057 -0.130 -0.079  0.059 -0.134  -0.036  -0.069
2 -0.060 -0.129 -0.080 0.067 -0.138  -0.030  -0.068
eQV_/2 (mm/s) 0 0.287 0.314 0.335 0.692 -0.173  -0.747 0.253
0.2 0.301 0.303 0.309 0.689 -0.218  -0.725 0.248
0.4 0.286 0.297 0.321 0.691 -0.166  -0.715 0.248
0.5 0.293 0.306 0.302 0.699  -0.159  -0.725 0.251
0.55 0.284 0.299 0.303 0.692  -0.161  -0.704 0.247
0.6 0.283 0.306 0.303 0.705 -0.142  -0.710 0.252
0.8 0.285 0.298 0.299 0.688  -0.136  -0.742 0.245
1.2 0.277 0.303 0.295 0.694  -0.161  -0.692 0.246
2 0.270 0.320 0.289 0.673  -0.194  -0.655 0.245

and should coincide with the value of (By) for a R,Fe,B
compound in which R is nonmagnetic. (B,) stems from the
polarization effects due to the rare-earth magnetic moments
and, consequently, it should be proportional to the R molecu-
lar field acting on the iron atoms

<BtR> = (VRN RE MR (2)

where { is a proportionality factor which depends on the
number of 4s spins contributing to the polarization, g
=2(g;—1)/g;, ngr. is the R-Fe exchange coefficient, and g
is the rare-earth magnetic moment. In the case of the
Nd,_,Ho,Fe ;B compounds, we have taken

(Bir) = (Bing) + (Biio) = (2 = X) { YnaliNdreng

+ x§7H0nHOFeMHO . (3)

We have plotted in Fig. 5(c) (B, as a function of (2
—X) YndINdFeMNd X Vi HoFeMio- The values of the exchange
parameters, nygr. and nyyp., have been calculated according
to Ref. 36 and both uyg and uy, have been derived from the
magnetization data. This analysis perfectly reproduces the
observed decrease of (B} from Nd,Fe 4B to Ho,Fe,B, with
the only exception of the x=0.55 compound.

The inspection of Fig. 5 shows two main results: (i) the
rare-earth transferred field is higher for Nd,Fe ,B than for
Ho,Fe 4B, in agreement with the enhanced R-Fe exchange
for light-R compounds over the heavy-R ones,'>* and (ii) as
Nd is replaced by Ho, (B,) decreases linearly with the only
exception of the x=0.55 compound. The latter result supports
that the magnetization of the Fe sublattice remains constant
through the Nd,_,Ho Fe 4B series.

The observed reduction of (B, at x=0.55 can be due to
the decrease of g, tngs OF My Unfortunately, it is not
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FIG. 5. (Color online) (a) Concentration dependence of the
room temperature Fe average hyperfine field through the
Nd,_,Ho,Fe 4B series (green, @®). For the sake of completeness
(Byy) of Y,Fe4B is also shown (black, O). The dashed line corre-
sponds to the (Bhf> calculated as a linear combination of the end-
member values. (b) Cell-volume dependence of (B (the dotted
line is a guide to the eye). (c) (Byp) vs (2—X)¥na/INdFeind
+X Yro HoFeMHo: €Xperimental (green, @) and theoretically calcu-
lated (red, dashed line) (see text for details).

possible to learn further on the origin of the peculiar behav-
ior at this concentration from the analysis of the (B, data
only. The rare-earth contribution to <Bhf> does not reflect the
different magnetic coupling among the Nd (ferro-) and Ho
(ferri-) magnetic moments with the Fe moment. However,
the combined analysis of both (B)) and magnetization data
suggests that this behavior may be mainly addressed to the
Ho sublattice. Indeed, the  magnetization  of
Nd, 4sHog 55Fe 4B increases while it should decrease if either
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Mpe OF fing decreases. This result points out that it is the
contribution of the Ho sublattice to the total magnetization of
the system which anomalously decreases for the x=0.55 con-
centration. This proposition is compatible with both the ob-
served decrease of (B),) and the increase of M occurring for
this concentration.

C. Fe K-edge x-ray magnetic circular dichroism

The qualitative analysis above suggests a different behav-
ior of the Ho sublattice with respect to the Nd and Fe ones
near the critical concentration for the compensation of the
macroscopic  rare-earth  magnetization  through the
Nd,_,Ho,Fe 4B series. Aimed to verify this finding we have
performed an XMCD study of the Fe K-edge signal in these
compounds. The main advantage of using XMCD lies in its
atomic selectivity. Moreover, it has been proposed that even
if there is a contribution coming from the rare-earth atoms,
this contribution reflects also, contrary to B, the coupling of
the magnetic moments. Therefore, the study of the XMCD
may lead to a deeper insight of the different magnetic behav-
ior of the three sublattices close to the critical x=0.55 con-
centration.

The comparison of the Fe K-edge XMCD spectra of
Y,Fe 4B, Nd,Fe 4B, and Ho,Fe 4B is reported in Fig. 6. The
Fe K-edge spectrum of Y,Fe 4B is characterized by a narrow
positive peak (A) at the absorption edge (E—Ey,=1 eV) fol-
lowed by a broad negative dip (~12 eV wide). This shape is
similar to that of Fe metal.! By contrast, the spectral profile
of the Fe K-edge XMCD of both Nd,Fe 4B and Ho,Fe ,B
compounds is quite different with respect to that of Y,Fe,B.
In principle, one expects a close similarity of their XMCD
signals because (i) the three compounds exhibit the same
crystal structure (and thus similar local Fe environment), (ii)
it is usually accepted that Fe K-edge XMCD probes only the
Fe atoms in these materials, and (iii) the magnetic properties
of the Fe sublattice in these compounds are thought to be
nearly identical.!? However, this is not the case. While both
Nd,Fe 4B and Ho,Fe 4B show the narrow peak at the edge
(A), the higher energy region is significantly modified, both
in sign and amplitude, with respect to Y,Fe4B. In the case
of Nd,Fe 4B the former negative dip in Y,Fe 4B splits into
two intense peaks of negative (B) and positive (B’) sign
located at energies 5 and 14 eV above the edge, respectively.
The Ho,Fe;;B XMCD spectrum shows a negative intense
peak at 3 eV (C), a broad positive one at 7 eV (C’), and a
second negative peak (C”) centered at ~12 eV above the
edge.

The strong dependence of the Fe K-edge XMCD spectra
in R-Fe compounds on the specific nature of the rare earth
has been previously assigned to the magnetic contribution of
the rare earth even if Fe atoms are being probed.”!! As dis-
cussed previously in detail (see, for example, Ref. 7) the Fe
K-edge absorption in R-Fe intermetallic materials can be
sensitive also to the lanthanide 5d states through the hybrid-
ization of the outermost states of the absorbing Fe with the
5d states of the rare-earth neighbors. Accordingly, the total
XMCD signal can be expressed as the addition of two com-
ponents: XMCD,,,=XMCDg,+XMCDyp, being XMCD; and
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FIG. 6. (Color online) Top panel: room temperature Fe K-edge
XMCD spectra of Nd,Fe 4B (black, M), Ho,Fe 4B (red, @), and
Y,Fe 4B (blue, A). Bottom panel: comparison of the XMCD sig-
nals obtained after subtracting the Fe K-edge XMCD spectrum of
Y,Fe4,B to that of Nd,FesB, XMCDyy (black, M), Ho,Fe 4B,
XMCDy, (red, @), and their addition XMCDyy+XMCDy, (blue,
O).

XMCDp, the magnetic contributions of the rare earth and Fe
magnetic sublattices, respectively. Making a parallel to the
two-sublattice analysis of the magnetization data, the differ-
ence signal defined as XMCD,;;,=XMCD (Nd,_,Ho,Fe,,B)
—XMCD (Y,Fe4B) would correspond to the rare-earth con-
tribution to the Fe K-edge XMCD spectra through the
Nd,_,Ho,Fe 4B series. This procedure is illustrated in Fig. 6
for both Nd,Fe ,B and Ho,Fe ;B compounds. As shown in
the figure (top panel), the amplitude of the signals associated
with both Nd and Ho are of the same order of magnitude as
for Y,Fe4B. This result indicates that the contribution of the
rare earth to the Fe K edge is not a simple correction to the
Fe one but it determines the shape of the signal. Moreover,
the sign of this rare-earth contribution depends on the cou-
pling between the rare-earth magnetic moment and the Fe
one. This is illustrated in Fig. 6 (bottom panel) where it is
shown that the contribution of Nd and Ho (XMCD /) are of
similar amplitude but of opposite sign, as corresponding to
the different magnetic coupling between uyny (ferro-) and
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Mo (ferri-) with wp, in Nd,Fe 4B and Ho,Fe 4B, respec-
tively.

The importance of this result lies into the possibility of
using the Fe K-edge XMCD in R-Fe intermetallics as a se-
lective magnetometry probe of the rare-earth magnetism. In
principle, one can conclude that since the overall XMCD
signal corresponds to the combination of the Fe and R mo-
ments, the XMCD resembles the macroscopic (bulk) mea-
surements. In other words, that the existence of Fe-R hybrid-
ization makes Fe K-edge XMCD equivalent to various bulk
probes. However, the detailed study of the XMCD signals
shows that the effect of the rare earth is not equivalent to that
of an effective rare-earth magnetization but it conserves the
atomic nature and the characteristic magnetic coupling of
each rare-earth species. In other words, both Nd and Ho con-
tribute according to their magnetic moment value and cou-
pling, independently of the averaged M.

To verify this possibility we have proceeded in the
following way: (i) as discussed above, we have extracted
the contribution of the Nd atoms to the Fe K-edge
XMCD of Nd,Fe;4B by subtracting to its XMCD spectrum
that of Y,Fe;,B, XMCD,;(Nd)=XMCD(Nd,Fe,4B)
-XMCD(Y,Fe,B); (ii)) a similar procedure is
made on Ho,Fe;4B, XMCD,;{Ho)=XMCD(Ho,Fe,,B)
—XMCD(Y,Fe 4B); (iii) in doing this we are assuming that
the Fe magnetization does not significantly vary in both com-
pounds; and (iv) then, the Fe K-edge XMCD of the different
Nd,_,Ho,Fe4,B compounds, XMCD,,,, is reconstructed as

XMCD,,, = XMCD(Y Fe ;B) + (2 - x) XMCD,,(Nd)
+X XMCDdlff(HO) .

This simple addition incorporates the ferro-(ferri-) mag-
netic coupling of the Nd(Ho) magnetic moments to that of
Fe. The result of such a procedure is shown in Fig. 7. The
agreement between the experimental spectra and those built
up from the individual (Fe, Nd, and Ho) signals is remark-
able. In addition, the fact that all the spectra, both experi-
mental and theoretically reconstructed, cross at the same en-
ergy points (P1, P2, and P3, see Fig. 7) supports the validity
of our hypothesis. Moreover, it should be noted that the rare-
earth XMCD contribution does not become zero as the aver-
aged My does in the neighboring of the compensation of the
rare-earth sublattice magnetization, M. However, the agree-
ment worsens in the case of the Nd;4sHogssFe;4,B com-
pound. This result indicates that our approach breaks down
for this particular concentration. Then, either the Nd or the
Ho contribution to the Fe K-edge XMCD departs from the
expected value.

The integrated Fe K-edge XMCD has been compared to
the rare-earth magnetization in Fig. 8. This comparison
shows that, as expected, the overall XMCD signal corre-
sponds to the combination of the Fe and rare-earth moments
resembling the macroscopic magnetization. Indeed, the sud-
den increase of My at x=0.55 is reproduced by the integrated
XMCD signals. However, it is possible to take advantage of
the different energy dependence of the individual Nd and Ho
contributions extracted from the XMCD signals to disen-
tangle its modification through the Nd,_,Ho Fe ;B series. As
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FIG. 7. (Color online) Fe K-edge XMCD spectra of the
Nd,_,Ho,Fe 4B compounds as a function of the Ho concentration:
x=0 (black, W), x=0.4 (green, A), x=0.8 (blue, ¥), x=1.2 (ma-
genta, <), and x=2 (red, @). The dotted lines correspond to the
XMCD spectra obtained as the weighted sum of the XMCD signals
of both Nd,Fe4,B and Ho,Fe 4B (see text for details). In the inset,
a magnified view of the same comparison in the case of x=0.4
(green, A), x=0.8 (blue, V), and x=0.55 (red, O) is shown.

shown in Fig. 6, the main peaks of the Nd contribution lie at
5 eV (peak B) and 14 eV (B’) being negative and positive,
respectively. At these energies, the sign of the Nd contribu-
tion dominates over the Ho one. Therefore, we have plotted
the variation of the XMCD intensity at these energies as a
function of the Ho concentration. The result, reported in Fig.
8, shows that for x=0.55 the intensity of peak B becomes
more negative and the contrary occurs at B’. A similar result
is obtained when examining the intensity of the XMCD spec-
tra at an energy in which the contribution of both Nd and Ho
cancels. At E=7 eV the positive contribution of Ho cancels
the negative one of Nd to the total XMCD. As the Ho con-
centration increases one expects that the XMCD intensity
increases but the contrary is experimentally observed. These
results indicate that either the Nd contribution increases or
the Ho contribution decreases. However, the observed reduc-
tion of the rare-earth sublattice contribution to By, to which
both Nd and Ho contributes positively, is only compatible
with the reduction of the Ho contribution to the total magne-
tization, By, and XMCD.

These results address that the anomalous behavior of
Nd, 4sHog ssFe 4B within the Nd,_ Ho Fe,B series lies in
the anomalous magnetic behavior of the Ho sublattice. Ac-
cording to steric considerations Ho preferentially substitutes
Nd at the 4f sites and, in addition, the R-Fe exchange fields
significantly differ for the inequivalent 4f and 4g sites.’’
Moreover, it has been recently demonstrated that the 4g sites
are predominately responsible for the intrinsic magnetic co-
ercivity of Nd,Fe;4,B (Ref. 20) as the R-Fe exchange cou-
pling is not strong enough to ensure a rigid rotation of Nd
and Fe magnetizations.'®-2° Consequently, the peculiar be-
havior of the Ho sublattice may be due to a canting of the Ho
magnetic moments resulting from the interplay of both the
competing interactions at the 4f and 4g sites associated with
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FIG. 8. (Color online) Top panel: comparison between the rare-
earth sublattice magnetization of the Nd,_,Ho Fe;4B compounds
derived from M(H) curves (black, B) and the integrated Fe K-edge
XMCD signals (blue, [1). Bottom panel: comparison of the inten-
sity of the main absorption peaks of the XMCD signals obtained
after subtracting the Y,Fe;4,B XMCD spectrum to that of the
Nd,_,Ho,Fe ;B compounds (see text for details): B (5 eV) (black,
W), (7 eV) (red, @), and B’ (14 eV) (blue, O).

the preferential occupancy and to the occurrence of a com-
pensation of the rare-earth sublattice magnetization.

IV. SUMMARY AND CONCLUSIONS

We have reported here the systematic study of the
Nd,_,Ho,Fe ;B series performed by means of XRD, macro-
scopic magnetization, >'Fe Mdssbauer spectroscopy, and Fe
K-edge XMCD.

The macroscopic properties of the Nd,_ Ho Fe;,B com-
pounds evolve continuously from those of Nd,Fe 4B to those
of Ho,Fe 4B as the Ho concentration increases. However, for
a critical concentration x.=0.55 the system presents an
anomalous behavior that is reflected in both macroscopic
(XRD and magnetization) and microscopic (°’Fe Mdssbauer
and XMCD) probes. For this concentration the system is
close to the magnetic compensation of the rare-earth sublat-
tice due to the competition between the ferrimagnetically
coupled Nd and Ho magnetic moments. The combined
analysis of both magnetization and Mdssbauer measurements
suggests a different behavior of the Ho sublattice with re-
spect to the Nd and Fe ones near the critical concentration.

The analysis of the Fe K-edge XMCD data confirms pre-
vious findings regarding the existence of a contribution com-
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ing from the rare-earth atoms even if Fe atoms are being
probed. The comparison of the integrated XMCD spectra and
the magnetization shows that the overall XMCD signal cor-
responds to the combination of the Fe and rare-earth mo-
ments so as to resemble the macroscopic magnetization.
Contrary to the case of °'Fe Mossbauer spectroscopy, the
rare-earth contribution to the Fe K-edge XMCD reflects the
coupling of the rare-earth magnetic moments.

The detailed study of the XMCD signals shows that the
rare-earth contribution is not equivalent to that of an effec-
tive rare-earth magnetization but it conserves the atomic na-
ture and the characteristic magnetic coupling of each rare-
earth species. Both Nd and Ho contribute according to their
magnetic moment value, the sign of its coupling with the Fe
magnetic moment, and the averaged number of Nd(Ho)
neighbors to Fe at a given concentration (x), independently
of the averaged rare-earth sublattice magnetization. The am-
plitude of the Nd and Ho contribution to the XMCD spec-
trum is maximized at different energies and, by monitoring
the XMCD intensity at these positions, it is possible to dis-
entangle the magnetization of both rare-earth sublattices.
These results point out that the origin of the anomalous mag-
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netic behavior of the Nd,_,Ho,Fe ;B compounds at a critical
concentration x.=0.55 is mainly due to the Ho sublattice.

These results open the possibility of using the Fe K-edge
XMCD in R-Fe intermetallics as a selective magnetometry
probe of both Fe and rare-earth magnetism. By fixing the
energy at the adequate positions of a single XMCD spectrum
it would be possible to record hysteresis cycles correspond-
ing to the transition metal and to the rare-earth separately.
We think that these results can stimulate further research to
demonstrate the capability of XMCD of providing selective
magnetometry of different atomic species at a single absorp-
tion edge.
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