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X-ray magnetic-circular-dichroism probe of a noncollinear magnetic arrangement
below the spin reorientation transition in Nd2Fe14B
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The experimental detection of a spin reorientation phase transition by means of FeK-edge x-ray magnetic
circular dichroism~XMCD! is reported for Nd2Fe14B. The temperature dependence of the XMCD signals at
both Fe (K edge! and Nd (L2,3 edges! is compared to that of the mutual orientation of the Fe and Nd magnetic
moments derived from macroscopic magnetic measurements. The present study results in the experimental
probe of the existence of a noncollinear arrangement of both Fe and Nd magnetic moments, throughout the
spin reorientation transition.@S0163-1829~98!06213-4#
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I. INTRODUCTION

After many years of a great activity in the 1960s and
1970s, a new start in the permanent magnet research
came from the discovery of theR2Fe14B intermetallic
compounds.1,2 Due to its large economical consequences
the huge market of permanent magnets, a great deal of b
research was focused on Nd2Fe14B, which exhibits superior
high-performance permanent-magnet properties over the
lier Sm-Co materials. This compound has a tetragonal cry
structure belonging to the space groupP42 /mnm. While at
room temperature the magnetic anisotropy is clea
uniaxial, favoring the@001# direction as the easy magnetiz
tion direction, single-crystal studies of its magnetic prop
ties revealed that Nd2Fe14B exhibits a spin reorientation
transition~SRT! at Ts;135 K. As this SRT transition sets in
the magnetization begins to deviate from thec axis when
decreasing the temperature belowTs .3,4 The occurrence of
such a transition destroys the uniaxial anisotropy and w
ens its performance for technological applications. When
spin reorientation was first observed, one of the questi
which arose was whether or not there was a canting of
rare-earth and iron spins relative to one another in the l
temperature phase or whether they remained basically co
ear as in the high-temperature phase.5 Initially, it was derived
from magnetization measurements of Nd2Fe14B single crys-
tals that the magnetization tilts from thec axis at tempera-
tures aboveTs towards the@110# axis at lower temperatures
and that the tilt angle of the total magnetization reac
30.6° at 4.2 K.6 However,57Fe Mössbauer studies show th
570163-1829/98/57~14!/8424~6!/$15.00
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the iron hyperfine field tilts at 4.2 K by only 27°.7 These
results indicate that belowTs the Nd sublattice magnetiza
tion is not oriented parallel to the iron sublattice magneti
tion. Despite the large body of research aimed at determin
the mutual orientation of the Nd and Fe moments through
the spin reorientation transition, no general consensus
been reached so far. Indeed, theoretical calculations base
magnetization analyses predict that the average Nd mom
is within 2–3° collinear with the Fe sublattic
magnetization.8 On the contrary, combined magnetizatio
and 57Fe Mössbauer,7 polarized neutron,9 145Nd Mössbauer
spectroscopy,10 and x-ray resonant magnetic scattering11

studies conclude that the arrangement between the Nd an
magnetic moments can be considerably noncollinear in
low-temperature phase.

The complicated interplay of exchange and crystal-fi
interactions in theR2Fe14B series has triggered numerou
studies. Even nowadays, there is a continuing effort to de
mine the magnetic structure of Nd2Fe14B as a fundamenta
step to understand the role of the different interactions i
determining the intrinsic magnetic properties of theR2Fe14B
compounds.12 We have designed a x-ray magnetic circu
dichroism ~XMCD! experiment trying to solve the puzzl
concerning the magnetic arrangement of Nd2Fe14B in the
low-temperature phase. The XMCD spectroscopy allows
rect measurement of the spin-dependent absorption c
section on a given atomic species in a material with
magnetization.13 XMCD probes the spin polarization of th
empty states of a given symmetry near the Fermi level
selecting the initial state. In this way, by recording the
8424 © 1998 The American Physical Society
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K-edge XMCD it is possible to probe the spin polarization
the Fe 4p states and the conduction band, through the str
Fe(4p,3d)-R(5d) hybridization, whereas theL2 absorption
probes the spin-polarized 5d empty density of states at th
rare-earth sites. Therefore, the characteristic element
shell selectivities of XMCD offers a unique opportunity
monitor the temperature dependence of the angular arra
ment of both, Fe and Nd magnetic moments in Nd2Fe14B.

In a previous investigation we reported the experimen
observation of a SRT by using x-ray magnetic circular
chroism at the NdL2 edge in a Nd2Fe14B polycrystalline
sample.14 However, notwithstanding that the capability
XMCD to study SRT processes was well established,
constraint of using powdered samples prevented us g
further on the analysis, that was limited to the NdL2 edge.
Here, we present an extended experiment improved by
use of single-crystal specimens and by optimization of
experimental setup. Then, XMCD at the FeK edge and at the
Nd L2,3 edges has been applied to study the spin reorie
tion transition in a Nd2Fe14B single crystal. Our aim here i
~i! to demonstrate on one hand, the feasibility of XMCD
the hard x-ray range to study magnetic order-order ph
transitions, even at the FeK edge whose relative magnet
contribution is in the order of only 1023 compared to the
amplitude of the spin-averaged absorption,~ii ! to obtain a
deeper insight into the magnetic changes occurred at a
croscopic scale, triggering the SRT. Furthermore, the co
bined analysis of the XMCD at both Nd and Fe sites w
provide a better understanding of the relationship betw
the integrated XMCD signals involving delocalized fin
states and the local magnetic moments in intermetallics
tems.

II. EXPERIMENTAL

A Nd 2Fe14B single-crystal grown by Sagawa was us
for the XMCD experiments.15 The @110# direction of the
single crystal is perpendicular to a polished face of 634
mm. Magnetization measurements were carried out to ve
both the spin reorientation transition temperature~at about
135 K!, and the coercive field of the specimen~less than
0.4 T!.

The XMCD experiments at the FeK edge and at the
Nd L2,3 edges were carried out at the ESRF beaml
ID12A which is dedicated to polarization-dependent x-ra
absorption studies.16 The source is the helical undulato
HELIOS II which emits x-ray radiation with a high polariza
tion rate of above 90% and flexible polarization~circular
left–circular right!. The second harmonic of the undulat
spectrum was selected to cover the range from 6 to 9 k
The fixed-exit double-crystal monochromator was equipp
with a pair of Si~111! crystals cooled down to2140° C. The
circular polarization rate of the undulator radiation was e
mated to be about 90%.16

XMCD signals were obtained through the difference
x-ray-absorption near-edge structure~XANES! spectra re-
corded consecutively either by reversing the helicity of
incident beam or by flipping the magnetic field (; of about
1 T! generated by a superconducting electromagnet and
plied along the beam direction. The XANES spectra w
recorded at different fixed temperatures in the fluoresc
f
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detection mode using a Si photodiode associated with a d
tal lock in exploiting the modulation of the x-ray beam.17

The sample was mounted with the incident plane tilted 4
away from the beam direction, so that both the@001# and
@110# directions form a 45° angle, within the orbit plan
with the incident beam. A detailed scheme of the experim
tal setup is shown in Fig. 1.

The spin-dependent absorption coefficient was obtai
as the difference of the absorption coefficientmc5(m2

2m1) for antiparallel,m2, and parallel,m1, orientation of
the photon helicity and the magnetic field applied to t
sample. The spectra were normalized to the averaged abs
tion coefficient at high energy,m0, in order to eliminate the
dependence of the absorption on the sample thickness
that mc(E)/m05@m2(E)2m1(E)#/m0 corresponds to the
dimensionless spin-dependent absorption coefficient. I
important to note that no correction for self-absorption h
been performed during the analysis. The comparison
tween the current XMCD spectra and those recorded in
transmission mode assures that no modification of the sh
is induced on the spectra by self-absorption.14,18 Moreover,
to avoid any amplitude reduction that can be attributed
self-absorption effects, we have limited ourselves to a te
perature dependence XMCD analysis relative to the hi
temperature XMCD spectra.

III. RESULTS AND DISCUSSION

The XMCD spectra were recorded at different~13! tem-
peratures, ranging betweenT520 K and room temperature
at both the FeK edge and the NdL2,3 edges in Nd2Fe14B
single crystal. The working temperatures were selected
order to closely follow the evolution of XMCD through th
spin reorientation transition. We show in Fig. 2 some rep
sentative spectra recorded at different temperatures at
Fe and Nd absorption edges. The shapes of the XMCD s
tra are similar to those previously reported for Nd2Fe14B.
However, the amplitudes of the dichroic signals are cons

FIG. 1. Schematic view of the~horizontal! scattering plane. The
sample is mounted in such a way that@001# and @110# directions
form a 45° angle with the incident beam (g) direction, in which the
alternating magnetic field (6H! is applied. The spin reorientation
transition tilts the easy axis of the macroscopic magnetization fr
its high-temperature direction given by MHT to MLT, forming a
continuously increasing theta angle with thec axis towards the
@110# direction as the SRT sets in. The XANES spectra are m
sured field by recording the fluorescence (g8) at a 90° scattering
angle.
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FIG. 2. Normalized XMCD spectra (3102) recorded at different temperatures at the different absorption edges in the Nd2Fe14B single
crystal:~a! Fe K edge,~b! Nd L2 edge, and~c! Nd L3 edge. In all the cases, the spin-averaged absorption recorded at 250 K is also
~dots!. In panel~a! the FeK-edge XMCD of elemental iron is reported for sake of comparison (s).
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erably higher than those obtained under the same condit
on polycrystalline samples. Indeed, it has been reported
the amplitude of the XMCD is;0.15% and;2% at the Fe
K edge and at the NdL2 edge, respectively.16 These results
were obtained at room temperature by measuring a Nd-F
block at the same beamline and under the same experim
conditions as the measurements that we present here. H
ever, we have carried out the experiments on a single-cry
specimen and we find that the amplitude of the XMCD s
nal is;0.45% for FeK edge and;2.8% for NdL2 edge. It
should be also noted that the single-crystal FeK edge
XMCD signal at room temperature in Nd2Fe14B is about
twice as large as that of elemental iron. The huge increas
the XMCD amplitude is undoubtedly linked to the use of
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single-crystal sample, that guarantees single magnetic
main conditions in our XMCD experiments. This resu
points out the need of using optimized samples to prevent
reduction of the XMCD due to the existence of differe
magnetic domains within the sample or the effect of miso
entation of grains in polycrystalline materials, that preve
both the full saturation and full reversion of the magnetiz
tion under the action of the external magnetic field.

The shape and the sign of the XMCD signals at the d
ferent absorption edges, shown in Fig. 2, are consistent w
those previously reported forR-Fe intermetallic compounds
in which R is a light rare-earth and the iron sublattice det
mines the sign of the magnetization.14,19,20

The model commonly adopted to account for the ma
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netic coupling between Fe andR sublattices in such a clas
of intermetallic compounds is due to Campbell.21 This model
considers that theR-Fe interaction is determined by th
R(5d)-Fe(3d) hybridization that renders antiparallel the 3d
and 5d spins. As the rare-earth intra-atomic 4f -5d exchange
interaction renders parallel the 4f and 5d spins, both Fe(3d)
and R(4 f ) spins are antiparallel. Then, asJ5L2S (J5L
1S) for light ~heavy! rare-earths, theR and Fe magnetic
moments are ferromagnetically~antiferromagnetically!
coupled for light~heavy! rare-earth compounds.

In the case of Nd2Fe14B, as the temperature is decreas
through the spin reorientation transition, no modification
the XMCD shape or sign is detected, indicating that
change of the magnetic coupling takes place during the S
However, the change in intensity of the main positive peak
the dichroic signal is about 40, 50, and 30% forK, L2, and
L3 edges, respectively.

These results show how XMCD is sensitive to the s
reorientation transition. Therefore, the next step in our st
is to analyze the temperature dependence of the diffe
signals in order to determine their relationship with both
magnitude and angular dependence~referred to the crystal-
lographicc axis! of the local magnetic moments in the com
pound,mFe and mNd . To this end we have considered th
integrated intensity of the XMCD as a function of tempe
ture. In the case of bothL2 and L3 Nd edges, the main
positive peak of the XMCD signals has been integrated
the result, scaled by subtracting the 250 K value from all
others, is reported in Fig. 3. The integrals have been lim
to these regions because according to a recent resonan
elastic x-ray-scattering investigation performed at the ra
earth L edges on theR2Fe14B series, the main positive
XMCD peak corresponds to a dipolar excitation, whereas
lower energies there is a quadrupolar channel which do
nates the XMCD spectra.22 In both NdL2 andL3 edges, the
amplitude of the integrated dichroic signal raises conti
ously as the temperature decreases, as shown in Fig.~a!.
Below 150 K there is a sharp increase of the signal down
110 K. At this temperature the signal shows a rounded m
mum and starts to decrease slowly as cooling down to
lowest measured temperature.

This behavior is consistent with the macroscopic seco
order description of the spin reorientation transition, sin
around 135 K the magnetization tilts from thec axis towards
@110# by an angleu which increases continuously as th
temperature decreases. Within this framework and accor
to our experimental setup~see Fig. 1!, the projection of the
magnetization on the x-ray beam direction starts to incre
as the SRT sets on. Consequently, as the XMCD signa
directly related to this projection, the XMCD is expected
increase below the spin reorientation temperature. Moreo
it is important to note that the amplitude of both NdL2 and
L3 integrated XMCD signals scale through the whole te
perature range. This result points to a single origin of
magnetic signal at the NdL2,3 edges, being due to the stron
polarization of the Nd 5d states caused by the presence o
localized 4f magnetic moment at the Nd sites.

The analysis of the FeK-edge signal has been made a
cording to Ref. 18, in which a systematic study of the
K-edge XMCD through theR2Fe14B series shows that th
shape of the dichroic spectra is rare-earth dependent.
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cording to this model, we have assumed that the total m
netization of theR2Fe14B compounds is the addition of bot
iron and R sublattice magnetizations, and that the avera
magnetization of the Fe sublattice in the series is given
the magnetization of theR5Y compound.5,18 We have there-
fore considered that the FeK-edge XMCD spectrum in Nd
2Fe14B corresponds to the addition of the magnetic contrib

FIG. 3. ~a! Comparison of the integrated XMCD signal at th
Nd L2 (s) andL3 edges (L) in Nd2Fe14B as a function of tem-
perature. TheL3-edge signal has been multiplied by a factor of 1
~b! Comparison of the temperature dependence of the integr
signals extracted from the FeK-edge XMCD signal after the sub
traction of the Y2Fe14B XMCD signal: Nd-like (h), Fe-like (!)
~see text for details!. ~c! Comparison between the temperature d
pendence of the integrated NdL2 XMCD signal (s) and those
derived from the FeK-edge XMCD after subtracting the Y2Fe14B
XMCD signal: Nd-like (h), Fe-like (!).
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8428 57JESÚS CHABOY et al.
tion of both Fe and Nd sublattices, so that the remain
signal after the subtraction of the FeK-edge XMCD signal
of Y 2Fe14B would correspond to the Nd sublattice magne
contribution. To analyze our data under this model, we h
first subtracted the FeK-edge XMCD signal of Y2Fe14B
from that of Nd2Fe14B, and then integrated the signal in tw
different energy ranges. The first one covers the reg
where the FeK-edge signal exhibits, before subtraction, t
characteristic sharp positive peak assigned exclusively
iron ~referred to as Fe-like in the captions!. The second range
covers the remaining signal in the XMCD spectra, which
assumed to be due to the rare-earth sublattice magnetic
tribution ~referred to as a Nd-like in the captions!.18 The
result of this procedure is shown in Fig. 3~b!, where the
integrated signals have been referred to the 250 K data
subtracting the 250 K value from all the others. From t
figure it is clear how the two integrated signals reflec
different temperature dependence, as it can be expecte
due to the Fe and Nd magnetic sublattices, respectiv
Moreover, it has to be noted that the second signal extrac
whose origin is addressed to the rare-earth, can be exa
scaled to those obtained at the NdL2,3 edges, see Fig. 3~c!,
being in agreement with the hypothesis above, i.e., that
extracted contribution to the FeK-edge XMCD signal re-
flects the magnetic state of the Nd atoms in this sys
through the Fe(4p,3d)-R(5d) hybridization.

The previous analysis advances the existing relations
between the XMCD signals at both Fe and Nd sites with
local magnetic momentsmFe andmNd . Therefore, the study
of their temperature dependence will lead to an atom
species-resolved determination of the angular dependenc
the magnetic moments with respect to thec axis during the
spin reorientation transition. Indeed, notwithstanding that
bulk magnetization behavior of Nd2Fe14B has been well de-
termined through macroscopic measurements, no gen
agreement on the evolution of the magnetic moments on
microscopic scale has been reached so far. As a result,
ferent models involving collinear and noncollinear arrang
ments of the Fe and Nd moments in the low-temperat
phase have been proposed.7–11

In order to obtain a deeper insight into this controver
we have compared the temperature dependence of
XMCD spectra with the available data of@mNd(T), uNd(T)#,
and @mFe(T), uFe(T)#, where u is the canting angle with
respect to thec axis, corresponding to the different propos
arrangements.7–10 In Fig. 4~a! we show the comparison o
the temperature dependence of the integrated NdL2-edge
XMCD signal and the projection along the x-ray wave vec
of the Nd magnetic moment obtained from Refs. 7 and
corresponding, respectively, to noncollinear and collinear
rangements of the Nd and Fe moments in the lo
temperature phase. According to the noncollinear model
rived by Onoederaet al.,7 the values ofuNd and uFe are
found to be 58° and 27°, respectively, at 4.2 K. As clea
shown in Fig. 4, the best agreement is obtained when u
the data of Ref. 7, i.e., by considering a noncollinear c
pling of the Fe and Nd magnetic moments in the lo
temperature phase, as well as a sudden increase of th
magnetic moment as the SRT sets on, this last being
agreement with 145Nd Mössbauer spectroscopy results10

This analysis satisfactorily explains the measured XMC
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signals at the NdL2,3 edges. In the case of the FeK-edge
XMCD spectra this result is even more clear. In Fig. 4~b!, the
temperature dependence of the two integrated signals,~de-
rived from the FeK-edge XMCD after subtracting the
Y 2Fe14B XMCD!, corresponding to the magnetic contrib
tion from the Fe and Nd sublattices, are compared, using
same scale, tomFe(T) andmNd(T) obtained from Ref. 7, i.e.,
by imposing an angular dependence involving a noncollin
arrangement between the two magnetic sublattices.
clearly shown in the figure, each integrated XMCD sign
follows the temperature behavior ofmFe(T) and mNd(T),
thus supporting the existence of a noncollinear magnetic
rangement below the SRT in Nd2Fe14B, as well as the Fe
K-edge signal being due to the addition of two componen
associated to the magnetic contribution from the Fe and
sublattices, respectively.

IV. SUMMARY AND CONCLUSIONS

In this work, x-ray magnetic circular dichroism~XMCD!
at the FeK edge and at the NdL2,3 edges has been applied

FIG. 4. ~a! Comparison between the temperature dependenc
the integrated NdL2-edge XMCD signal (s) and the projection
along the x-ray wave vector of the Nd magnetic moment obtai
from Ref. 7 ~solid line! and Ref. 8~dotted line! corresponding,
respectively, to a noncollinear~collinear! arrangement of the Nd
and Fe moments in the low-temperature phase.~b! Comparison be-
tween the temperature dependence of the integrated signals de
from the FeK-edge XMCD after subtracting the Y2Fe14B XMCD,
@Nd-like (h), Fe-like (!)#, and the projection alongk of the mNd

~solid line! andmFe ~dotted line! magnetic moments taken from Re
7.
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study the spin reorientation transition occurring in Nd2Fe14B
at temperatures below 135 K.

Our study demonstrates, on the one hand, the feasib
of XMCD to study magnetic order-order phase transitio
even at the FeK edge whose relative magnetic contributio
is in the order of only 1023 compared to the amplitude of th
spin-averaged absorption. On the other hand, the analys
the XMCD signals recorded at the different absorption ed
has allowed us to determine the relative magnetic arran
ment between the Fe and Nd sublattices in the lo
temperature phase. Our data are consistent with the exist
of a noncollinear arrangement of both Fe and Nd magn
moments throughout the spin reorientation transition as p
posed by Onoederaet al.,7 i.e., the canting anglesuNd and
uFe reach 58° and 27°, respectively, at 4.2 K.

Finally, special attention has been devoted to the anal
of the FeK-edge signals. Our study identifies, in agreeme
t
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of
es
e-
-

nce
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ro-

sis
nt

with our previously published results,18 the influence of the
Nd sublattice magnetization on the FeK-edge XMCD spec-
trum. In the framework of a two-sublattice model, it is po
sible to extract the magnetic contribution of both Fe and
from the XMCD signal, each one showing a different tem
perature dependence that is in agreement with the non
linear arrangement of both sublattices in the low-temperat
phase.
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