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Soft x-ray magnetic circular dichroism investigation of the spin reorientation
transition in Nd 2Fe14B
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Instituto de Ciencia de Materiales de Arago´n, CSIC-Universidad de Zaragoza, Facultad de Ciencias,
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A temperature dependent x-ray magnetic circular dichroism~XMCD! study at the FeL2,3 and Nd
M4,5 edges through the spin reorientation transition of a Nd2Fe14B single crystal is presented. Direct
comparison of XMCD data with values of the magnetic moments derived from Mo¨ssbauer
spectroscopy allows one to independently determine the evolution of the titling angle between Fe
and Nd moments and thec axis. The experimental results evidence a strong noncollinearity between
Fe and Nd magnetic moments in the low-temperature phase. A new result is the observed delay in
the reorientation of the Fe sublattice with respect to that of the Nd sublattice by around 10 K.
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Since the discovery in the 1980s of the R2Fe14B inter-
metallic compounds,1,2 Nd2Fe14B has become the highes
performance permanent magnet material. Because of
huge high-tech market in which permanent magnets are u
much research has been focused on Nd2Fe14B in order to
understand its complex magnetic behavior.3 Nd2Fe14B has a
tetragonal crystal structure belonging to the space gr
P42 /mnmand showing six nonequivalent sites for iron a
two for neodymium. At room temperature, the magnetic
isotropy is uniaxial; both Fe and Nd magnetic moments
parallel oriented along the@001# direction ~c axis!. By de-
creasing temperature, a spin reorientation transition~SRT!
takes place atTSRT;135 K.4 Below TSRT magnetization be-
gins to deviate from thec axis toward the@110# axis, reach-
ing a tilting angle with thec axis of 30.6° at 4.2 K.5 The
magnetic structure of Nd2Fe14B below the SRT has been
subject of controversy in the last several years. In particu
the question which arises is whether or not there is a can
of the Nd and Fe spins relative to one another or whet
they remain basically collinear as in the high temperat
phase.3

Theoretical calculations based on magnetization anal
predict that the Nd moments are 2°–3° collinear with the
sublattice magnetization in the low-temperature phase.6 On
the contrary, combined magnetization and57Fe Mössbauer
spectroscopy,7 polarized neutron,8 145Nd Mössbauer
spectroscopy,9 and x-ray resonant magnetic scatteri
studies10 conclude that the arrangement between Nd and
magnetic moments can be considerably noncollinear,
though there is no general consensus about the precise
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netic structure. In order to obtain a deeper insight into t
point, we performed a temperature dependent hard x
magnetic circular dichroism~XMCD! study at the FeK edge
and NdL2,3 edges.11 Because of the characteristic eleme
and shell selectivities of XMCD, we were able to experime
tally demonstrate the strong noncollinearity between Nd a
Fe moments below the SRT. However, the mentioned ed
probe the Fe 4p and Nd 5d states, while the main contribu
tion to the magnetic moments comes from the Fe 3d and Nd
4 f states. Therefore, in order to finally determine the prec
magnetic structure in the low-temperature phase, a par
XMCD study in the soft x-ray range should be necessa
This study should allow one to quantify the temperature
havior of the Fe and Nd magnetic moments and tilti
angles. To this end, we have performed a temperature de
dent XMCD study at the FeL2,3 ~2p→3d transitions! and at
the Nd M4,5 ~3d→4 f transitions! edges on a Nd2Fe14B
single crystal.

The Nd2Fe14B crystal has the@001# direction perpen-
dicular to a polished face of 535 mm2. Magnetization mea-
surements were carried out to characterize both the SRT
the coercive field of the specimen~less than 0.4 T at 4.2 K!
XMCD measurements at the FeL2,3 and at the NdM4,5

edges were performed as a function of temperature in t
electron yield detection mode on the Dragon beam l
~ID12B! at ESRF.12 The crystal, positioned in the ultrahig
vacuum chamber, was cleavedin situ with thec axis parallel
to the light propagation direction. XMCD signals were o
tained as the difference between two x-ray absorption spe
~XAS! recorded consecutively by flipping the magnetic fie
~of about 1 T! applied along the beam direction. The me
sured rate of circular polarization isPc5(8465)% at the Fe
edges andPc5(9065)% at the Nd edges.13 In this geom-
7 © 2000 American Institute of Physics
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etry XMCD probes the averages Fe-3d and Nd-4f magnetic
moments projected along thec axis.

At each temperature~from 4.2 to 290 K! and absorption
edge, several XAS spectra were taken, with parallel and
tiparallel relative orientation of the applied magnetic fie
and the photon helicity. Figures 1 and 2 show a typical
ample of the normalized averaged XAS and XMCD spec
performed at the FeL2,3 edges and NdM4,5 edges, respec
tively.

In the case of theL2,3 edges of Fe the orbital, spin, an
total magnetic moments can be determined by applying
sum rules in the XMCD spectra.14 As an example, we obtain
mL,Fe50.10mB , mS,Fe52.16mB , andmFe52.26mB at 290
K with an absolute error estimated about 10%, while
relative one~versus temperature! is not larger than 3%–4%
The obtained total magnetic moment agrees satisfacto
with the values determined by other techniques.3 The deter-
mined orbital magnetic moment is in agreement with
<0.1 mB suggested from the strong anisotropy observed
the Fe hyperfine field15 and larger than the 0.06~3! mB pre-
dicted by band structure calculations.16 The orbital to spin
magnetic moments ratio (mL /mS50.046) is also in good

FIG. 1. NormalizedL2,3 edge XAS and XMCD spectra of Fe on th
Nd2Fe14B compound at 290 K.

FIG. 2. NormalizedM 4,5 edge XAS and XMCD spectra of Nd on th
Nd2Fe14B compound at 290 K.
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agreement~;10%! with that determined from previou
XMCD measurements performed on the same compoun
room temperature.17

In Fig. 3, the temperature dependence of the iron m
netic moment~per atom!, obtained as explained previousl
is shown. As the temperature decreases, a linear increa
the magnetic moment is observed, and below 140 K ther
a continuous and strong reduction of the magnitude.
XMCD measures the projection of the moment along thc
axis, this reduction is due to the SRT that Nd2Fe14B exhibits
at this temperature. Comparing the projection (mXMCD) with
the modulus ~determined from 57Fe Mössbauer
spectroscopy7!, it is easy to obtain the temperature depe
dence of the average Fe tilting angles with respect to thc
axis, uFe(T), as shown in Fig. 4. TheuFe(T) set obtained
with this method agrees satisfactorily, within a discrepan
of about 5%, with the tilting angles determined from Mo¨ss-
bauer measurements.7

It should be desirable to apply the above-explained p
cedure to the neodymium moments, because the pos
noncollinearity of these moments with respect to the ir
ones was the origin of the tremendous controversy that

FIG. 3. Temperature dependence of the modulus of Fe magnetic mo
obtained from57Fe Mössbauer spectroscopy~Ref. 7! and of the projected
~along thec axis! Fe moment derived from application of sum rules to F
L2,3-edge XMCD measurements.

FIG. 4. Temperature dependence of the angles formed between thec axis
and the average Fe sublattice magnetization, the average Nd sublattice
netization, and the total magnetization of the Nd2Fe14B compound.
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peared in the literature, and Mo¨ssbauer spectroscopy7,9 re-
sults do not arrive at a unique solution. Application of su
rules at the NdM4,5 edges is not so straightforward as in t
Fe ones, because due to the intermixing between core
edges, the spin moment is strongly overvalued. Anyway
have applied the sum rules to the NdM4,5 edges to assure
that there are no effects in the temperature dependence o
neodymium orbital to spin ratio. With this result, the ma
netic moment of the Nd atom is proportional
(I 12I 2)/(I 11I 2), where I 1(I 2) is the experimental in-
tensity detected with parallel~antiparallel! orientation be-
tween the magnetic field and the photon helicity. Hence,
can obtain a temperature dependence of the Nd magn
moment that can be scaled~in the high temperature phase! to
the absolute values obtained from Mo¨ssbauer spectroscopy7

In Fig. 5, we compare the temperature dependence of
modulus of the Nd magnetic moment obtained from Ref
~with the well-known jump at the SRT! with the evolution of
the projection along thec axis of the Nd magnetic momen
In the high temperature phase the match of the scaled sig
is remarkable, while in the low-T phase the SRT induces
clear discrepancy. From the observed difference, it is ob
ous to determine the temperature dependence of the ave
Nd tilting angles with respect to thec axis,uNd(T), that are
shown in Fig. 4.

In Fig. 4, we present bothuFe(T), uNd(T) and the total
u(T), whereu is the angle between total magnetization a
thec axis. The angle,u, has been calculated by the vector
addition of the determined moments of Nd and Fe. This
croscopically determinedu(T) is in good agreement~;4%–
5%! with the values determined from magnetizati
measurements3–5 which gives validity to the method used i
this work. There are three interesting results to stress f
Fig. 4.

FIG. 5. Temperature dependence of the modulus of Nd magnetic mo
obtained from combined magnetization and57Fe Mössbauer spectroscop
~Ref. 7! and of the projected~along thec axis! Nd moment derived from
XMCD measurements at the NdM4,5 edge. The latter data are scaled to t
former ones at the high temperature phase.
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~a! There is a cleardelay in the reorientation of the Fe
sublattice with respect to that of the Nd sublatticeby ;10 K.
This is evidence of a shift in temperature between both s
lattice magnetization. Other techniques have had great d
culty in uncoupling the Fe and Nd contributions.

~b! A strong noncollinearity between Fe and Nd m
mentsis evidenced at all temperatures below the SRT. T
result is in agreement with previous experiments,7–11but also
represents a precise determination of the dynamics of e
magnetic sublattice in the low temperature phase. The be
ior of the Nd moments is even more complex than expec
by coolinguNd increases up to 47° at 110 K, but later on
decreases to 41° at 4.2 K.

~c! Theoretical crystal electric field models3,5 do not pre-
dict this strong noncollinear behavior. Therefore typical ap-
proximations usually performed in theoretical models
overcome the difficulties that these complex magnetic s
tems present must be revised.
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