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X-ray magnetic-circular-dichroism probe of a noncollinear magnetic arrangement
below the spin reorientation transition in Nd,Fe;,B

Jesis Chaboy, Luis M. Gare, and Fernando Bartolorhe
Instituto de Ciencia de Materiales de Aragand Departamento de’§ica de la Materia Condensada,
CSIC-Universidad de Zaragoza, 50009 Zaragoza, Spain

Augusto Marcelli and Giannantonio Cibin
I. N. F. N., Laboratori Nazionali di Frascati - C. P. 13, 00044 Frascati, Italy

Hiroshi Maruyama
Department of Physics, Faculty of Science, Okayama University, Japan

Stefania Pizzini
Laboratoire L. Neel, CNRS, BeiPostale 166X, 38042 Grenoble Cedex, France

Andrei Rogalev, Jeroen B. Goedkoop, and JGseilon
ESRF, Bde Postale 220, 38042 Grenoble Cedex, France
(Received 21 July 1997

The experimental detection of a spin reorientation phase transition by meanskcééfge x-ray magnetic
circular dichroism(XMCD) is reported for NdFe 4,B. The temperature dependence of the XMCD signals at
both Fe K edge and Nd (L, ; edge$ 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 transitiofS0163-1828)06213-4

[. INTRODUCTION the iron hyperfine field tilts at 4.2 K by only 27°These
results indicate that beloWg the Nd sublattice magnetiza-
After many years of a great activity in the 1960s and thetion is not oriented parallel to the iron sublattice magnetiza-
1970s, a new start in the permanent magnet research fietibn. Despite the large body of research aimed at determining
came from the discovery of th&k,Fe,B intermetallic the mutual orientation of the Nd and Fe moments throughout
compounds:? Due to its large economical consequences inthe spin reorientation transition, no general consensus has
the huge market of permanent magnets, a great deal of badieen reached so far. Indeed, theoretical calculations based on
research was focused on bk, ,B, which exhibits superior magnetization analyses predict that the average Nd moment
high-performance permanent-magnet properties over the eais  within 2—-3° collinear with the Fe sublattice
lier Sm-Co materials. This compound has a tetragonal crystahagnetizatiof. On the contrary, combined magnetization
structure belonging to the space graBg,/mnm While at  and >'Fe Mdssbauef, polarized neutrofi, **Nd Mossbauer
room temperature the magnetic anisotropy is clearlyspectroscopy’ and x-ray resonant magnetic scattefing
uniaxial, favoring thg001] direction as the easy magnetiza- studies conclude that the arrangement between the Nd and Fe
tion direction, single-crystal studies of its magnetic proper-magnetic moments can be considerably noncollinear in the
ties revealed that Ndre B exhibits a spin reorientation low-temperature phase.
transition(SRT) at T4~ 135 K. As this SRT transition sets in, The complicated interplay of exchange and crystal-field
the magnetization begins to deviate from thexis when interactions in theR,Fe B series has triggered numerous
decreasing the temperature beld.®>* The occurrence of studies. Even nowadays, there is a continuing effort to deter-
such a transition destroys the uniaxial anisotropy and worsmine the magnetic structure of NEe 4,B as a fundamental
ens its performance for technological applications. When thistep to understand the role of the different interactions into
spin reorientation was first observed, one of the questiondetermining the intrinsic magnetic properties of g, ,B
which arose was whether or not there was a canting of theompounds? We have designed a x-ray magnetic circular
rare-earth and iron spins relative to one another in the lowdichroism (XMCD) experiment trying to solve the puzzle
temperature phase or whether they remained basically collirconcerning the magnetic arrangement of ,Rg,,B in the
ear as in the high-temperature phaseitially, it was derived  low-temperature phase. The XMCD spectroscopy allows di-
from magnetization measurements of J¥@;,B single crys- rect measurement of the spin-dependent absorption cross
tals that the magnetization tilts from tlweaxis at tempera- section on a given atomic species in a material with net
tures abovél s towards thg110] axis at lower temperatures, magnetizatiort> XMCD probes the spin polarization of the
and that the tilt angle of the total magnetization reachegmpty states of a given symmetry near the Fermi level by
30.6° at 4.2 K& However, "Fe Mssbauer studies show that selecting the initial state. In this way, by recording the Fe
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K-edge XMCD it is possible to probe the spin polarization of
the Fe 4 states and the conduction band, through the strong
Fe(4p,3d)-R(5d) hybridization, whereas the, absorption
probes the spin-polarizeddSempty density of states at the
rare-earth sites. Therefore, the characteristic element and
shell selectivities of XMCD offers a unique opportunity to
monitor the temperature dependence of the angular arrange-
ment of both, Fe and Nd magnetic moments in,Re, ,B.

In a previous investigation we reported the experimental
observation of a SRT by using x-ray magnetic circular di-
chroism at the Nd_, edge in a NdFe 4B polycrystalline \
samplet* However, notwithstanding that the capability of Y
XMCD to study SRT processes was well established, the
further on the analysis, that was limited to the Ngledge. ~S@mple is mounted in such a way tfa01] and[110] directions
Here, we present an extended experiment improved by th{@™ @ 45° angle with the incident beamg)(direction, in which the
use of single-crystal specimens and by optimization of theitérnating magnetic field(H) is applied. The spin reorientation
experimental setup. Then, XMCD at the Reedge and at the _trans_ltlon tilts the easy _a><|s_of thg macroscopic magnenzgtlon from

. . . its high-temperature direction given by Mto M.y, forming a
Nd L, 5 edges has been applied to study the spin reorienta-_ . ; : . _
. AR . . - continuously increasing theta angle with theaxis towards the
tl_on transition in a NgFe,,B single CryStaI'_O_L_” aim here 'Sf [110] direction as the SRT sets in. The XANES spectra are mea-
(i) to demonstrate on one hand, the fe§5|blllty of XMCD in sured field by recording the fluorescencg X at a 90° scattering
the hgrd X-ray range to study magnetic ord'er—order phasgng|e_
transitions, even at the A€ edge whose relative magnetic

contribution is in the order of only 10° compared to the getection mode using a Si photodiode associated with a digi-
amplitude of the spin-averaged absorpti¢in} to obtain a 5] |ock in exploiting the modulation of the x-ray bedf.
deeper insight into the magnetic changes occurred at & Mirpe sample was mounted with the incident plane tilted 45°
croscopic scgle, triggering the SRT. Furthermore, _the COMzyay from the beam direction, so that both {881] and
bined analysis of the XMCD at both Nd and Fe sites will [110] directions form a 45° angle, within the orbit plane,
provide a better understanding of the relationship betwee{ii the incident beam. A detailed scheme of the experimen-
the integrated XMCD signals involving delocalized final {5 setup is shown in Fig. 1.
states and the local magnetic moments in intermetallics sys- The spin-dependent absorption coefficient was obtained
tems. as the difference of the absorption coefficiemt=(u~
—u™) for antiparallel,.. ™, and parallelu™, orientation of
Il. EXPERIMENTAL the photon helicity and the magnetic field applied to the
sample. The spectra were normalized to the averaged absorp-
A NdFe B single-crystal grown by Sagawa was usedtion coefficient at high energyy, in order to eliminate the
for the XMCD experiments? The [110] direction of the  dependence of the absorption on the sample thickness, so
single crystal is perpendicular to a polished face &4  that we(E) mwo=[p (E)— 't (E)]/ o corresponds to the
mm. Magnetization measurements were carried out to verifyimensionless spin-dependent absorption coefficient. It is
both the spin reorientation transition temperat(se about  ijmportant to note that no correction for self-absorption has
135 K), and the coercive field of the specimé@ess than peen performed during the analysis. The comparison be-
0.47). tween the current XMCD spectra and those recorded in the
The XMCD experiments at the F& edge and at the transmission mode assures that no modification of the shape
Nd L3 edges were carried out at the ESRF beamlings induced on the spectra by self-absorptibif Moreover,
ID12A which is dedicated to polarization-dependent x-ray-to avoid any amplitude reduction that can be attributed to
absorption studie¥. The source is the helical undulator self-absorption effects, we have limited ourselves to a tem-

HELIOS Il which emits x-ray radiation with a high polariza- perature dependence XMCD analysis relative to the high-
tion rate of above 90% and flexible polarizatigeircular  temperature XMCD spectra.

left—circular righ}. The second harmonic of the undulator
spectrum was selected to cover the range from 6 to 9 keV.
The fixed-exit double-crystal monochromator was equipped
with a pair of S{111) crystals cooled down te- 140° C. The The XMCD spectra were recorded at differétB) tem-
circular polarization rate of the undulator radiation was esti{peratures, ranging betwedr=20 K and room temperature,
mated to be about 9098. at both the FeK edge and the Nd., ; edges in NgFe,,B
XMCD signals were obtained through the difference ofsingle crystal. The working temperatures were selected in
x-ray-absorption near-edge structuP€ANES) spectra re- order to closely follow the evolution of XMCD through the
corded consecutively either by reversing the helicity of thespin reorientation transition. We show in Fig. 2 some repre-
incident beam or by flipping the magnetic field (of about  sentative spectra recorded at different temperatures at both
1 T) generated by a superconducting electromagnet and ajfe and Nd absorption edges. The shapes of the XMCD spec-
plied along the beam direction. The XANES spectra werera are similar to those previously reported for J¥e,B.
recorded at different fixed temperatures in the fluorescentiowever, the amplitudes of the dichroic signals are consid-

J [110]

Ill. RESULTS AND DISCUSSION
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FIG. 2. Normalized XMCD spectra{ 10?) recorded at different temperatures at the different absorption edges in tieBi single
crystal:(a) FeK edge,(b) Nd L, edge, andc) Nd L; edge. In all the cases, the spin-averaged absorption recorded at 250 K is also shown
(dots. In panel(a) the FeK-edge XMCD of elemental iron is reported for sake of comparison. (

erably higher than those obtained under the same conditiorsngle-crystal sample, that guarantees single magnetic do-
on polycrystalline samples. Indeed, it has been reported thaain conditions in our XMCD experiments. This result
the amplitude of the XMCD is-0.15% and~2% at the Fe points out the need of using optimized samples to prevent the
K edge and at the N, edge, respectivellf These results reduction of the XMCD due to the existence of different
were obtained at room temperature by measuring a Nd-Fe-Biagnetic domains within the sample or the effect of misori-
block at the same beamline and under the same experimenthtation of grains in polycrystalline materials, that prevents
conditions as the measurements that we present here. Holeth the full saturation and full reversion of the magnetiza-
ever, we have carried out the experiments on a single-crystdion under the action of the external magnetic field.
specimen and we find that the amplitude of the XMCD sig- The shape and the sign of the XMCD signals at the dif-
nal is ~0.45% for FeK edge and~2.8% for NdL, edge. It  ferent absorption edges, shown in Fig. 2, are consistent with
should be also noted that the single-crystal lkeedge those previously reported fdR-Fe intermetallic compounds
XMCD signal at room temperature in NBe B is about in which R is a light rare-earth and the iron sublattice deter-
twice as large as that of elemental iron. The huge increase ahines the sign of the magnetizatiéh!®2°

the XMCD amplitude is undoubtedly linked to the use of a The model commonly adopted to account for the mag-
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netic coupling between Fe arRl sublattices in such a class
of intermetallic compounds is due to CampbIThis model L 1
considers that thdR-Fe interaction is determined by the i % — 0.15
R(5d)-Fe(3d) hybridization that renders antiparallel thd 3 e &-‘% ]
and X spins. As the rare-earth intra-atomi€-8d exchange
interaction renders parallel thd 4nd = spins, both Fe(8)
and R(4f) spins are antiparallel. Then, dssL—S (J=L
+9) for light (heavy rare-earths, th&R and Fe magnetic
moments are ferromagnetically(antiferromagnetically
coupled for light(heavy rare-earth compounds. y
In the case of NdFe 4B, as the temperature is decreased ‘I
through the spin reorientation transition, no modification of 0.00 bl b Lo iden il g 0o
the XMCD shape or sign is detected, indicating that no 50 100 150 200 250
change of the magnetic coupling takes place during the SRT. (@) T &)
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However, the change in intensity of the main positive peak in 7 0.10
the dichroic signal is about 40, 50, and 30% KorL,, and i ] =
L5 edges, respectively. g 0.15 EI’ 4 008 o;,
These results show how XMCD is sensitive to the spin =i - ' 1 =
reorientation transition. Therefore, the next step in our study = i ] K
is to analyze the temperature dependence of the different :Z; 0.10 — B 0.06 =)
signals in order to determine their relationship with both the £ i i ’g
magnitude and angular dependeriogferred to the crystal- o - o 004 =
lographicc axis) of the local magnetic moments in the com- E 0.05 — ] g
pound, wre and wyng. TO this end we have considered the D i - o002 °
integrated intensity of the XMCD as a function of tempera- > - .
ture. In the case of both, and L; Nd edges, the main 0,00 el 1IN é 0.00
positive peak of the XMCD signals has been integrated and 0 50 100 150 200 250

the result, scaled by subtracting the 250 K value from all the (b) T (K)
others, is reported in Fig. 3. The integrals have been limited

to these regions because according to a recent resonant in- C
elastic x-ray-scattering investigation performed at the rare- 0.125 1= % . é 3 o015 i
earth L edges on theR,Fe B series, the main positive j %‘ EIJ 1 =
XMCD peak corresponds to a dipolar excitation, whereas for o 0.100¢ i ] )
lower energies there is a quadrupolar channel which domi- g C ¢ 1 o010 e
nates the XMCD spectr&.In both NdL, andL; edges, the E 0.075 o Eb . g
amplitude of the integrated dichroic signal raises continu- & :% »} % ' ] %
ously as the temperature decreases, as shown in @Eg. 3 9 0.050 = % % B g
Below 150 K there is a sharp increase of the signal downto 2 #} % ] 005
110 K. At this temperature the signal shows a rounded maxi- 0.025 = *} EIJ . i
mum and starts to decrease slowly as cooling down to the - ’}ﬁ i
lowest measured temperature 0.000 bribo Lo I8 Lovidhend .00
. . . i : 0 50 100 150 200 250

This behavior is consistent with the macroscopic second- © T (K)
order description of the spin reorientation transition, since
around 135 K the magnetization tilts from thexis towards FIG. 3. (a) Comparison of the integrated XMCD signal at the

[110] by an anglefd which increases continuously as the Nd L, (O) andL; edges € ) in Nd,Fe;,B as a function of tem-

temperature decreases. Within this framework and accordingerature. The.;-edge signal has been multiplied by a factor of 10.

to our experimental setugsee Fig. 1, the projection of the (b) Comparison of the temperature dependence of the integrated

magnetization on the x-ray beam direction starts to increasgignals extracted from the A¢-edge XMCD signal after the sub-

as the SRT sets on. Consequently, as the XMCD signal iaction of the Y;Fe,B XMCD signal: Nd-like @), Fe-like (x)

directly related to this projection, the XMCD is expected to (see text for details (c) Comparison between the temperature de-

increase below the spin reorientation temperature. MoreovePendence of the integrated Ndpb XMCD signal (O) and those

it is important to note that the amplitude of both Ngand ~ derived from the F&-edge XMCD after subtracting the Fe,,B

L, integrated XMCD signals scale through the whole tem-XMCD signal: Nd-like (1), Fe-like (x).

perature range. This result points to a single origin of the

magnetic signal at the Nd, ; edges, being due to the strong cording to this model, we have assumed that the total mag-

polarization of the Nd 8 states caused by the presence of anetization of theR,Fe ;B compounds is the addition of both

localized 4 magnetic moment at the Nd sites. iron andR sublattice magnetizations, and that the average
The analysis of the F&-edge signal has been made ac-magnetization of the Fe sublattice in the series is given by

cording to Ref. 18, in which a systematic study of the Fethe magnetization of thR=Y compound*®We have there-

K-edge XMCD through theR,Fe ,B series shows that the fore considered that the A¢-edge XMCD spectrum in Nd

shape of the dichroic spectra is rare-earth dependent. AcFe 4B corresponds to the addition of the magnetic contribu-



8428 JESUS CHABOY et al. 57

tion of both Fe and Nd sublattices, so that the remaining
signal after the subtraction of the Keedge XMCD signal
of Y ,Fe 4B would correspond to the Nd sublattice magnetic
contribution. To analyze our data under this model, we have . 3 ¢
first subtracted the F&-edge XMCD signal of YFe B
from that of Nd,Fe ,B, and then integrated the signal in two
different energy ranges. The first one covers the region
where the F&K-edge signal exhibits, before subtraction, the
characteristic sharp positive peak assigned exclusively to
iron (referred to as Fe-like in the caption§he second range
covers the remaining signal in the XMCD spectra, which is :
assumed to be due to the rare-earth sublattice magnetic con- 0.00 bbb Lol B3 0.0
tribution (referred to as a Nd-like in the captic)ﬁ§ The 0 50 100 150 200 250
result of this procedure is shown in Fig(b3, where the (@) T &)
integrated signals have been referred to the 250 K data by 1 2.0
subtracting the 250 K value from all the others. From this
figure it is clear how the two integrated signals reflect a 0.15
different temperature dependence, as it can be expected as
due to the Fe and Nd magnetic sublattices, respectively.
Moreover, it has to be noted that the second signal extracted,
whose origin is addressed to the rare-earth, can be exactly
scaled to those obtained at the N¢l; edges, see Fig.(8),
being in agreement with the hypothesis above, i.e., that the
extracted contribution to the H&-edge XMCD signal re-
flects the magnetic state of the Nd atoms in this system
through the Fe(@,3d)-R(5d) hybridization. 0.00 it 1 g0

The previous analysis advances the existing relationship 0 100 200 300 '
between the XMCD signals at both Fe and Nd sites with the (b) T (K)
local magnetic momentg g, and uyg. Therefore, the study
of their temperature dependence will lead to an atomic EIG. 4. (a) Comparison between_the temperature depgnd_ence of
species-resolved determination of the angular dependence € integrated Nd.,-edge XMCD signal ©) and the projection
the magnetic moments with respect to thaxis during the along the x-ray \_/va\{e vector of the Nd magr_letlc moment o_btalned
spin reorientation transition. Indeed, notwithstanding that th%:aosn;ez?\:'elz (fgl': :gr?)c:;ﬂgegs;l|i?v(eic:)ttz(rjrz;:]ngee;er:ir;otgnl\gla
bulk magnetization behavior of Né&e;,B has been well de- ?d Fe moments in the low-temperature phaseComparison be-

termined through macroscopic measurements, no gener%veen the temperature dependence of the integrated signals derived

agreement on thle ivoluglon of thehmdagneftlc rr'l“oments ci? ?Fom the FeK-edge XMCD after subtracting the ,Fe;,B XMCD,
microscopic scale has been reached so far. AS a resull, diiy g jixe (), Fe-like ()], and the projection along of the g

ferent models involving collinear and_ noncollinear arrange-so\id ling and ur, (dotted ling magnetic moments taken from Ref.
ments of the Fe and Nd moments in the low-temperature
phase have been proposed!

In order to obtain a deeper insight into this controversysignals at the Nd_, 3 edges. In the case of the Reedge
we have compared the temperature dependence of oWMCD spectra this result is even more clear. In Figh)4the
XMCD spectra with the available data Pfing(T), Ong(T)],  temperature dependence of the two integrated sigtads,
and [urdT), OrT)], where 6 is the canting angle with rived from the FeK-edge XMCD after subtracting the
respect to the zi\xis, C(_)rresponding to the different p_roposedyZFeMB XMCD), corresponding to the magnetic contribu-
arrangement§:*® In Fig. 4@ we show the comparison of tjon from the Fe and Nd sublattices, are compared, using the
the temperature dependence of the integratedLiedge  same scale, tpur(T) anduy(T) obtained from Ref. 7, i.e.,
XMCD signal and the projection along the x-ray wave vectoryy imposing an angular dependence involving a noncollinear
of the Nd magnetic moment obtained from Refs. 7 and 8grrangement between the two magnetic sublattices. As
corresponding, respectively, to noncollinear and_ collinear arclearly shown in the figure, each integrated XMCD signal
rangements of the Nd qnd Fe moments in the low+gjlows the temperature behavior gf-{T) and wung(T),
temperature phase. According to the noncollinear model danys supporting the existence of a noncollinear magnetic ar-
rived by Onoederzat al,’ the values offlyq and g, are  rangement below the SRT in NHe,B, as well as the Fe
found to be 58° and 27°, respectively, at 4.2 K. As clearlyk -edge signal being due to the addition of two components,

shown in Fig. 4, the best agreement is obtained when usingssociated to the magnetic contribution from the Fe and Nd
the data of Ref. 7, i.e., by considering a noncollinear cousypjattices, respectively.

pling of the Fe and Nd magnetic moments in the low-
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temperature phase, as well as a sudden increase of .the .Nd IV. SUMMARY AND CONCLUSIONS
magnetic moment as the SRT sets on, this last being in
agreement with*Nd Maéssbauer spectroscopy resufts. In this work, x-ray magnetic circular dichroistXMCD)

This analysis satisfactorily explains the measured XMCDat the FeK edge and at the Nd, ; edges has been applied to
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study the spin reorientation transition occurring inJ¥e,,8  With our previously published result§ the influence of the
at temperatures below 135 K. Nd sublattice magnetization on the Reedge XMCD spec-
Our study demonstrates, on the one hand, the feasibilitfrum. In the framework of a two-sublattice model, it is pos-
of XMCD to study magnetic order-order phase transitionssible to extract the magnetic contribution of both Fe and Nd
even at the F&K edge whose relative magnetic contribution from the XMCD signal, each one showing a different tem-
is in the order of only 102 compared to the amplitude of the perature dependence that is in agreement with the noncol-
spin-averaged absorption. On the other hand, the analysis #hear arrangement of both sublattices in the low-temperature
the XMCD signals recorded at the different absorption edge®hase.
has allowed us to determine the relative magnetic arrange-
ment between the Fe and Nd sublattices in the low-
temperature phase. Our data are consistent with the existence
of a noncollinear arrangement of both Fe and Nd magnetic This work was partially supported by INFN-CICYT and
moments throughout the spin reorientation transition as probEA-MANES collaboration programs, and by Spanish
posed by Onoederat al,” i.e., the canting angle§yy and  DGICYT Grant No. MAT96-0448. The experimental work
Ore reach 58° and 27°, respectively, at 4.2 K. at the European Synchrotron Radiation Facility has been per-
Finally, special attention has been devoted to the analysiormed with the approval of the ESRF Program Advisory
of the FeK-edge signals. Our study identifies, in agreementCommittee(Proposal HC-5483
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