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A temperature-dependent x-ray resonant magnetic scattering study through the spin reorientation
transition (SRT) that NdFe;,B undergoes belowl sgr=135K is presented. The experimental
results evidence a strong noncollinearity between the magnetic moments of Nd atofrenid 4y
crystallographic sites in the low-temperature phase.2@O0 American Institute of Physics.
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Nd,Fe,B undergoes a spin reorientation transition Somehow necessanapproximations, thef—-g site depen-
(SRT) below Tsgr=135K,} which destroys the high- dence has been neglected by a number of autfroarder to
temperature uniaxial anisotropymagnetization parallel to reduce the intrinsic parameter freedom of a general CEF-
thec axis). The SRT gives way to a different magnetic struc- exchange Hamiltonian in such a complex structure.
ture in which the easy-axis magnetization directi@MD) In contrast with this general theoretical collinear or
rotates from thes axis toward thg 110] direction, at a reori- almost-collinear scenario, there has been some evidence of
entation anglefsgr, Which increases continuously by low- noncollinearity in the low temperature phase from several
ering the temperature beloWsgr. Magnetization measure- experimental techniquésRecently, x-ray magnetic circular
ments determine a macroscopic value of about 30%fgy  dichroism (XMCD) experiments at the Fe&- and Nd
at the lowest temperaturé$.Moreover, the magnetic mo- L, sabsorption edges demonstrated the occurrence of a non-
ment of Nd ions increases abruptly beldwg as evidenced collinear arrangement between the Fe and Nd average mo-
by 5Fe and'*°Nd Mossbauer spectroscopy. ments belowT sg7.8° Combined XMCD experiment8at the

The collinearity between the magnetic moments inFel,;and NdM, s absorption edges allowed us to quanti-
Nd,Fe ,B below Tgrt has been a subject of study and con-tatively determineeg‘;Tz 28° and ngTz 40° atT=4K, a
troversy for a long timé.Nd,Fe,,B structure, belonging to strong relative canting beloWggr, in qualitative agreement
the P4,/mnm group, presents six different crystallographicwith previous'*®Nd Mossbauer measuremefitin order to
positions for Fe and two for Nd iors,” 4f and 4y (we will  experimentally probe the collinearity of the Nd magnetic
use the site notation of Ref).1A detailed understanding of moments occupying # and 4y sites below Tggr, an
the anisotropy and magnetic structure of,Rel,B lies in the  element- and site-specific technique such as x-ray resonant
development of models treating together the crystal electrignagnetic scatteringXRMS) is required. XRMS, which is
field (CEP splitting of the Nd ions and the Nd—Fe exchangethe scattering counterpart of XMCD, combines the atomic
interaction. However, the derivation of a correct CEF Hamil-selectivity of x-ray core excitation techniques with the struc-
tonian deals with the determination of nine parameters fotural information of a diffraction experiment. A previous
each Nd site. Usually, a rigidly collinear structure approxi-XRMS study* suggested the possibility of a noncollinear
mation has been employed, both above and belawr,  arrangement of Nd magnetic moments dt @nd 4y sites
reducing in this way the number of necessary CEFpelowTgry, but that work did not reach quantitative results.

paramgterg.The resulting simplified expressioffer the an- The experiments have been performed on a plate-shaped
isotropic engrgﬁ,for instance, are only valid in rigidly col-  single crystal of NeFe;B. The geometry of the experiment
linear situations. is depicted in the left panel of Fig. 1. The beam was imping-

The calculated low-temperature magnetic structuregng on a polished face, parallel to th10] planes. Horizon-
within these models are collinear or slightly noncollinear, 5| plane diffraction geometry was used. The incident beam
with relative canting angles of at most 3° between Nd and Fey ) is fully linearly polarized in the plane of the synchro-
moments’ Even more, together with other simplifyin@nd  ton " orbit. The easy axis of the magnetization in the high-
temperature ferromagnetic phase is parallel to(@®g) crys-
dElectronic mail: bartolom@posta.unizar.es tal axis. A switchable applied magnetic field of 1 kOe was
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(001) F o This implies, in the present experimental geometry, that for a
j & given Bragg reflection and incident energy, the XRMS asym-
Oskr P J \E metry ratio is roughly proportional to the projection of the
i \D magnetic moments of Nd atoms on thexis, eX € being
L parallel to(001). The variation of the Nd magnetic moment
with temperature has been obtaifidry magnetization and
Mossbauer spectroscopy measurements. Then, one can ob-
tain 6%g; as a function of temperature by recording a series
oo om e e of XRMS spectra at selected temperatures. Moreover, if the
(110) E@v) investigated Bragg reflections are conveniently chosen, the
FIG. 1. Left panel: Scheme of the experimental geometry. Right panelevolution of 645 and 2%, can be almost independently re-
Room temperature XRM®, spectra for the440 (L), (330 (¢), and  garded. For the present structurehQ) reflections provide
(220 (©) Bragg reflections recorded at the g absorption edge- three cases of choice: the relative weight of the two sites,
4f/4g, on the geometrical part of the squared structure fac-
. . : . tor, F2, are 2<10 3, 35.6, and 1.2, foh=2, 3, and 4 re-
applied along the vertical00D) axis, perpendicular to the spectively. This renders it possible to separately investigate

scattering plane. The experiments were carried out on th . ) .
CRG-IF and ID20 beam-lines at the ESRF. To access th@e reorientation angles of the twd 4nd 4 sites, by mea-

required temperature range, we used a “cold-finges'aNy- suring thel gvolution of thg th.ree reflectiorﬁ%fO) is almost
ostat, specifically designed and constructed for thisOnly sehS|tlve to the prpjec_thn onto treeaxis of th? 4
experiment2 magnetm momgntiZZO) is ongmateq at 99.8% bygﬂsnes-,
We recorded the intensity of the scattered be&rd’) while (440 prowdes an_averaged signal. However, to rigor-
corresponding toi(h0) Bragg reflections upon reversal of OuSly quantify the canting angles, we do calculiefrom
the applied magnetic field, as a function of the incident enthe mtensaltles_l ~=F% using the algorithm described
ergy for a series of temperatures above and below the SREIsewhere? taking into account the contributions front 4
The maxima of the Bragg peaks were followed along the2nd 49 Nd atoms separately. If the only important contribu-
energy spectra. To bring out the magnetic signal, the asynfion comes from the dot produc /(X €) - unq, then the evo-
metry ratio of the XRMS,R,=(I"—17)/(I*+17), was lution of the threeR, spectra should be fully determined by
measured at energies near the Mg absorption edge. Using one temperature-dependent scaling factor.
I"(1) denote the diffracted intensity with the applied field ~ Figure 2 shows selecteR, spectra measured at the
parallel (antiparalle] to the cross productex €'). TheR, (440 (left pane), (330 (central pane| and (220 (right
curves recorded at th@20), (330, and(440) Bragg reflec- pane) reflections, for several temperatures arouhgkr.
tions around the Ndl, absorption edge at room temperature Note thatR, ranges are different for the three panels. Thus,
are shown in the right panel of Fig.'1 The maxima ofR,  from inspection of Fig. 2, one can directly state that Nd ions
are 0.035, 0.008, and 0.005 for t10) (J), (220 (O), and  occupying 4 and 4g sites do not reorient collinearly. The
(330 (<) reflections, respectively, due to their different R, at the(330) reflection nearly vanishes at 100 K all along
structure factorsF(hh0)=2iN:1 f exg2mih(x+y;)] wherex; the NdL, edge, while it remains clearly visible €220) and
andy; are theab plane coordinates of thiéh atom within the (440 reflections. A collapse of the magnetic moment of Nd
unit cell. Lorentz and absorption corrections do not afRet  ions occupying the ¢ sites is ruled out by Mesbauet* and
as far as those factors affect bdthand! ~ in the same way. magnetization measurements. Thus, the observed behavior
f; is the atomic scattering factor=Nd, Fe, and B. As the evidences @5 near tom/2. This is much higher than the
incident energies are scanned near the INdabsorption  averaged values afe, calculated by available modes.
edge, fng includes, in addition to the nonresonafyf, the To quantify our results in terms a@fye,, we studied the
anomalous and the magnetic resonant tering= — (e-€')  relative change of thR, with respect to thd =300 K spec-
X(fo+f'+if")+ 55, Nonresonant x-ray magnetic scatter- tra, as shown in the left panel of Fig. 3. The variation of the
ing is much smaller than the resonant one near the absorptiq{pd magnetic momeﬁﬁs also shown in F|g 3. In the follow-
edges, and will be neglected. It has been well established thmg, we assume that the magnetic moment of both Nd sites
the magnetic signal obierved at 6725 eV is due to dipolafemain equal. This approximation is probably not strictly ful-
2p—5d transitions only:*°Thus, by neglecting quadrupolar fjjled. but magnetic measurements and electronic structure
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terms, the XRMS term can be expressed as calculation&® do not evidence important deviations, and the
f[ﬁjg= X{—i(€xe€ und F1i—Fi_1] changes induced in the reorientation angles should be quite
, , , , small. The intrinsic separation of thef 4and 4 moments
+(€' - pna) (€ g [2F 10~ Fu—Fioqd}, (1) performed by thé330) and(220) reflections render the com-

whereF}, ,\ are the resonant responSesharacterized by putation of gk and 629, an easy task. The reorientation
the order of the transitiotAL =1, for dipolar terms The angles obtained from thé&440) data are used as a double
prime notation indicates that we have explicitly taken outcheck of the procedure. The right panel in Fig. 3 shows the
from F the dependence o g, the atomic magnetic mo- canting angles for both sublattices as a function of tempera-
ment of Nd. Only the first term changes sign when the magture, as well as for the Nd averaged moment. The latter is
netic field is flipped, being the largest contribution Ry. compared with results obtained by XMCD measurements at
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FIG. 2. XRMSR, spectra recorded at selected temperatures and thie€® Bragg reflectionsh=4 (left), 3 (cente}, and 2(right). The spectra have been
shifted for the sake of clarity.

the M, 5 Nd edges? which are in rather good agreement 49 Nd ions and Fe must be revised as far as this point is
with our results. concerned.
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