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Refinement of magnetic structures with x rays: Nd as a test case
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We present a magnetic structural refinement using resonant magnetic x-ray scattering to investigate the
antiferromagnetic structure of single-crystal elemental neodymium at 10 K. By comparison with neutron-
diffraction results, we show that x rays can be used for refinement of complex magnetic structures. However,
unlike neutrons, x rays distinguish between the magnetic responses of the two different Nd sites in the crystal
structure. Our fits to the observed intensities are significantly improved by the inclusion of a scattering
vector-dependent term reminiscent of a form factor. The theoretical issues underlying our observations are
discussed[S0163-18218)52214-X]

For nearly ten years the technique of resonant magnetidirections, while remaining in the basal plane, as illustrated
X-ray scattering has been applied to problems of antiferroin Fig. 1. These twoq vectors give rise to four magnetic
magnetic (AF) structure! Despite the experience gained, satellites about each reciprocal lattice point. In total we stud-
there have been few reports of magnetic structure determinded 96 satellites from the accessible region of reciprocal
tions using x-ray diffraction. It is clearly of great interest to space. Such a set of Bragg reflections samples every compo-
compare the capabilities of x rays and neutrons in this renent of the magnetic structure. _ _ .
spect. In this paper we present a refinement of a nontrivial Hill and McMorrow' have recently described in detail
magnetic structure using x-ray scattering data. This followghe scattering amplitudes which can be used to calculate
from Detlefs and co-workers' studies which showed that'€Sonant magnetic intensities. They ignored, as we shall, the
magnetic x-ray scattering is sensitive to moment orientétion._C()rrel(13t'<3”S due to point-group symmetries of the magnetic
To demonstrate and investigate the potential of the techniqu@ns:~ We note that recent observations on elemental Nd
we have considered single-crystal elemental neodymiun{Ref. 9 and NgCuQ, (Ref. 12 indicate the dominant tran-
This is in consequence of its complicated magnetic structuréition at thel; edge is electric dipoleE1). Synchrotron
which has been well characterized using neutron and rese-ray polarization is denoted conventionally by the notation
nant magnetic x-ray diffractiof.’> One powerful benefit of o,  for, respectively, the polarization perpendicular or par-
the x-ray technique is the extremely small sample volumellel to the scattering plane. The scattering amplittiglg is
studied. This arises from the small incoming photon beanexpressed in terms of the components of the ionic moments
and its short penetration depth. Hence we can probe a single
domain of magnetic structure in a high quality neodymium (10) (010)
crystal® A further benefit is the high intensity of the resonant
x-ray techniqugwe observe AF satellites up to 3000'sat
the NdL, resonance: this represents enhancement by a fac-
tor ~300 over the nonresonant sig?)al

Neodymium has the double hexagonal-close-packed
structure(dhcp, with the close-packed atomic layers in the
sequence ABACABA'C. The layers denoted by A and’ A
have a crystalline environment similar to that in a face-
centered-cubic structure, whereas those labelled B and C are
in approximately hexagonal-close-packed environments. «

Thus the two types of sites are denoted cubic and hexagonal, v

respectively. At 10 K, neodymium has a doublesinusoi-

dally modulated structure with the dominant magnetism be-

ing associated with the hexagonal sites. There is, however, |G, 1. Definitions ofq vectors and Cartesian directiorsy,
detectable magnetization at the cubic sites where the |OC%JndZ as used in the model for the magnetic structure. Xldérec-
moments are induced by the ordered magnetization at thgon is the vector of directiof100) in the case of the;; modulation
hexagonal sites. In the 10 K structure, the ARvectors are  and of direction(110) in the case of thej, modulation. Thez
slightly displaced from th€100 and (110) reciprocal space direction is always along001).

X
- (100)
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TABLE |. Relative phases of the modulated magnetic-moment
components in each of the close-packed layers of the neodymium
crystal structure at 10 K as inferred from the assumptions and pre-

resolved along the real-space Cartesian dfjgesoz and 03,
defined® such thatJ, is perpendicular to the scattering plane

andUj is along— k (« is the scattering vectpr vious observations discussed in the text.
We neglect terms quadratic in magnetic moment which
would give rise to second-order satellites at positiansT  Site ay oy o al o al
*gi=q;, wherei andj may be either 1 or 2. Restricting
ourselves to first-order satellites of the foms 7+q;, the ﬁfc) or Bc(:hr)1 0 0 _”/ 32 o 0 _77/32
resonant scattering amplitude matrix (c) or C(h) T~ “ T 7 77
f f . : . :
77 ‘”’) with the reflecting face corresponding approximately to the
foo fanl g (100) direction. The vertical scattering plane contained the

crystal (100) and (001) directions when the diffractometer
approximated to two-circle geometry. The precise orientation
of the sample surface with respect to the crystal lattice
(which is required to make absorption correctiongas de-
termined by comparing the relative intensities of crystallo-
(1)  graphically equivalent reflections d¢i 0 |} type. We esti-

.~ oA A mated an in-plane angle of 10° between thdirection and
wherez,, z,, andz; are components alorld; , U, andUs  the surface normal. Employing the instrumental four-circle
of the unit vector parallel to the local moment. The constantanapility, we were able to measure 96 satellites of the form
F() is proportional to the amplitude of the local moméht. 01)= ' +q where is a reciprocal lattice vector in the
Since the proportionality constant has not yet been calculateg, o4 plang100} or (000), and| is an integer in the range
theoretically we cannot use the x-ray technique to obtain thg_15 The incoming photon energy was selected to be 6.723

absolutevalues of the moment, but we may expect to det_er-kev at the peak of the resonabj edge AF diffraction sig-
mine therelative values of the moment components at a site., 5|

. We now present a way of describing the mompntt an X-ray diffraction data were collected in scans along a di-
ion site in the 10 K 2 structure(s represents type of site: ection perpendicular to the Ewald sphéfehat is, along the
cubicc or hexagonah). For each modulation vecta, the gjrection of the short axis of the resolution ellipsoid. At large
moments on the two sites of a single type are relatdtis scattering angles, these scans were found to give 30% larger
expected that the magnitudes of a Cartesian compoent jhiegrated intensities than simple rocks of the sample Bragg
(defined in Fig. 1 of the moments will be equdl but may angle when Lorentz correctiofswere included in the latter.
differ in phase from each other and from any other compox||integrated intensities were corrected for absorption which
nent. The individual magnetic moments at positionsr, s 4 simple function of the angles between the incident and
may be parameterized by two amplitude$, and uj; plus giffracted rays and the sample surfdsee, e.g., Ref.2Two
an overall phase;, and are given by the expression: other considerations enter into the fitting of the experimental
data reported here. First, the incident beam polarization,

may be expressed:

" 0 —i(z, cos 6+ z5 sin 0)
i(z; cos 6—2z3 sin 0) iz, sin 260

X Blus sin(gi-ro+af) = us, cofqi-ry+ay)], (2
Bii

where the negative ambiguity corresponds to the giteand P= ' (©)
C and the positive ambiguity corresponds to shkesndB. If 7
only /J“Sﬁa were nonzero, the moments on two sites of a given

type would be exactly in antiphase. Conversab;%f gives  was fixed at its previously reported value of QRef. 17). [If

the in-phase component. allowed to float, it tended towards somewhat lower values,
It is clear that the structure we have described is highlytypically 0.833)]. Also, for generality we have included in

nontrivial with 12 moment components and 6 pha&%sto the amplitude a factoF'(x) dependent on the magnitude of

be determined by a fit to scattered intensities. Only relativeéhe scattering vector. This was taken to be a Gaussian param-

phases have a meaning in an incommensurate structure sueterized by a length-scalg:

as this, so one of the phases can be set to @&rg we take

a"'=0, for site B. In addition, for the dhcp structure it is K2r2

possible to derive the relative phases of the moment compo- I'(k)=exp - o

nents that induce moments on the other sitegs presented

in Table I. Taking the phases as fixed, the structure refinefhe inclusion of the ternl’(x) generated fits with a 60%

ment is performed using 11 variable moments. lower x? than if the term is set to unity. In Fig. 2 we present
The diffraction measurements were made at Beamlin@ comparison of our magnetic structure fit to the first data set

X22-C of the National Synchrotron Light Source on two and the observed experimental intensities. The results of our

separate occasions. The single-crystal sample used was tleast-squares fits to both the data sets are summarized in

same as that employed in our earlier x-ray stutiiesl had a  Table Il together with the results of a fit to the neutron scat-

mosaic spread of 0.03° full width at half maximum. It was tering data of Lebech and coworkér§he moment compo-

mounted on a closed cycle refrigerator in reflection geometryents are grouped into three sets: each of the components in
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FIG. 2. Comparison of the fitted model described in the text and the experimentally determined intéfirsitidata setof the x-ray
magnetic satellites in the orderq,, —qd;, +0,, —q, for each reciprocal lattice point. The fitted values are represented by vertical lines
and the data by circular symbols with error bars. The errors for the individual satellites are the random statistical error plus a 15%

contribution due to experimental systematics.

one set induces the othér§ so that they should all be this context, we note that the x-ray process involves a virtual
present or absent together. We found no significant evidenagipole transition between the cope state andd-character
for nonzero values of the moment components in the last sattates near the Fermi level. Therefore the resonant x-ray scat-
of Table Il. In the final fit these were fixed at zero. We nowtering is not directly measuring thef 4electronic moment.
discuss the values of the moment components. Firstly wénstead it is measuring a magnetization “induced” in tthe
note the excellent and reproducible agreement of the neutrastates. The different N transition temperatures of the hex-
agonal and cubic sites show that there are differing interac-
nent defines the angle within the basal plane of the majotions of thef moments with the conduction electrons. The
hexagonal ordered moment; it is gratifying to show that xlower Ty of the cubic sites is consistent with the smaller
rays can be used to refine this angle to an accuracy of aboantagnetic x-ray response from these sites. We conclude that
2°. We also note that there is agreement within errors bereutrons and x rays can give different and complementary
tween the two x-ray data sets and the neutron data for thmformation about magnetic structures: the latter technique is
magnitudes of the other hexagonal site components. Howsite sensitive.
ever, for the components on the cubic sites, we find that the In Fig. 3 we compare th& dependence of the intensity
x-ray results, although consistent with one another, are amiven by our “form-factor” I'(x) with that expected from the
proximately half those obtained with the neutron study. Inlow-temperature limit of the Debye-WalléDW) factor for
Nd (Ref. 18 and the theoretical curve for x-ray charge
TABLE II. Results of the fit to our magnetic structure model scattering® We note that x-raycharge scattering falls off
compared with the neutron-diffraction data of Ref. 4. For the firstrapidly with x (as does magnetic neutron scattejirgow-
ever, according to the theory of resonant x-ray scattefing,
statisticaly? associated with the fit to the first data set is 2.04. Forthe core excitation and de-excitation processes should de-

and x-ray results fop,. Together withu},, this compo-

data set the “form-factor” parameter termy=0.141(9) A. The

the second data set the form-factgy is 0.13713) A. Incoming
beam polarization has been fixed at the reported value ofFe@
17). In each case the value gm"ga is fixed by assumption to the
neutron value.

Moment X ray$l) X rayq2) Neutrons
uh 2 2 2.0a5)
whl 0.022) 0.044) 0.062)
we —-0.12(2) -0.09(5) —0.24(2)
s -0.32(2) -0.38(3) —-0.52(2)
“ga 0.473) 0.455) 0.553)
s 0.043) 0.046) 0.052)
s 0.023) —-0.02(7) 0.102)
K3 0 0 0
oy 0 0 0
o 0 0 0
Mo 0 0 0
e 0 0 0

pend on thenagnitudesof the incident and scattered wave
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FIG. 3. Theoretical wave vector dependence of x-ray intensity
expected from the zero-temperature DW fa¢i®ef. 18 and charge
scattering(Ref. 19 (including the dispersion correctiprfor Nd,
compared to the Gaussian model fitted to our x-ray results.
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vectors, butot on their difference, the scattering vecter ments are essentially unaffected, so that the questions of
Hence the magnetic x-ray signal is expected to vary with “form factor” and refinement are decoupled.

only due to the DW factor, which is a small effect. One In conclusion we find that it is indeed possible to use
possible origin of the ternii(«) is that we are failing to pick X-ray diffraction techniques for magnetic structure refine-
up the full scattered intensity at large scattering angles. HowMent in @ similar way to neutron diffraction. This method
ever, in our second data set the detector slits were delibef2" be used in materials such as neodymium, whose com-

. o - =~ “plexity has been extremely challenging even using neutron-
ately set larger to check for this possibility, and the SIm'Iar'tyEj)iffra?:/tion methods. We n¥)te that ?hegr]e are benegfits of the
of the two fitted values of, indicates that this effect is

k resonant x-ray technique, namely, high count rates, elemen-
absent. Furthermore, we confirmed that at large angles thegg) specificity, site specificity, the ability to sample single
was no sign of any second buried AF domain within themagnetic domains and extremely small samples. We are con-
sample. Also we are most unlikely to be missing the relevanfident that in particular cases x-ray scattering techniques will
AF domain of the crystal at these angles as the beam’s foohave much to offer the field of magnetic structure determi-
print on the sample is smaller at larger angles. A clue to théation.

origin of I'() is given by our observations dartenuatel We gratefully acknowledge the assistance of D. Gibbs

charge reflections. Our data set is sparse, but we found the\tf Schoenig, S. Coburn, and others at the NSLS. We thank
these fell off faster at large than expected for charge scat- \y, Stirlingi 3. P. Hill. M. Blume. and S. W. Lovésey for

tering. It may be that atatic Debye-Waller factor due to ygjyable discussions and B. Lebech for providing us with her
frozen atomic disorder in the near-surface layers could expeutron-diffraction dafawhich we refitted to the model of
plain both magnetic and charge results. Finally, we note thérable Il. We acknowledge the financial support of the
if I'(x) is set to unity, the quality of our fits is reducéithe = EPSRC. Work performed at the NSLS was supported by the
difference between data and fit tends to be positive at sall U.S. Department of Energy under Contract No. DE-AC02-
and negative at large), but the relative values of the mo- 76CHO00016.
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