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Rietveld Refinement of Magnetic Structures from Pulsed-Neutron-Source Powder-Diffraction
Data

R. A. Robinson, A. C. Lawson, Allen C. Latson, R. B. Von Dreele and J. A. Goldstone

LANSCE, Los Alamos National Laboratory, Los Alamos, NM 87545.

The General Structure Analysis System, GSAS, has recently been modified to include

magnetic neutron-scattering cross-sections. Low-temperature diffraction data have been taken

on the hexagonal noncollinear antiferromagnet UPdSn on both the HIPD and the NPD powder

diffractometers at LANSCE. The low-resolution data reveal that the magnetic structure has

orthorhombic symmetry (magnetic space group Pcm'c21) between 25K and 40K, and

monoclinic symmetry (magnetic space group Pc1121) below 25K. The high-resolution data

reveal that there are structural distortions with corresponding symmetry changes in each of

these phases, to give chemical space groups Cmc21 and P21 respectively, while the

paramagnetic phase above 40K has space group P63mc. Using GSAS, we have refined data

sets from both diffractometers simultaneously, including both magnetic and structural cross-

sections. Magnetoelastic coefficients for the distortions have been extracted and we have

determined the sign of the coupling between the structural monoclinicity and the magnetic

monoclinicity. The magnetic results from Rietveld refinement are in good agreement with

model fitting to the integrated intensities of seven independent magnetic reflections and these,

in turn, agree with measurements made on the same sample using the constant-wavelength

reactor technique. Our results therefore validate, to some level, both the technique of using

spallation sources for complicated magnetic structures and the specifics of the GSAS Rietveld

code.
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1. Introduction

It is now fifteen year_ c,r so since accelerator-based pulsed spallation neutron sources proved

themselves useful scientific tools in materials science and condensed matter physics. The most

immediate success was in high-resolution neutron powder diffraction, using moderators with

sharp timing pulses and detector arrays almost in backscattering. The backscattering

arrangement automatically gives excellent resolution, and almost a decade in d-spacing range

(typically from 0.4 to 3 ,_,) can be covered easily using room temperature moderators.

Wavelength is scanned (by time-of-flight) at fixed scattering angle. In contrast, apart from one

early study of FeGe[ 1], very little magnetic powder diffraction work was performed and until

recently this field remained the preserve of the constant-wavelength technique at research

reactors. The most striking example of this was that, while the crystallographic structures of

high-Tc materials were initially determined[2] using pulsed neutrons at IPNS, the long-range

antiferromagnetic order in La2CuO4.y was observed somewhat later using the constant-

wavelength technique at the Brookhaven reactor[3].

The technical reason for this is not that spallation sources are unsuited to magnetic studies - the

cross sections are, of course, the same at both sources. Rather, the trick of working in

backscattering makes pulsed sources so good for high-resolution crystallographic studies that

they have concentrated in this area. Magnetic diffraction experiments rarely require such high

resolution, are often intensity limited, and the data of interest often lie at longer d-spacings

(typically 2-10/_). Therefore, if one is to remain in backscattering, the spectrometer should

view a cold neutron source. Alternatively, lower angle detector banks are required. The

experiment is also done in a different way: as wavelength is the scanning variable, rather than

20, there was some concern that one could not make all the wavelength-dependent corrections

(absorption, extinction etc.) properly. Finally, while magnetic cross-sections were included in

Rietveld's original constant-wavelength program[4], they have only recently been incorporated

into the Rietveld programs like GSAS[5-7] that can handle time-of-flight data.

In the mean time a variety of magnetic neutron powder diffraction studies were performed at

LANSCE [8-12] and at ISIS [13,14] using peak-by-peak extraction of integrated intensities, to

which the magnetic structure model was fitted. In particular, the study[ 11] on HIPD[ 12] at

LANSCE of Bi2CuO4 showed, in a system very much like the High-Tc superconductors, that

moments of order 0.51.tBcan be seen just as easily at pulsed sources, so long as detectors at

low scattering angles (40° in this case) are used.
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The powerful Rietveld refinement package GSAS[5] has a number of distinctive features.

Firstly, it can handle multiple data sets. At LANSCE, we routinely co-refine data taken in 6

banks ( at +153 °, +90 o and +40 °) on HIPD[12]. Indeed, as we show later in this paper, joint

refinements with up to ten banks of data from two different spectrometers have been

performed. Likewise, X-ray and neutron data can been combined in one refinement[ 15].

Though it has not been done yet, reactor and spallation source data on the same sample could

be co-refined, as could data taken on two reactor diffractometers with differing resolutions and

d-spacing ranges. In 1991, magnetic cross-sections were included in GSAS[6], and the first

successful magnetic Rietveld refinement at a pulsed spallation source was published the

following year[16,17]. Since then, a large number of studies have been performed. In the rest

of this article, we concentrate on our own study of the noncollinear hexagonal antiferromagnet

UPdSn, which is of interest for a number of reasons. Firstly, it is part of a broader program to

understand the role of hybridisation of 5f electrons with ligand d electrons in uranium magnetic

moment formation. Secondly, the uranium ions lie on a simple hexagonal lattice, at least

above the magnetic ordering temperature TN = 37K, so it is an ideal hexagonal

antiferromagnet. Thirdly, in the course of our studies, we have checked the GSAS Rietveld

refinement against peak-by-peak analysis of the same data, and have compared the spallation-

source intensities against constant-wavelength data taken on the same sample at a reactor. We

find good agreement in both cases, and therefore believe we have validated both the technique

of using spallation sources for complicated magnetic structures and the specifics of the GSAS

Rietveld code.

2. An example: Magnetic Order and Structural Distortions in UPdSn

We have had an extensive program to study the noncollinear hexagonal antiferromagnet

UPdSn using both powder[18-20] and single-crystal[21-23] neutron techniques at the

LANSCE spallation source and the NIST reactor. In our initial low-resolution powder

work[ 18], we showed that the Pd and Sn atoms were chemically ordered and that the space

group was P63mc. In addition we showed that there were probably two magnetic phases, one

with orthorhombic magnetic symmetry between 23 and 37K and a second related monoclininc

magnetic phase below 23K. Portions of our original 40 ° powder data are shown in Figure 1.

The indexing is in a double-sized orthorhombic cell, as shown in Figure 2. From Figure l(b)

and (c), we were able to deduce the orthorhombic magnetic structure (for 23K < T < 37K)

shown in Figure 2(a) and tabulated in Table 1.
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The reasoning for this intermediate structure is as follows: (1) Note that all observed magnetic

reflections have h+k odd. This necessarily implies that the magnetic structure is anticentred.

i.e. the moment at 0,0,1/4 is antiparallel to that at 1/2,1/2,1/4, and likewise for the two uranium

ions at z = 3/4. (2) Note that reflections with I odd are observed. As reasoned in Ref. 18, this

means that the magnetic structure must be noncollinear. (3) Between 23 and 37K, the 010

magnetic reflection is systematically absent. Therefore the net moment on each (010) plane,

which is carried by two uranium ions at 0,0,+1/4, must be parallel to the [010] axis. These two

atoms are on crystallographically equivalent sites and should carry the same moment.

Therefore, they should have gy parallel to each other, but the gx and gz components should be

antiparallel on the two sites. This ensures that the vector sum of the moments on the two sites

lies parallel to [010]. (4) The uranium atoms lie in a mirror plane perpendicular to the x axis.

Including time reversal symmetry, or not, this becomes an antimirror plane (symmetry

element m') or mirror plane (symmetry element m). In the second case, the moments would

be purely perpendicular to the plane, giving a collinear structure, which we already know to be

incorrect from point (2) above. Alternatively, with the antimirror plume, the moments must lie

in the y-z plane. That is, the four atoms at (0,0,+114)+(1/2,112,0) have the arrangement of

cartesian moments given in Table I(a), and shown on Figure l(a). This phase has

orthorhombic symmetry (Shubnikov group Pcm'c21) and with the reasoning given above this

is a unique solution.

The next step is to derive the magnetic structure below 23K. The most prominent feature of

the data below 23K, shown in Figure 1, is the development of the 010 magnetic reflection.

There is only one remaining degree of freedom with which to explain these data, namely the

addition of an x-component to the moment. There are three independent ways of arranging

such components on the 4 sites, but only one of these gives a non-zero intensity on the 010

reflection. This is also the only permutation that preserves the anticentring symmetry

described above. This model is shown in Figure 2(b) and it gives good agreement with the

data. It has monoclinic symmetry (Shubnikov group Pc1121)

The fact that the magnetic symmetry is orthorhombic between 23K and 37K, and monoclinic

below 23K means that there should in principle be structural distortions with those symmetries

in the same temperature ranges. These have been observed and characterised in an

experiment[20] on the same sample using the high-resolution powder diffractometer NPD at

LANSCE. NPD currently has detector banks at +1480 and +90 °, with Ad/d resolutions of

0.15% and 0.25% respectively. Representative data are shown in Fig. 3. In this study, we

were even able to measure the sign of the coupling between the monoclinic distortion ('/-90)
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and the "magnetic monoclinicity", _x. The data taken on NPD were co-refined with the

previous data taken on HIPD, and the full patterns are shown, along with markers and

residuals, in Figure 3. The parameters for this particular refinement are given in Table 2 of
Ref. 20.

3. How to use GSAS[5] for magnetic problems[7]

The GSAS refinement shown in Figure 3 includes the magnetic cross-sections. While this

particular example is of spallation-source data, GSAS can equally well be used for refinement

of constant-wavelength reactor data. In either case the procedure is the same' (1) Magnetic

structures can be tackled either as an extra purely magnetic phase, or as a phase that gives both

nuclear and magnetic intensity. (2) In either case, GSAS handles the magnetic symmetry in

terms of magnetic Shubnikov space groups which are extensions of the regular

crystallographic space groups. The regular space group is defined in GSAS in terms of up to

four independent symmetry operators and each of these can be coloured either black (with

time-reversal symmetry) or red (with time-reversal anti-symmetry). But first one must tell

GSAS that the phase is magnetic, in the normal space-group section. (3) Then, one moves to

the atom-editing section of the least-squares option in order to make each symmetry element

red or black and therby specify the Shubmikov group. GSAS automatically determines

constraints on the moment components. The systematic absences (as used in the reflection

generator POWPREF), however, are calculated by a numerical sampling method. (4) Finally

one needs a magnetic form factor and this is parameterised in the following way[24]:

F(Q) = Z aie-biO' + C (1)
i

where ai, bi and C are constants which can be fitted in GSAS to published experimental or

theoretical form factors in the form of a user-supplied data file, and where Q = sin0/_,. This is

handled in the form-factor section of the least-squares option in GSAS.

4. Discussion

Our original intensity analysis[18] was done using individual integrated intensities. These

agree well with integrated intensities measured at the NIST reactor using the constant-

wavelength technique[19]. The same data have been used in the Rietveld refinement[20]

shown in Figure 3, and again there is good agreement regarding the extracted moments. So
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we have confidence that all wavelength-dependent corrections are being applied properly. This

is a fairly stringent test, given the noncollinear nature of the magnetic order, and three

independent components of the moment. Our results therefore validate, to some level, both the

technique of using spallation sources for complicated magnetic structures and the specifics of

the GSAS Rietveld code.
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Table 1 Components of the magnetic moments on the four uranium atoms in the

orthorhombic magnetic cell

Uranium atom position r Magnetic Phase I Magnetic Phase II

(23 K<T<37 K) (T<23 K)

0,0,1/4 O,_l.y,lLtz l.tx,l.ty,kl.z

0,0,-1/4 O,kty,-_z _tx,_l.y,-ll.tz

1/2,1/2,1/4 O,-_y,-l.tz -ktx,-kty,-t.tz

1/2,1/2,- 1/4 O,-l.ty,l.tz -I.tx,-l.ty,l.tz



Figure Captions

Figure 1. Plot of a portion of raw data taken in the +40 o bank of HIPD at 4 temperatures:

(a) at 13K in the monoclinic magnetic phase II, (b) and (c) at 33.8 and 36.3K

respectively in orthorhombic magnetic phase I, and (d) at 46K in the hexagonal

paramagnetic state. The indices in the upper panel are for the magnetic

reflections only, assuming the orthorhombic magnetic cell shown in Fig. 2.

The intensities have been divided by the incident spectrum. (after Ref. 18)
i

Figure 2. The magnetic structures of UPdSn: (a) in orthorhombic magnetic phase I for 23

< T < 37K, and (b) in monoclinic magnetic phase II for T< 23K. In each case

the right-hand figure shows the projection onto the orthorhombic a,b-plane,

which is the same as the hexagonal basal plane shown by the dashed lines. The

left-hand figures show projections onto the orthorhombic b,c-plane. For

purposes of clarity, only the uranium atoms and moments are shown (after

Figs. 4 and 5 in Ref. 18 and Fig. 5 in Ref. 20)

Figure 3. Plots of the 110 hexagonal reflection in UPdSn as a function of temperature,

taken on the +148 ° bank of NPD. The splittings are indexed in the

orthorhombic system at 32K and in the monoclinic system below that. The

intensities have been divided by the incident spectrum. (after Ref. 20)

Figure 4. The 10-bank joint Rietveld refinement including magnetism of UPdSn at 14K,

as described in the text (5 banks, only half the data, are displayed here). The

refinement is in space group Cl121, with magnetic space group Pc1121 and

fitted parameters as given in Table 2 of Ref. 20. (a) NPD 20=1480 with

resolution Ad/d = 0.15%, (b) NPD 20=90 ° with resolution Ad/d = 0.25%, (c)

HIPD 20-153 ° with resolution Ad/d = 0.7%, (d) HIPD 20=90 ° with

resolution Ad/d = 1.1%, (e) HIPD 20=40 ° with resolution Ad/d = 1.8%. The

reflection marked by the asterisk in the middle top panel is the same data as in

Fig. 3(f). The range shown by the arrows in the bottom panel is the same data

as in Fig. l(a) The ordinate scale is piecewise linear and each row of panels is

on the same intensity scale. The intensities have been divided by the incident

spectrum.
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