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RIETVELD REFTNE.MENT OF MAGNETIC STRL’CTCRES FROM PULSED-XEUTROX-
SOURCE POWDER-D~CI’10N DATA.

i?, .A Robinson, A, C. Lawson, Allen C, Larson, R. B. Von Dreele and J A. Golcistone
L.\ NSCE, LOS AlamOS National Laborato~. LCISAlarms, N!vl 875-$5, US,A,

.-\bstrac [

The General Structure Analysis Sys[em, GSAS, has recently been modified [o Include
intig,neuc rwutron-wattenng cross- secuons. Low-temperature dlffr~cuon data have been taken
on the hexagonal rroncollinear antiferromagnet L’PdSn on both [he HIPD and the NPD powder
diffractometers at LANSCE, The low-resolution data reveal tha: the magnetic structure h~s
urthorhombic symmetry (magnetic space group Pcm’c21 ) between 25K and -J(IK, And
monocllrrlc symmetry (magnetic space group Pcl 121) below 25K. The high -resolu[lon (data
reveal that there are structural distortions with corresponding symmetry changes In cxh ut’
[hese phases, to give chemical <pace groups Cmc21 i.ind P21 respectively, while the
paramagnetic phase above 40K has space group P63mc. Usln,g GSAS, we ha~e refined data
wts from both diffractometers simultaneously, including both magnetic and structural cro’s -
wctlons. Magnetoelastic coefficients for the distortions have been extracted and we have
determined the sign of the coupling between the structural monoclinlcity and [he magnetic
monocliniclty. The magnetic results from Rietveld refinement are In good agreement with
model fitting to the irltegrated intensities of sever, independent magnetic reflections w~dthese,
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 speciilcs of the GSAS Rietveld
code,

1. Introduction

The nuurr Impact of pulsed spailatlon neutron sources in the field ot’cry$tallographv has been In

pcrforrnlng high-resolution structured .;{udies. On the other hiuld, there has until recently kn
relatively Ilttle work i~t spidlation sources on the solution of magnetic structures, a trwil[i(~n~l
donlun of reactors. There are several reasons t’or this dichotomy, Firstly, whllc hlgh-
rcw!utlon studies can he performed with good intensity in backscattering (w+ISvery c!t’cctIvc
tor structural crystallography), the backscattcring geometry IS of less use for miign~[l~

problems because it forces one (o use excessively long neutron wavelengths. Secondly, ftwrc
I;w, bwn concern that (he wavelength-depertdent corrections for ab$orptl:~n imd cxtlnctlon
c.mnot be rr,ude rcliiiljly, In this article, we will demonstrate that rnagnetlc powder dlft’r;~ctlt~n
tJn he done equally well at the present generation of spallauon sources and rcwtors M [h~t I!w
t’(~rmcram pr-tlcularly effective for the studytng previously undeternuned rnagne!lc }tructurc~
,md [he Intcrpluy between magnetism and structure. A useful tool in ttus field is the RIct\cld
retlncment program tiSAS(l ], which now Jllow$ slmult:mcous rc!incmen[ ot” d;lt:l Iro[n
l,. ,Itlplc pha.~est~en ~iffc~nt rcs~lutlon lnst~urnents inc{u(itrl~ nl~gnetlc cross-se~”ll(~n$, ~r
IIAVCvdidoted the prog~i for the particular c:~$cof the noncollinciir hcxag(lnid i~llf~lro[~lii~r~~t
(’P[iSn[ 2], ~~nwhich we have data from the same sampic t~ken on both ~)! Ihe L\?iS(”i;
p~w(icr diffrilctorrictcrf as well as the B’T-()constiint-wavelength m:~chlnc Jt NIST XI~I~1111}
~1~)wc get lhc same results tit remxor tind $pullirtlon w)urce. hut (is As glvc>(11C\,lIllc
ql],in[l,ltlvc WSUIISLis[he tradi[lontil nlcthtd of’ l’i[llng ln[c~r;itcd lntcn~ltlcs from lr~divl(iu,il
Irf lcL’lion\ I(I the rwlgrlcllc rmx!cl,



description as GSAS and corrects for the incident spectrum varrwlon In the same manner. bu~
does not allow explicitly for the variation of ~bsor-ption or extinction with wavelength, lhe
mtcgrrued intensities arc them frttcd to a mode! using a pu.rpose-wrr[[en program. This h~~kn
done in various cases, inc!r.ldir?g noncollinear mtlferromagne[l$m In the cow ot’ L’PdSn[ 2].
large-cell Co]llneti antlfe~omagnctism in the case of L’NiGa[7] md ~rl lnc’omrnen\u[. ifc
swucture in the case of UPtGe[8],

But calculuuon of magnc[ic diffraction in:enslty from commensurate m~gne[lc ,lruc[urt:~ !. i~( I.L

cxpllcltly Included In ~Js,As[3], \fagne[lc structures can be tackled cl[her M,Jn extr~ i)l)it?!t

rnagnctlc phase, or :1$a phase that gives both nuclear md magne[lc lntensi[} In Cl[her cdwi
GSAS handles the magnetic ~ymmetry In [erms of the magnetic Shubniko\ .pacc group..
wh~ch Ue supergroups of the regular Crysdogrwphlc \pace groups. The mdgnetl~ ipiicc .;r(}up
IS specified by Mung the norrid space group md turning on the ‘colours of ‘m} cornb:n.i[i(]n.,
ot basis symmetry operators that detlne the crystallographic space group, W’hllc t~nc LJW\ :!IC

normal space-group section of GSAS [o determine which phases arc magne[lc, the CL)I{)UWJ
symmetry elements are [umed on or off in the atom-editing section o!’the lefis[-~qutircs ~lp:I(~n
GSAS then deterrmnes au;omatlcally the constraints on the moments lm~(wd by [hc group
On the other hand, the systemauc abscnccs (as used in the reelection generator POW’PREF) w
calculated by a nurne~cal sampling method. Finally, one needs a rnagneuc form iac[or .md [hi,
ISparameterrsed in [he following way:

(1)

where the al, bi and C are constants, that can be fitted m GSAS to publlshed experimental or
[heorctical form fiictors in ti?e form of a user-provldcd data tile, tmd Q = ~ln8/1. Ttl[i 1~
handled wlthln the form-factor sec:lon ot’the least-squares option wlthln GSAS

J, Rcsl.l][s

The n:titeritil that we have studied most extensively IS [he :ltl[l~(llllnedr hCX;IX{lnLIl
mtltrrronlagnet (JPdSn, We htive now studied the $arnc powdered ~mlple (J[IHIP D,’>1’1)
.md on the BT-9 triple-tixls ~pectrometer (In tw(~-tixIs mode) ,~tNIST[ 2,9, 10] our OIILIIIA!
pt~wder d~!’frtictlon data are shown In Figure 1, tind frt~n~ these we were dble I(J ~(~lic
unambtguouslv the magnetic structures in the two mtignetlc phasci. [11 dddlt loll, ifl’

determined that the Pd and Sn atoms are chemlctill~ (~ldcred, In contr:wt [o (~[hcr lw~~[rucrur.il
compounds. In the subsequent reactor study [9] ot the temperature dependence of !hc ~)rdcr
l~arii[neters, we $howed that we get the same results, both for the Integruteti In[erlil[ies I)!
Indlvldud reelections and for the parameters in the magnetw rrmdel, While this t]]ii~ W)HII(!i
Irlvl JI illtit[er, n~nc at [ha,[ date had demonstrated that th]s WM [he CMC JIId the {?rc~<llllll,~
wls(iorll was that span,uion sources were w)meh(nv Unsuited for r!);l~nctlc \[ud Ic\, In ,UIL(’,Iw.
t: e 1,orentz, fi~tom [. in completely different tor the two typcs (JIcxpervnwnt



Since then, we have also done a high-resolution study on NPD, our 32-m high-resolution
powder diffractometer[4], and have observed magnetically driven suucturai distoruons. Fig. 2
shows the ofiorho~~ and monochnic splittings of the 110 hexagonal reflection, These new
data have ken Rjetveld refined together with the older Iow-resolution data from HIPD. W’hlle
the NPD data Me best t’or obseming the structural distortion, the HIPD data are best for
observing magnetism. The resulumt low-temperature structure is shown in Fig, 3. In these
ret~nements, i[ is even possible to determine the sign of the coupling between “’magnetic
monoclinicity” and “structural monocliniciry”, that is whether the projected moments preter to
point across the short diagonal of the monoclinic cell or across the longer diagonal, In some
sense, these are determmed independently, the magnetic rnonocliniclty being proponlond to [he
tlmplitude of the 010 magnetic retlectio.~, while the structural monoclinlclty IS pr~rnw-l]y
determmed by splittings like those m Figure 2, The 120 reflection is pa.rucularly >ensitlve to
[his coupling constant, and portions of data from the +90° bank of HIPD are si~own in Figure
4, The model with moments pointing across the shor diagonal is clearly preferred. The
Rletveld refinement included ten independent banks of data (four from NPD md SIX tirom
HIPD, with parameters given in Table 1) including magnetism. At [he lowest [emper~tute, we
used the crystallographic space group Cl 121 (in the double-sized magnetic unit cell equlvalen[
10 P21) md magnetic space group Pc 1121,

4, Corlparison with Reactors

We haje conducted our program both at LANSCE and at the ?JIST reactor. With the
technology presently in service, [he spallation source is clearly superior for powders with
unknown magnetic structures md for plobkms In which [here are also structural concerns.
Having solved the magnetic structure, one often wants to look at the intensity of ~ partwular
reflection in detzui as a function of temperature, magneric field and history. In this c~se the
resolution can be relaxed with no loss of information, and wc typically perform such
measurements on a single-detector two-ares reactor diffractometer w!rh relaxed collitna[lon. S()
our philosophy is like that m other areas of neutron scattering: the broad survey work ISbetter
done ~t the spidla[mn source, whereas the detals are better cxarnmed at a reactor

ot” ttlc mtic~lil-.esCUrrCnLlyin service, the “banana-detector” diffractometers Dlh Md D20 itt [hc
ILL probtibly htive me highest total data rates of any powder diffractometers+ ,Ind .1s
c!i)n~purable samples of B12CU04 have been studlcd[ 11, 12] on both HIPD at l. A,NS(_’E;md on
D 1b At U.L, we have made a com xu-ison of data rates on the two machlnes[ 13], T}le Imsls (J!

/(wr cu; i~panson is the Intensity o the lowest order 100 magncuc rctlectl(~n at d = 8.5/4, ‘Mc
.!()’)biinks of HIPD have higher resolution ( 1.76% rather than 2.8%) w-rdthe slgnid-t(~ nol~c
r~tlo IS 8 tlrncs better on HIPD. But, even after correcting for the resolution dlt!”crcnce
[ii.wurmng the !ntenslty is pro

r
rtiorud to the $qi.rareO( lhe resolution). D Ib ha,$ii c(mnt r,uc M)

limes gretitcr than thut ot H PD! So, present -dfiy ~pulltitlon wmrce diffr~~utornc[crs ,irc [](i(

~ompctltlve on in!enslty, for Iow-rcsolut]on mugnetic stud]cs, with [he hc~t rcilc[~;r
dlft’ractornelers,



ratio is likely to be significamly berter and it wdl automatically CO1lCCChigher resolution data M
tie same time, for free,

5 Conclusions

W’e have shown that magnetic powder diffraction can he done very effectively at pulsed
$palliuion sources with [he prcsen[ generation of sources and wc have demcmsmted that ~ve
know how to make all the systematic correcucns. We have also demonstrated tha[ m~gne[lc
Rictveld refinements can be performed on spallation-source data and that one ge[s the \MTW
resul[ M from titt.ing [o integrated intensities from either spa.llation-source or re~ctor d~[d ‘I_hc
pulsed source is particularly effective for cases where smucwre and magneusrn Me coupled or
where the magnetic structures are previously undetermined,
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Figure Captions

Figure 1. Plot [from Ref. 2) of a portion of the raw data [ken on J powdered $~mp!e of’
L’PdSn in [he +90° bank of HIPD at four temperatures: (a) M 13K in magne[lc
pl,ase H which is monoclinic, (b) and (c) at 33.8 and 36.3K respectively In
magnetic phase I which is orthorhombic and (d) at 46K ir [he paramagne~lc
hexagonal phase. The indices in the upper panel are for the magnetic reflections
only, assuming the cell shown in Figure 3, The intensities have been divided
by [he incident spctrum.

Figure 2, Plots of the 110 hexagonal reflection in UPdSn as a function of [temperature,
[aken on the + 148” bank of NPD. The splittings have been indexed In the
orthorhombic system at 32K. and in the monoclinic system below that. The
intensities have been divided by the incident s~ctmm.

Figure 3, The crystallographic and magnetic structures at low temperature of (’PdSn,
with magnetic space group Pc 1 I 21. The right-hand figure shows [hc
monoclinic basal plane. The primitive crystallographic unit cell (which
corresponds to the parent hexagonal cell) is shown by the dashed lines, while
che magnetic unit cell is shown by the solid lines. The left-hand figure shows
the projection onto a plane perpendicular to the a-axis. Neitier the ~tom sizes
nor the lattice constants are drawn to scale and the deviation from 90’) O( the
monoclinic angle y has been grossly exagcriited. However, the .i[urll
coordinates wlthm Lhecell arc drawn to scale.

Figure 4. Plots of a portion of the umc-of-flight qxc[ra, along with Rietveld fits,
reelection markers and residuals, from one 90” bank ot HIPD at 13K, The &I[:i
in (a) and (b) are identical, but the rdlnetnents differ in that [he x-componcn[ [J!
the uranium moment Kmhas opposite sign, as shown In the insct~, Euch In}e[
$hows a schematic of the projection onto [he moncxlinlc bmal plane, M in the
right-hand part of Figure 3, Note that the “positively-cot-related” model ~hown
in (a) ISclearly preferred by the data. The intcnslrics have been divn.icd by [Ilc
incldcnt spectrum.

Figure 5. Schcmittic diagram of the proposed next-generation high- in[cmity powder
diffractometer suitable for magnetw dlffractmn $tudlc%. don~ with llmr
resolved am.Jkinetic expcnmems,



Table 1 Characteristics of detector banks on HIPD and NPD

Diffmctomemr Scattering angle dmm(A) resolution Aclld(% )
(See Ref. 4) (degrees)

HIPD *153 4.8 0.7

HIPD ~9(-J 6,6 11

HIPD *4O [3,0 1.8

NPD *148 3.0 0.15
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