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High-resolution magnetic x-ray diffraction from neodymium
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High-resolution studies of antiferromagnetic ordering have been made on the rare-earth metal neodymium,
using resonant magnetic diffraction at x-ray energies nealk jhendL ,, absorption edges. A single domain of
the doubleq magnetic structure has been observed directly in zero magnetic field. Detailed measurements of
the temperature dependence of the modulation vector over the temperature range 11.5-20 K showed no sign of
any lock-in to commensurate values. The ordering was found to be dquibler a wider temperature range
than previous measurements would indicate.

I. INTRODUCTION occurs mainly at the hexagonal sites on cooling through

. _— . Tn=19.9 K, with weaker induced moments on the cubic
The magnetic ordering in rare-earth neodymium has beegites_le Previous measuremeftd’ suggest that there is a

studied for over 30 yearsput continues to reveal new sur- weakly first-order transition at the ‘NEtemperature to a
prises. The principal techniqgue has been neutron scatterlng’im‘:ﬂeq structure, with they vector pointing along 4100}-
However, in recent years the availability of intense X-T&Ytyne direction. This phase is also expected from a Landau-
beams from synchrotron sources has allowed the investigqype theory!® Satellites appear at-qg, lying in the basal
tion of magnetic structures using the weak magnetic x-raysjane around reciprocal lattice points. If only one single-
interactions;”* which may be enhanced by using x-ray ener-antiferromagnetic domain is present, there will be just two
gies close to certain absorption edges of the element beingatellites, but a hexagonal array of six satellites will result
studied®® This paper reports an x-ray study of this elementfrom occupation of all three possible domains. The simgle-
in the temperature range 11.5-20 K. The sample ordered infhase is believed to persist for abduK below Ty ; then,
a single magnetic domajrallowing direct observation of the there is another weakly first-order transition at which the
2g magnetic structure of neodymium with no applied mag-vectors move away from these symmetry directions, and a
netic field. High-wave-vector-resolution measurements shovq structure is formed>'##-2This would give the satellite
no sign of any lock in of the wave vectors to commensuratepattern shown in Fig. 1. Our measurements were carried out
lengths. Neodymium is the lightest rare-earth element to bé the range 11.5-20 K so are restricted to tleahd 2j
investigated this way, and continues our work on the heavyegions.
and mid rare earths.*°

On cooling below the Nal temperature of 19.9 K, neody-
mium has been shown to adopt a series of sinusoidally
modulated magnetic structures with the number of modula-
tion wave vectors increasing from one just below theeNe
temperature to four in the lowest temperature pHade!*
These structures have been believed to be incommensurate o
with the crystal lattice. However, Lebech, Wolny, and
Moon®® have recently suggested that many of these appar-
ently incommensurate structures are in fact “higher-order
commensurate,” with modulatiorg vectors of specified
length and angle, tilted so that they fit the crystal lattice.
Magnetic x-ray scattering offers much higher wave vector g, 1. pattern of magnetic satellites seen around a reciprocal
resolution than neutron scattering, thus allowing us to distintattice point in the 8 phase of neodymium. When all three antifer-
guish more easily between incommensurate and commenstsmagnetic domains are present there are 12 satellites, shown as the
rate structures. solid and open circles. A single-domain sample will produce only

The crystal structure of neodymium is double-hexagonatour satellites, for example, those represented by the solid circles.
close packeddhcp, in which there are two Nd sites, with Also shown are the coupleg vectors that give rise to these four
local hexagonal and cubic site symmetry. Magnetic ordesatellites.
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FIG. 2. L, andL,, absorption edges of Nd, measured in trans-
mission with a foil.

II. EXPERIMENTAL DETAILS

Our first observations of resonant magnetic diffraction
were made on station 9.4 at Daresbury SRS. The data re-
ported in this paper were collected at station X22C at the
NSLS, Brookhaven National Laboratory. Incident x-ray en-
ergies were in the range 6.1-7.2 keV; this includes lthe
edges of neodymium. A solid-state detector was used to dis-
criminate elastically scattered x rays from a fluorescent back-
ground. Our sample was a high-purity single crystal prepared : , , , . ‘ .
by the solid-state strain-anneal technique at elevated tem- 6.19 6.20 6.21 6.22
peratures in UHV! A face a few mrfi in area was cut per- X-ray energy (keV)
pendicular to the(001) direction. The sample surface was
etched using concentrated nitric acid, and then washed with FIG. 3. Absorption-corrected resonant magnetic scattering in-
water and acetone immediately before mounting undefensity as a function of energy ne@ the L, edge,(b) the Ly,
vacuum in a closed-cycle refrigerator. The crystal had a moedge. The data are the height of a fixed-width Lorentzian peak fitted
saic spread of 0.03° full width at half maximuffWHM)  to a(100 scan through thetq, satellite of (005 at 11.5 K, nor-
and was initially oriented so that the scattering plane conmMalized to incident beam intensity. Note the logarithmic scale. The
tained the(001) and (100 directions, although the cryostat vertical lines indicate the positions of the absorption edges. Each

and sample could be tipped a few degrees away from thigolid curve is a least-squares fit using the square modulus of the
plane. sum of a Lorentzian amplitudéwnhich varies in phase over the

Since the x rays must enter and leave the sample throuqﬁsonanc)splus a constant amplitude of fixed phase(dnthe cen-

the ¢ face, only scattering vectors fairly close to (Dovere ' Of the Lorentzian is 67238) eV, the width is 6.8) eV, and the
obtainable. The satellites we investigated were of the forminh"’mc.e ment over the nonresonant bat_:kground s e 6.74 _
. .._keV point, which was verified by repeating the measurements, is
(anal). Dete}lled measurements were per'forme'd on Sat(?”ne&gnificantly below the line and has been excluded from the fit. This
around (005); we also observed similar Inten§lty satellites suggests that our resonant line shape is only a good first approxi-
around(007) and(009. The FWHM resolutlor! in the basal mation to the data. Irfb) the corresponding values are 6213)6
plane at the charge pe&B04) was ~0.0005y, in the (100) eV, 5.34) eV, and &.
direction and~0.007r, in the (120) direction, perpendicu-
lar to (100 and to the scattering plane. The positions ofenergy. After normalization at one energy, these transmission
satellite peaks could be determined to an accuracy 5-1@sults, shown in Fig. 2, gave good agreement with earlier
times better than this. The maximum count rate for gy ~ measurement$?3 over the whole energy range. The energy

satellites around005 was~3000 s ! near thel, edge; this dependence of the absorption-corrected magnetic signals at

Intensity x w (arbitrary units)

g
=)

was ~10° that of the(008 charge peak. thelL, andL,, edges are shown in Figs(s3 and 3b). The
energies were linked to the known values of thedges to
IIl. RESONANT ENHANCEMENTS an aclcuracyvl eV by observations of fluorescence from the
sample.
Magnetic satellites about the reciprocal lattice pgda5 It will be noted that the peak in the, response occurs
were observed using x-ray energies close tolthendL, ~2 eV above the edge and thg, peak is~3 eV above the

absorption edges, 6.722 and 6.208 keV, respectively. In ordesdge. This can be compared with the other light rare-earth
to correct these results for sample absorption, which varieslement in the literature, SAt° where thel, peak is just
strongly near the edges, the transmission of a tapproxi-  above the edge, but tHg,, peak is~4 eV below the edge.
mately 4 um) Nd foil was also measured as a function of The “branching ratio” between the, andL,, intensities is
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TABLE I. Absorption-corrected. /L, branching ratios for the (a) . r T ;
rare earths, where available. 0.148 1
s
2
Absorption-corrected ¢ on cooling . !
Rare earth ~ Sample used L,/L,, branching ratio Reference = on heating s "
0142 o 1
Ce t:8_ oot
Pr Ho-Pr alloy >1 25 ~ o . 500
Nd element 6 this work & 0136 L Lt " Som |
NdzCUO4 ~100 24 . L} ‘g_ 0.04
Pm ¢ U £ 0.02
] H
Sm element <0.5 7,10 - < T oaw o
Eu EuAs ~0.5 26 01301 . . b
GdNi,B,C ~1 27 L e on cooling
Tb element ~1 28 0.006 % ¢ oo ¥V um, g ® on heating -
L ]
Dy Dy eLUg 4 alloy b 29 "
0.005 | L T
Ho element ~0.1 30 - .,
HoNi,B,C <1 31 = 0.004F oo . 1
Er element <1 32,33 ., S 006 | .
o 0.003 £ 1
Tm element <0.02 34 § 0041 .
Yb 0.002F £ o0y B
Lu Dyo.dLUg 4 alloy b 29 8 s :
0.001 F -0.01 0 001 002 i
3ot absorption corrected. k () v
b, 0 1 1 1 1
Only data at thd.,, edge reported. 12 14 16 18 20

. . . . Temperature (K
of great interest: Hillet al?* point out that there is some P ®)

tendency for a systematic varlt_:\tlon of this quantity along the 5 4 Temperature variation of the componentsjpfa) par-
rare-earth series. Rare-earth ions with more than seven 4aIIeI and (b) perpendicular to th€100) direction. (A temperature
electrons seem to favor enhancement atltheedge, and  cajipration shift of 1.5 K has been applied to obtain the corfiggt
those with less than half filling of thef4shell tend to have 4f199 K) The insets show data taken at 15.5 K on coolingaln
larger L, enhancements. Table | summarizes for the rargs a (100 scan through therq, satellite of (005) fitted with a
earths thel /L, branching ratios presently known to us. variable-width Lorentzian, and itb) is a (120) scan through the
The number of #ielectrons cannot be the only factor deter- same satellite; this was fitted with a flat-topped line shape to repre-
mining these ratios. St ions have only five fielectrons  sent the angular acceptance of the detector. This inset also shows no
but theL,, response is greater than thg.”'° The cases of satellite centered dt~—0.007r, (the position labeled)’ in Fig.

EW?* ions[in EuAs; (Ref. 26] and Gd™ ions[in GdSe(Ref. 1), which would arise from a different domain to the single one
9)] are particularly interesting, since both have seviegldc-  observed.

trons yet they have different branching ratios. The very re-

cent Work Of Hill et a|_24 on resonant enhancement Of mag_ ShOWed that Only the magnetiC Sate”ites represented as SO|id
netic scattering from Nt ions in N,CuQ, gives anL /L, circles in Fig. 1 had m_easurable intensity. For e_xarr_lple, scans
enhancement ratio of 100. Their results were not corrected through the+q;, satellite are shown as insets in Fig. 4; the
for absorption, but after applying our absorption data to thdnset to Fig. 4b) shows that they’ satellite, which would
intensities they report, the ratio remaind.00. This is a very indicate the existence of a second domain, was not present. A
significant difference from metallic Nd. multidomain doubleg structure would produce the 12 satel-

A preliminary theoretical analysis of resonant magneticlites shown in Fig. 1, and up until now, the 2ature of the
x-ray scattering in rare-earth metals has been carrietf outordering has only been indicated indirectly by the observa-
and systematic calculations are underwfajt appears that tion of weak harmonics or by the application of a magnetic
we still have much to learn about the influence of ionic strucfield."“ In this experiment we have observed a single domain

ture and surroundings on the resonant enhancement of magf the doubleg structure in zero field. The doubtecharac-
netic scattering in the rare earths. ter of the ordering was confirmed by the fact that the two

vectors were not exactly along the symmetry directions and
were tilted in the expected directions. The surface of the
sample was nominally perpendiculardso should not favor
a particular domain orientation, but this same domain was
X rays with an energy of 6.722 keV were used to inves-always observed on several temperature cycles thrdygh
tigate the magnetic structure and temperature variation of the The advantage of a single domain lies in the reduction of
modulation vecton,. Within the volume of the sample illu- the number of satellites a given structure will produce. This
minated by the x-ray bearf~~1 mn? X a few micrometers is very helpful when attempting to identify an unknown mag-
depth, well below Ty, we observed aingle domain of a netic structure. The pattern of satellites produced by a mul-
doubleq structure; i.e., a series of scans arou(@d5 tidomain sample may not allow the structure to be deter-

IV. TEMPERATURE DEPENDENCE
OF THE 2q MAGNETIC STRUCTURE



FWHM in (100) direction (107 7 )

10.0

o
wn

oy
=3

o
wn

HIGH-RESOLUTION MAGNETIC X-RAY DIFFRACTION FROM . ..

)

[

¢
§
ji; ii

e ¥
i

¢ on cooling
5 on heating

12

14 16
Temperature (K)

729

pinning of theq vector to nonequilibrium lengths decreases
towards Ty . No sign of lock in of theq vectors was ob-
served at any temperature, and the parallel component goes
smoothly though the value of 1/7 ne®y; thus, there is no
evidence for the applicability of “higher-order commensu-
rate” ideas® in this temperature region.

The 2y character of the ordering persisted up-t8.2 K
from Ty. This leaves a much smaller temperature region
than has been previously reported for the sirglgtructure.
However, it is possible that the “near-surface” region of our
crystal, which is probed by x rays, behaves somewhat differ-
ently from the bulk of crystals that have been investigated by
neutrons.

V. CONCLUSION

This work has shown the technique of resonant magnetic
X-ray scattering to be a very useful complement to magnetic
neutron diffraction. The ability of x rays to probe a small

region of the crystal has allowed us to observe a single do-

mined: There could be several possmle st_ructures_thar%ain and hence to observe directly in zero field the dogble-
would produce the same pattern. A single domain may give %agnetic structure of neodymium. The high wave vector
pattern unigue to one structure. Early experiments on neod fesolution of the measurements o.f the temperature depen-
mium would have benefited enormously from the clarity Of'dence of they vector in the doublat phase casts doubt on
fered by single-domain samples.

We observed the satellites aty, in order to determin the claim that this structure is “higher-order commensurate.”
o 1 ® e look forward with interest to extending these measure-
with high accuracy. The values of the componentsg ppar-

allel and perpendicular to th@00) direction are shown in ments into the lower-temperature region, where a further se-

Fig. 4 as a function of both increasing and decreasing tem <> of fascinating phase transitions takes place.

perature. The parallel componentaf has the greater accu-
racy because of the smaller width of the resolution ellipsoid
in that direction. It is clear that there is hysteresis in the We would like to thank both T. S. Turner and staff at the
length of g, and that this hysteresis decreases towdigs SRS and D. Gibbs, G. Watson, and staff at the NSLS for their
We attribute this hysteresis to pinning of the modulation re-valuable advice and assistance. We thank the Brookhaven
peat distance by minor inhomogeneities in the crystal; wegroup for providing copies of their wotk?’**prior to pub-
would expect this pinning to be less effective n@ar. We lication, and G. Grhel for useful discussiorfS.We acknowl-

also note that the wave vector width of the satellites deedge the financial support of the EPSRC. Work performed at
creases towards the expected resolution widtfT@ss ap- the NSLS is supported by the U.S. Department of Energy
proached(Fig. 5: This is also what would be expected if under Contract No. DE-AC02-76CH00016.

FIG. 5. Temperature variation of the width in ttl0) direction
of the g, satellite of(005) on heating and cooling.
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