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UPtGe has an incommensurate and noncollinear magnetic structure. Neutron experiments on a single crystal
have shown that the crystal structure is neither the TiNiSi nor disordered, Q@) as previously suggested,
but rather the noncentrosymmetric EuAUGe structure, with two independent uranium atoms in the asymmetric
unit. We report details of the cycloidal magnetic structure as examined by a conventional diffractometer, and
the neutron polarimeter at the Institut Laue Langevin. The uranium moments are different on the two sites, with
the average value of 4. A single magnetic domain exists and we believe this is a consequence of the
noncentrosymmetric crystal structure. As a result the crystal produces a polarized beam of neutrons from an
incident unpolarized beam. In resonant scattering experiments at the ID20 beamline of the ESRF the second-
order magnetic satellite, which is a direct consequence of the cycloidal structure and the resonant cross section,
was observed with the photon energy tuned to the uramiupedge. The ratio of this to the first-order satellite
is more than an order of magnitude less than that found in similar experiments on Ho. We have also observed
weak resonant effects at the IP{ and GeK edges.

. INTRODUCTION are along(111). This 3q structure is, of course, noncol-

linear, but the aspect of noncollinearity is quite different

The magnetic interactions that lead to ordered magnetigom that found, for example, in the helix of holmium metal.
structures in the rare-earth metals and compounds are reason-py,ch progress has been made in understanding the spe-
ably well understood, viz., a relatively weak direct interac-cifics of magnetic arrangements in uranium compounds by
tion between the localizedf4electrons on adjacent sites, but the work of Sandratskii and Kubfet who have used local-

a strong Ruderman-Kittle-Kasuya-YosidRKKY ) indirect  spin density functional theory and incorporated spin-orbit
interaction passing through the itinerard-6s states: This  coupling to examine the stability of certain noncollinear
interplay results in a panoply of magnetic configurations inmagnetic arrangements. One of the points to emerge from
which noncollinear arrangements of the magnetic momentthis discussion is that helical type of magnetic arrangements
tends to be the norm rather than the exception. In passingre unlikely to be present in actinide materials as the spin-
from the 4 to the 5 electrons as the principal unpaired orbit interaction tends to align the moments along high-
states a number of important differences are evident. Theymmetry directions, and one of the aspects of a general
greater spin-orbit coupling in thefSsystems as compared to helical structure is that the moments may point along any
their 4f counterparts leads to greater anisotropy and a highetirection in the plane of the helix.

preponderance of collinear structures. The energetics of non- To our knowledge, there is onlgne system reported so
collinear magnetic structures inf5systems tends to favor far involving an actinide ion that has a helical magnetic
multi-q arrangement$.In these magnetic structures the re- structure. This is the ternary orthorhombic compound
sultant magnetic moments tend to point along all equivalenUPtGe, which was first reported to be antiferromagnetic
axes of a special symmetry. Well-known examples are théTy~50 K) from bulk measurementsinterestingly, three
cubic NaCl-type structures of compounds such as USh. Thisxdependent reports involving neutron diffraction on the
compound has magnetic Fourier components along each atomic and magnetic structure of UPtGe appeared simulta-
the six{100) equivalent axes, so that the resultant momentsieously. The first study was that of Szytetaal® who used
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polycrystalline samples and reported the crystal structure as TABLE I. Results of least-squares fits of neutrttaken atT

the TiNiSi type Pnma, space group No. 62and a cycloid =80 K) and x ray(taken at RT data to the structural parameters of
magnetic structure with a moment of Ld per uranium. the EuAuGe structurelfim2, space group No. 44vith the axes
Also using polycrystalline samples, Robinsetal/ dis-  defined aa=4.32 A, b=7.17 A, andc=7.50 A. The position of
cussed whether the atomic structure was of the TiNiSi formVU: is fixed in each refinement. Errors on other atomic coordinates
or the disordered analog of the CeQOype (Imma, space are indicated on the least-significant digit. In the neuttrray)
group No. 74 and preferred the TiNiSi type. They estab- refinements a total of 27849 independent reflections were used.
lished the ordered magnetic wave vector as

=[0,0.5541),0] and suggested that the form of the cycloid Atom Point symmetry  Position Neutron  X-ray
was elliptical with the major axis (1.4dg) in the direction symmetry

parallel tor as compared to 1.0z perpendicular tar. The  y,; 2a mng (0,0z2) =z 0.625 0.625
third independent report on UPtGe was a conference papey, 2b mne (0,1/2z7) z 0.6861) 0.6881)
from Kawamataet al® that also reported a cycloid with py 4 m--- (0y,z2) y 0.72175) 0.7201)
~1upg and 7=[0,0.57,3. Our particular interest was in ex- z 0.3141) 0.3281)
amining this cycloid in more detail, especially with the neu- 5o 4 m-- (Oy,2) y 0.20604) 0.2212)
tron polarimeter at the ILL, and also with synchrotron radia- z 0.9841) 0.0022)
tion using the technique of resonant x-ray magnetic

scattering(RXMS). R factors 7.2% 8.7%

Il. CRYSTAL STRUCTURE

& the Pt and Ge sites, but it should be pointed out that for

The single crystal used in this study was the same as us .
in Ref. 8 agr]]d wgs grown under argonyusing a tri-arc furnacer_1eutrons the scattering lengths are 8.185 and 9.60 fm for Ge

Its size is~4x3x5 mne. The crystal structure is ortho- and Pt, respectively, so the sensitivity to disorder is not sub-
; e : stantial.

::gggféali ;h1e7'|’;3|\N£)S:| fgzm Aa) Qgt;‘ tls%n ﬁthtlanltig?;?j do;gf Although we now haveR factors of~7 and 9 % for the

tron intensitiés wére coilectea on both fhe Ot source heutrons and x rays, respectivel§ather than 40% for the

_ - ' Pnmastructure we still have some concern that the struc-
A=0.84A) and D15(thermal sourcer=1.172 A) four ture of at least the Pt and Ge atoms may not be fully correct.

circle diffractometers. A small piece of the crystal was aISOFirst neutron data of this quality usually refines to between
examined at the Institute for Transuranium Elements : : ' IS g y y :
2-3%. It is more difficult to be certain of the absorption

:(ae(\jrilztriléhne)\v:vlghg E)A[T)hf:é-gggﬁs(ij\grg;grzgtglgr?ov}:;j tha orrections in the x-ray case with such heavy elements, but
' ) ' bsorption for neutrons is negligible, as is extinction in the

2': zhet (l( TrlhTsoggctlﬁzisozhr:lepz[::%nZrﬁéﬁq?ﬁ%éeﬁﬁg all, present case. Second, some of the refined temperature factors
: : . are negative. Thus we are left with some uncertainty in the
structure, which all previous authors have assumed to be thgXact crystal structure of UPtGe. We have tried, unsuccess-
correct crystal structure. Furthermore, a careful examinatiotﬂmy’ a number of other space g.roups. However’, we should
showed _thalh kO reflectlons are present W"“'.‘ andk both emphasize that with respect to the uranium atoms, which are
odd. This excludes a glide plane perpendicularcicand the only ones carrying a magnetic moment, the configuration
hence thg space groummaof the CeCy structure. More- we propose is essentially the same as that already in the
over, refinements of both the x-ray and neutron data 9aVfierature, and allows us to continue to discuss the physics of
crystallographiR factors between 20 and 40 % for both thethe magnetic interactions. We show in Fig. 2 the arrange-
TiNiSi and CeCuy structures. UPtGe clearly does not have .+ ¢ U atoms projected down the shortest asisn(the

either of these crystal structures. Imm2 structurg. These can be thought of slightly buckled

After considerable effort, we have found a reasonable fit,,_. ;
to the structure type EuAuGéimmz, space group No. 44 thains running through the structure parallebtand placed

The results of the neutron and x-ray refinements are given in
Table I. This space group has two important differences from
those of the TiNiSi and CeGuorm. First, the space group is
noncentrosymmetric, whereas the earlier two are centrosym-
metric. Second, in the new space group therdradtependent
positions for two uranium atoms. There is a change in the
axes(interchanginga andb) in going from thePnmato the
Imm2 space groups, but this is simply confusing rather than
fundamental. Projections of the two structures down the
shortest axes are illustrated in Fig. 1. Note that to obtain the L
best fit with the sites fully occupied we have interchanged 0-Q: O~ O« @

the Pt and Ge sites as compared to those given for Au and Ge

in Ref. 9. The besR factor obtained with the Pt and Ge in FIG. 1. The structurefleft) Imm2 and(right) Pnma Both are

the positions given by Ref. 10 is 9.5%, whereas it drops t&hown projected down the shortest axis. The different arrangement
7.2% when these are interchanged. No improvement in thef Pt and Ge chains parallel to this short axis may be clearly seen in
neutron or x-rayR factors was obtained by allowing disorder this projection.
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TABLE Il. Results for refinement of 156 magnetic reflections to
a cycloidal model. The parameters are the magnitude of the ura-
nium moments forming the envelope of the cycloid, and the phase
relationship @) between i and U,. The ellipticity ¢ is defined as
w||[100])/ ||[001]. The R factor is a measure of agreement be-
tween the observed and calculated structure factors.

c=7.50 A
wu|[[100]  w||[001] € ¢(deg.) R factor
(mg) (mB)
Model A
U,=U, 1.606) 1.285) 1.248) 10(2) 17%
Model B
b pe=a U, 1.81) 151 1.1610
U, 1.31) 091 13318 0(5) 9%

FIG. 2. Projection of the U atoms down theaxis of thelmm?2
structure. The open and shaded atoms are separated/ay

=2.16 A in the vertical direction. The circles have a diameter ofin model A we have kept the moments on the two U sites
3.5 A. The distances are those in the projection. To obtain thggentical. This gives arR factor of 17%, which is already

U,;-U, distances one must add to the values in the figureafe quite good considering the complexity of the cycloid. How-

displacement in quadrature, so that the distances become 3.93 agger theR factor may be significantly improvedo 9%) by
4.74 A, respectively. The U, distance almost parallel to tHe ’

. allowing the moments on the two U sites to be different. We
axis is 3.61 A. note thatu(U;)> u(U,), but that the ellipticity of both is
. . . close to the average value of 1.24. Both the average moment
atx coordinates of 0 and 1/2. The buckling of the chains here(1.38ﬂB) and ellipticity (1.24 are close to those of 1.22
is shown to result in two U-U projections down taexis of 5 1.39, respectively, found by Robinsehal” The phase
d|stanqes of 3.287 :_:md 4.22 A paralleldoln the refinement angle ¢, which relates the propagation of the cycloid at U
of Robinsonet al.” in the Pnmaspace group the same pro- compared to that atJis close to zero. This is not surprising
jected distances are 3.24 and 4.26 A. Fixingxtiweordinate, 55 the propagation direction[i$00], and along this direction
which they refine to 0.0032), to zero, the arrangement of U {ha atoms lie on fixed planes et 0 and 1/2, see Figs. 1 and
atoms in the two space groups is almost identical. Because &f \ye searched for, but did not find, any evidence for
the special positions of the,Uand U, atoms in thelmm2  ¢ocond- or third-order satellites.
structure, they may be arranged in a centrosymmetric con- This is a cycloid structure, which is a special form of a
figuration(as shown in the figujeout the full space group is hejix in which the angle between the normal to the plane of
noncentrosymmetric. What is different between the tWoy,e moments and the propagation directionrig. When this
space groups is that the Pt and Ge atoms may also be placgflgie is zero the helix is usually described as a spiral as
on chams_ parallel td in the Imm2 struct_ure, whereas they found, for example, in Ho metdhnd some other rare-earth
alternate in the>nmaspace groupysee Fig. 1b)], and can-  gysiems The reflection intensities alone may not lead to a
not be described in this way. . unique model for the magnetic structure when it is noncol-

The nearest separation between U-U atoms is 3.61 Ajnear. For example, Robinsoat al” considered whether
which far greater than the distance of3.2 A at which there might be a component out of the plane, or whether

strong §-5f overlap occurs. However, the U-Pt and U-Ge the configuration could be an amplitude-modulated wave,
distances are between 3.0 and 3.2 A so that hybridizatione 3 collinear structure.

between the U 6 and Pt 4 and Ge 4 states may be an-
ticipated.

B. Polarized neutrons—the neutron polarimeter
lIl. MAGNETIC STRUCTURE 1. General remarks and cross sections

Although our intensity data strongly support a cycloid, a
less ambiguous result can be obtained by analyzing the po-

We initially used the D10 diffractometen2.36 A) to  larization of the neutrons scattered into magnetic reflections.
measure the positions and intensities of magnetic reflectiongero-field neutron polarimetry was carried out using the
at T=4.2 K. These data established the magnetic wave veapherical neutron polarimeter CRYOPAD linstalled on
tor 7=[0.5541),0,0], and we also measured the tempera-the sample table of the polarized-neutron triple-axis spec-
ture dependence of the strong magneti©0 satellite. These trometer IN20 at the ILL. We have recently discussed in
results confirmed those in the literature, especially the workletail the application of the polarimeter to the cycloidal mag-
of Robinsonet al.” Recall, again, that tha andb axes are netic structure in DyFlg (Ref. 1)) and here we shall give
interchanged in going from thénma to Imm2 space only an abbreviated discussion relative to the experiments on
groups. A fit was made to 156 integrated reflections givinguPtGe.
the results in Table Il. The propagation vector of the mag- If we consider the case in which the magnetic and nuclear
netic structure is alon@*, and the best fit to the intensity reflections are separated in reciprocal spaehich is the
data suggests that the moments are inatelane. Initially,  case here for an incommensurate magnetic wave Véetion

A. Unpolarized neutrons
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it is relatively easy to get a qualitative understanding of how 2. Experimental
the polarimeter works by examining a few selected reflec-
tions. First, the polarization of the scattered neutrons will
depend on the magnetic interaction vector—se

Blume*>—and |ts. relation to the pol_arlzatllon of the incident plane. Since the scattering plane must contain the propaga-
neutrons. Following Ref. 10 we define this vector@scare o girection @*), this requires th§001] plane vertical and
should be taken not to c_onfuse _thls use(:of/v_lth the more _the scattering plane containifi00] and[010]. For theh* 00
common use that associates this symbol with the scatteringqiites the plane o® and Q* is [010]X[001]. The ex-
vector, which we shall calk) perimental observation is that neutrons incident alfo@y]
and[100] are rotated in polarization, whereas those incident
along[010] are left unchanged. This result is consistent with
the moments having a component aldo@1] but not along
L [010]. (Naturally since the scattering vector is here placed
=M () —[M(x)- K], (1) along[100] no information is available about the moments in
this direction) Thus, from this one reflectioin fact we
where k is a unit vector in the direction of the scattering have examined a series of reflections alongtt@e line) we
vector andM (k) is a Fourier component of the magnetiza- can say that there iso magnetic component along the10]
tion. By definitionQ lies in the plane perpendicular ta axis. Considering other reflections of the folik0, with
Turning now briefly to the description of the magnetic k# 0, we show that there is also a component of the moment
structure, it is well known that for an amplitude modulatedalong[100].
wave the magnetic moment on thgh atom of thelth unit

To exploit the full capability of the neutron polarimeter it
is necessary to place the plane in which the moments rotate
in this case theac plane perpendicularto the scattering

Q(K)=k X

J'M(r)exp(i:c-r)d?’r X K

cell may be written 3. Results
For a selection ofik0 reflections the direction of the scat-
Sj=Ajcod 71+ ¢)) (2)  tered polarization was determined with the incident polariza-
tion successively parallel to the vertical directior),(the
and for a helix or cycloidal magnetic structure scattering vectoue (x), and a third directior(y) that com-
pletes the right-handed Cartesian set. The final directions of
Si=A;cod 71+ ¢;) +i Bj sin(7-1,+ ¢j), (3)  polarization of the scattered neutrons may then be refined

against a single parameter, the ellipticitatio of major to

where for the latter cask; andB. are perpendicular vectors minor axe$ of the cycloid. The results are given in Table IlI.
j j e . . . .

giving the magnitude and direction of the major and minor 1 h€ ellipticity & 4 K is 1.243) with the major axis parallel

axes of the elliptical envelope of the moment modulation orf® [100], i.e., parallel tor. This is in excellent agreement
the jth atom, 7 is the propagation vector, angl the vector with the results of the refinement of the unpolarized-neutron

defining the origin of theth unit cell. The phases of the data, giving confidence that the details of the magnetic struc-

modulation are given byp; . ture are correct.
To determine the precise form @ it is necessary to ) )
substitute Eq(2) or (3) into Eq.(1). However, there will be 4. Discussion

an important difference whether one is dealing with an am-  Two further interesting points are worth making about the
plitude modulated wavgEg. (2)] or a helix[Eq. (3)] as in  polarimeter results. First, the data cannot be used to extract
the former caseQ and Q* will be parallel to each other, values for the magnetic moments in the case in which the
whereas in the latter they will not. The final point to remem-magnetic and nuclear reflections are separédsds the case
ber is that when considering an incident direction of neutrorherg. To do this one must measure intensities and normalize
polarization, components @ that are parallel to it dmot  with the nuclear reflections, as done in the refinement of the
act on the neutron polarizatidne., it is transmitted without unpolarized neutron dat&able 1)). The second point goes
change of polarizationvhereas components that are perpen-back to the original paper by Bluntféwho noted that in the
dicular result in a precession of the neutron polarization. special case of a single chirality spiral, unpolarized incident
For an amplitude modulated wayEq. (2)] the polariza-  neutrons will be scattered to produce a single polarization
tion (Ps) of neutrons scattered by a pure magnetic reflectiorstate. This is because of a ter(®* X Q) in the cross section
with Q[|Q* is related to the incident polarizatior®) by  for the scattered neutrons. For a right-handed helix this has a
precession throughr about the magnetic interaction vector nonzero component along the scattering vector. For a left-
Q. The situation is different whe@ andQ* are not parallel handed helix its sign is changed. Thus in a normal crystal, in
(helix). In this case, ifP; is perpendicular tox then the  which both right- and left-handed helices are equally likely,
polarization is flipped around the longer componenRadnd  the net result is zero polarization of the scattered neutrons.
rotated towards the scattering vector by an angle which deSmall effects were observed in materials such as KrfBr
pends on the quantity 2 (AXB)/(A%+B?). One can see example, and in most centrosymmetric samples these effects
from this discussion that by measuring a few chosen reflecappear to be small as observed either with neutfoos x
tions it is possible(i) to distinguish unambiguously whether rays!® but very large effects—indicating almost a single
the modulation is an amplitude modulated wave or a helixchirality—are known to exist in materials that are noncen-
and (i) that in the case of a helix the ellipticity can be de- trosymmetric, such as Mn%f. Indeed, Bak and Jens€n
termined with precision. have emphasized that the noncentrosymmetric nature of the
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TABLE Ill. CRYOPAD polarimetric data for the first-order satellites in UPt®eandP; are the polarization vectors of the incident and
scattered beams. The polarization axesxile, y is in the scattering plan¢100] X [010], perpendicular tac, andz is vertical and parallel
to [001]. P, is the calculated polarization from the magnetic structure model. The estimated error HarawndP; are 0.01 and 0.03,
respectively. The agreemeRtfactor =14%.

P, Py Pc
hkl X y z X y z X y z
000 0.00 0.00 0.90 0.01 —0.05 0.91 0.00 0.00 0.90
0.00 0.90 0.00 0.08 —-0.91 —0.04 0.00 —0.90 0.00
0*20 0.00 0.00 0.90 0.94 —-0.11 —-0.12 0.97 0.00 —-0.11
0.00 0.90 0.00 0.94 —0.02 0.03 0.97 0.11 0.00
2720 0.00 0.00 0.90 —-0.91 0.00 0.16 —0.95 0.00 0.20
0.00 0.90 0.00 —-0.91 —0.10 -0.01 —0.95 —0.20 0.00
0720 0.00 0.00 0.90 —0.93 0.05 -0.14 —0.97 0.00 —-0.11
0.00 0.90 0.00 —0.92 0.13 —0.02 —-0.97 0.11 0.00
0.00 0.00 —0.90 —0.92 0.14 0.09 —-0.97 0.00 0.11
0.00 —0.90 0.00 —0.93 0.00 —0.04 —-0.97 -0.11 0.00
2720 0.00 0.00 0.90 0.78 —-0.12 0.35 0.81 0.00 0.51
0.00 0.90 0.00 0.85 —0.38 —0.02 0.81 —0.51 0.00
0.00 0.00 —0.90 0.84 0.03 —-0.37 0.81 0.00 —0.51
0.00 —0.90 0.00 0.80 0.41 0.06 0.81 0.51 0.00
0720 0.00 0.00 0.90 0.92 -0.17 -0.13 0.97 0.00 —-0.11
0.00 0.90 0.00 0.93 —0.08 0.00 0.97 0.11 0.00
0.00 0.00 —0.90 0.91 —0.18 0.15 0.97 0.00 0.11
0.00 —0.90 0.00 0.91 —0.30 0.02 0.97 -0.11 0.00
underlying lattice is central to understanding the possibility IV. SYNCHROTRON X-RAY EXPERIMENTS

of a large chirality effect. Our experiments on the UPtGe
crystal established that there was depolarization of the
scattered neutrons in any Bragg reflection. Depolarization As stated in the Introduction, one of the original motiva-
signifies domaingor mixed chirality in the case of a spiyal tions for the experiments on the UPtGe crystal was that with
Thus, our crystal transformed intosinglemagnetic domain. @ cycloid structure a new series of magnetic satellites with
Repeated heating abovig, and cooling did not change the periodicity 27 should be observed when the x-ray photon
domain configuration. This was demonstrated unequivocallgnergy coincides with the resonance condition. Resonant
by the observation that the direction of the polarization of thex-ray magnetic scatteringRXMS) is now becoming a com-
neutrons scattered by the Q0 reflection was almost parallel mon technique and we refer the reader to a number of papers,
to the scattering vector regardless of the direction of the inin particular, the work of Hill and McMorrow? which sum-
cident polarization. marizes in an excellent way the terms in the scattering cross
It should be noted that a cycloidal structure does not havé&ection. In the case of actinide materials, the important reso-
an absolutechirality since the sense of a cycloid is reversednance involves transitions from thel3o 5f states, i.e., the
by rotation of 7 about its propagation direction. The appar- M, andM;s edges. The resonant enhancement at these edges
ent chirality of the structure is therefore reversed by thigs very considerabl&)?so that the scattering may readily be
rotation and will appear to be opposite for thékl and observed. To understand the scattering cross section in the
h~kl reflections. Since this is a real rotation one can perfornfesonant condition we repeat briefly the formula given in
on the crystal it is clear that the “chirality” of the cycloid Ref. 18,
cannot exist. Changing chirality requires an improper rota-

A. General remarks and cross sections

tion, i.e., one that involves the use of a mirror plane, in the faelPMS=[ (&' &)F O —i(g' X g) - Z,FV
sense that the left hand may be transformed into the right. As o )
discussed earlier, the cycloid is a special case of the helix, +(&'-2,)(:2,)F?], (4)

but with the angle between the normal to the plane of the N L .
moments and the propagation direction equak@. Any where the scattering involves an elegtrlc dlpole transition
deviation of this angle fromr/2 allows one to talk of chiral (E1) between the 8 and 5 shell ande and ¢’ are unit
domains, but the domains in UPtGe do not have that chara®€ctors in the directions of the incident and scattered polar-
ter. Nevertheless, it seems likely that the formation of aization vectors, respectively, arid and k¢ are the incident
single domain in the case of UPtGe is related to the noncernd scattered wave vectors, respectivaty:ki—k; is the
trosymmetric nature of the crystal structure. It should also bavave vector transfer. The ternas represent a unit vector in
noted that the rotation ofr abouta, which relates the two the direction of the magnetic moment of théh atom. The
cycloidal domains also reverses the direction of thaxis, first term of Eq.(4) simply contributes to the charge peak,
which is apolar twofold axis inlmm2. since it contains no dependence on the magnetic moment. In
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an incommensurate antiferromagrias UPtGg the second
term produces first harmonig.e., at the positions) mag-
netic satellites, and the third term, which contains two pow-
ers of the magnetic moment, produces second-order harmon-
ics at the positions 2 We stress that these satellites are
intrinsic to the resonant process; they do not signify a modu-
lation of the magnetic modulation, which can also give rise
to higher-order satellites. The amplitudes of these various
terms are governed by the factdt§) which are determined

by the nature of the resonance, the probability of the transi-
tions, the amount of overlap between the states involved, and
the nature of the decay channels. Normally we expeét
<F®. If we can observe first- and second-order satellites
then it should be possible to determine the r&id/F(?). To

our knowledge these have not been calculated for the ac-
tinides, although this would seem possible inaamic pic-

Intensity (10° cts/sec)

N
o

Intensity (cts/sec)
8

—
o

ture as some calculations exist for the rare edrth®hether, 0 . .
of course, such calculations are relevant to experiments in 3.700 3725 3.750
actinides, in which the atomic picture of localizdlectrons Energy (keV)

often fails, is another question. Recognizing these uncertain-

ties our goal is more modest, being to measure experimen- FIG. 3. Intensity as a function of incident photon energy of the
tally the ratio ofFW/F?) in UPtGe, and compare this ratio first- and second-order satellites, @ and G*00, respectively.
with the value found for holmiurf? Notice the different energy widths of the two satellites.

Hill and McMorrow'® have reduced the above cross sec- . . . .
tion to a more tractable form. Since our experiments hav@rienting the crystal so that the scattering plane contains the

been done withr polarization of the photons incident on the vectorsa* andb* we have fulfilled the conditions to observe
crystal, we need only retain the terms correspondingrto a second-order satellite as the moments have components in

PR . : .
_ o and o— cross sections. For these experiments Wethe c* direction, which is perpendicular to the scattering

have not used polarization analysis at the uranMmedge, pI2a+ne. We have found th? strongest_ signal at the position
so the photons arriving at the detector will be the sum ofo 00 so that the sg:att_erlng vector Is an_[ﬂ;DO], a_md 21
these two channels. Furthermore, since the dipole transitiorfs°"9 the[O;O] o:|2r)ect|on 's zero. The term ir— in Eq.
are much stronger in the actinid®@’ than the quadrupole () conceming= < then reduces ta,z; cosé.
transitions, which have not yet been observed, we retain only
the dipole terms. I® is the Bragg angle the terms of interest
are The experiments were performed on the 1D20 undulator
" _ X _ beamliné® of the European Synchrotron Radiation Facility,
H{F®M}e|[z3sin6—2, cosp]|?, allintheo—a channel,  Grenoble, France. A double crystal(Bi1), monochromator
selects the appropriate x-ray energy and harmonics of higher
HF®he|[22]]% in o— o0, (5 incident energy are eliminated by the use of silicon mirrors.
The use of a closed-cycle refrigerator limited the base tem-
H{F@ o |[25(2, SiNO+25c086)]|? in o— . perature to~9 K. Exactly the same crystal as used for neu-
tron experiments was used for the x-ray studies. 01
The termsz;, z,, andzz are components of a unit vector face was polished using standard techniques to give a mirror
along the direction of the magnetic moment, such thais  finish. No further annealing was performed. The mosaic of
the component along the scattering veakofdefined byk;  the crystal(full width at half maximum is about 0.2° which
—ky), z; is the component in the scattering plane perpenis adequate for neutrons, but rather large for x-ray studies. As
dicular to « (defined byk;+k;), and z, is the component is standard practice, at each photon energy the photon beam
perpendicular to the scattering plafadefined by—Kk;xk;). was moved around on the surface to find the best place at
In the experiment the scattering plane [i$00]X[010]. which to perform the experiments.
These expressions have to be evaluated with the correct sub- Figure 3 shows an energy scan through theéQ@ (first-
stitution of thez; and then summed over all atoms in the unit ordep and @00 (second-ordérsatellites aff =10 K. Both
cell in the usual way, see Ref. 18. From the expressions fopeaks show resonant behavior confirming that they are mag-
the terms irF®) two general points emerge if a second-ordernetic and neither is present abolig. Their widths in energy
satellite is to be observed) there must be a componery  space are quite different, with the second-order satellite be-
out of the scattering plandii) the magnetic structure must ing much narrower than the first-order one. The first-order
be noncollinear except in the case in which onlyza com-  satellites have a width in momentum space indistinguishable
ponent exists and then there will be no signalraso this  from that of the charge peaks. On the other hand, the second-
situation does not help in determining their intensity ratio. order and third-ordefsee below satellites have a width in
We recall from our earlier discussion of the magneticthe longitudinal directionsi.e., parallel tos) that is signifi-
structure of UPtGe that the magnetic structure is establishecantly larger(by ~50%) than the first-order one. The widths
by the neutron polarimeter to be a cycloid in tieplane. By  in the transverse directions appear to be the same.

B. Experimental method and results
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0.554 (a) |(T)/|(ZT)Z(ZF(l)/F(Z))ZSZ _flﬂ , (6)
s o g %2+cog 6,
0.553 ° . . .
where the first-order satellite occurs at a Bragg angl@,of
= o 1 and the second-order one @84. The intensitiesl(7) and
X 0552 b ° - I(27) are integrated over both the longitudinal and trans-
- &, verse directions and corrected for the appropriate Lorentz
factors. Note that this expression has the limits previously
0.551 | . discussed. Since is the ratio of the moment amplitude par-

allel to 7 to that perpendicular to it in the plane of the cyc-
loid, it can be thought of as the amplitude ratio of moments
0550 1 . . : , . L] along zz compared to those alorgy in the notation of Eq.
(5). As e— the moments lie totally along (z3) so that

~—~ 1 2 o 7
(b) I(27)—0. On the other hand, as—0 then the moments are
1.0 o ¥ Iy alongz, andl (7)—0. We observé(7)/1(27)~5% 10°, and
® with ¢ =1.3 as defined by the neutron polarimeter we have
0.8 - X . FO/F2~60.
This is to be compared to a ratio 6f2.7 in holmium®® In

other words, the intrinsic second-order satellite in this ura-
o 11 x-rays nium compound is some (38)i.e., 900 times weaker than
* 27 x-rays that observed in holmium.

A further point of interestsee Fig. 3 is that the second-
order satellite is much narrower in energy space than the
first-order satellite. The fact that it is narrower in the case of
: . L : ; ! the second-order satellite could arise from the fact that the
0 10 20 30 40 30 60 FM) and F(® terms contain different overlap integrals be-

Temperature (K) tween the two staté® so that their energy widths may be
different. The energy resolution in the case of ID20 is about
0.5 eV. This will be a further test for theory when these cross

e?_ections are calculated.

o
'S
T

o
(X3

Integrated Intensity (Norm.

o
T
o
1

FIG. 4. (a) Variation of the modulation wave vectar as a
function of temperature as measured in the x-ray experimént.
Dependence of the intensities of the first- and second-order sat
lites as a function of temperature as measured in the x-ray experi-
ment. The solid line shows the functidn:(t2#)? as discussed in C. General characterization of magnetic modulation

the text, with 3 taken from the first-order satellite. The intensity at thévl, resonance of uranium is so strong

(1.25x 10° cts/sec. at 200 mA synchrotron curretiiat the

Figure 4 shows the temperature dependence of the modgrobe may be used not only to investigate details of the cross
lation vector 7 and the first- and second-order satellites.section, as discussed above in connection with the second-
Other 2r satellites were also observed, all about the same@rder satellite, but also to investigate details of the magnetic
level of intensity. Conventionally, the first-order satellite hasstructure which are impossible, or at least difficult, with neu-
a temperature dependence given k)= (t#)2, where't trons. We have already shown the temperature dependence
=(Ty—T)/Ty and B is the critical exponent. As shown in of the wave vector in Fig. 4. In this case it is not so much the
Fig. 4, within our statistics the temperature dependence dfitensity of theM, resonance that is important but the reso-
the second-order satellite also folloW@7) = (t%)2, whereas lution available. In addition, we have observed third-order
conventionally the temperature dependence should followy@tellites in the x-ray study which have an energy depen-
(t2%)2. This was the case for the second-order satellite indence similar to the first-order magnetic satellites. The inten-

+ ita ia— irat-
holmium?2* but with our limited statistics due to the weak- sity of the 0°* 00 satellite is~60 cts/s compared to the first

ness of our signal, we cannot be sure this difference is Sigc_)rder satellite intensity of 1:210° cts/s so that the intensity

nificant. The satellite is absent aboVg, as expected. Note of the third and first order is-5x 10~ 4. This ratio is below
that this satellite intensity is dependent on the elliptifgge the sensitivity of the neutron experiment on D10. The obser-

Eq. (6) bel d h dh his oh vation of this satellite shows that the magnetic structure is
9. (6) below] and we have not measured how this changes,o 5 pure cycloid at the lowest temperature, but there is
as a function of temperature.

X o _ ) some distortion of the wave form. However, the distortion is

Returning now to our original aim, we can determine thegma|| and does not substantially affect the conclusions
ratio of the terms=(*//F(1). Following the example No. 3.1 drawn from the neutron experiments. Interestingly, the en-
given in Ref. 18 we determine the expression for a cycloidergy widths of the third-order satellite are very comparable
with ellipticity &, where this is definetas abovgas the ratio  to those of the first-order satellite. This reinforces our argu-
of the amplitude of the cycloid envelope parallel to thements about the narrow width of the second-order satellites
propagation vector divided by that perpendicular. The planerising from theF(?) term, as both the first- and third-order
of the cycloid is perpendicular to the scattering plane. Thesatellites depend on tHe() term in the cross section of Eq.
final expression after some algebra is (4).
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UPtGe Temperature Dependence toelastic coupling between the uranium magnetic moments
10 T T T and the lattice. It is thus a magnetically induced charge den-
5 o 17 x-rays ] sity wave accompanying the cycloid. Such a modulation has
& 17 Neutrons . a structure factor that depends on the uranium structure fac-
+ 37 x-rays L . .
tor, but it will also increase alsq? so is difficult to observe
at low angles. We have observed scattering at th&6 and
57210 positions with photons of incident energy 11.05 keV.
Such positions in reciprocal space cannot be examined at the
U M, edge(3.728 ke as the scattering conditions cannot
be satisfied. Furthermore, the penetration of higher-energy
photons greatly increases the effective scattering volume, so
002 b it is not surprising that theharge contribution at the 2
0.01 L position is seen only at higher energies and higher scattering
7001 o0 005 01 02 05 1 angles.

=(T-T)/Ty

FIG. 5. T dependence of first- and third-order satellite from x D. Resonant intensity at edges of nonmagnetic elements

rays and first-order satellite from neutrons. The slopes give Recently, it has been obserZedhat very large resonant
1(7)x rays=0.444); 1(7)neurons=0-313); 1(37)xrays=1.3U8). Tn intensities are observed at theedges of Ga and As in the
=48.9(1) K. antiferromagnetic compounds Ugand UAs. In the present
experiment we searched for effects associated with both the

Thg temperature dependenqe of the first- and th|rd—ordeﬁ,t and Ge edges in UPtGe. These energies are above 11 keV
satellites are shown as a function of reduced temperature in

Fig. 5. Also shown are the intensities determined with neu—and because of the strong fluorescence it is necessary to use

trons at D10. The value ofy=48.9(3) K, which is consis- an analyzer FO suppress the b:ackground. We used3sa)
tent with the value of-51 K determined with a polycrystal- 2nalyzer, which scatters at 90° for an energy of 11.248 keV.
line samplé. The values of 8 are first-order neutrons W& show in Fig. 6 the results at theM,, GeK, and Pt
—0.444), first-order x rays—0.373), third-order x rays L, edge;, respec_nvely. The enhancements to the nonrespnant
—1.308). The results for the first order are consistent withMagnetic scattering at the Ge and Pt edges are relatively
both techniques and, again as expec@@7)~38(7). The small, and of an amplitude to be expected given that there
widths in momentum space of the satellites reflect FouriekVill be some hybridization between the U States and both
harmonics of the cycloid, and it is normal that the higherthe Ge 4 and the Pt @. Note that quite large signals were
order harmonics are wider since they are more sensitive tobserveé’ at the PtL, edge in the alloy CoPt, so the polar-
“faults” in the exact cycloid arrangement. ization of the &l band of Pt in UPtGe also is not surprising.
At higher energies, see below, we have also observed Wormally, one would not anticipate observing a polarization
weakcharge2 7 satellite, this was identified as such becauseof the 4p band of Ge, so such a polarization probably occurs
for these measurements we used an analyzer to determine thie their hybridization with the U & electrons. Note that a
polarization state of the scattered photons. The signal agsignal could also occur if the spatial extent of the spin-pp 4
peared only in ther— o channel. The presence of such a states is different from that of the spin-dowp 4tates, with-
charge modulation is not surprising as it represents a magneut any net polarization.

e
1]

e o
= 8

Integrated Intensity

0.05 |

U M, edge Ge K edge Pt L, edge
- 2000
5
£, =
c 3 _MJ\__—-- 1000 ~
=k 3
: 1 = FIG. 6. Upper panels: absorption as a function
0 \ 0 of energy as derived from the fluorescence data.
S MY 1 a0 Lower panels: resonant enhancements at the U
" ) M,, GeK, and Pt; edge as a function of energy
ﬁ 5 across the edges. Note that polarization analysis
) o-=7 s
L 0l a was used for the Ge and Pt edges so to compare
o, l relative intensities, those at the Ge and Pt should
= 23 be multiplied by~ 20 to account for the reflec-
Z 0 P tivity of the analyzer A333.
s o
qg S
£ 1l
NN . . . . \ .
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V. CONCLUSIONS age U-Pt bond being 3.04 A for,land 3.14 A for Y. We
Originally, this study was started to try and observe thelNd #(U1)=>u(U;). Recently, in a study of the site sus-
27 magnetic satellite associated with the resonant process fEPtiPilities of the compound 4PbIn, large differences were
x-ray scattering from a noncollinear magnetic structure. Thigound between the susceptibilities at two independent U
effect has been reported for holmium but not for any ac-Sites. Direct comparisons between these structures are, of
tinide. The original experiments, at the X22C beamline ofc0Urse; difficult but these different moments in UPtGe illus-

the NSLS at Brookhaven National Laboratory, were unsucl/@t€ the importance, and complexity, of hybridization be-

cessful. This led us to question whether the reportegy-  Ween the U 3 and Pt @l states. ,
neticstructure of UPtGe was wrong, and perhaps was collin- OUr éxperiments demonstrate the power not only of using
ear, in which case the2magnetic satellite would be absent. Singl€ crystals, which is well known, but also in making both

This, in turn, led to experiments with the neutron polarimetef€utron and synchrotron measurements on the same crystal.

at the ILL. These established that the magnetic structure was S 1S especially true when the magnetic properties are as

indeed a cycloid, close to what was reported in the literatureUnusual as those in UPtGe. An interesting feature which

but a measurement of integrated intensities using unpolarizedMerges is that the crystal is a single antiferromagnetic do-

neutrons established that theystalstructure assigned to this Main belowTy, as established by the neutron polarimeter

compound was wrong. After solving this structufable I, experlment_s. We believe this is associated with the noncen-

we returned with the higher intensifgompared to X22C at roSymmetric nature of the crystal structure.

NSLS) of the ID20 beamline, and indeed have observed the W& have measured weak polarization effects at both the

27 magnetic satellite with RXMS$Fig. 3. Its ratio compared tLs and GeKSz%dges. Signals have been previously seen at

to the first-order satellite in amplitude is more than an ordet"® PtL edges,” but not, to our knowledge, at the Ge

of magnitude less than that observed in holmium. Hopefully €d9€s. However, compared with recent experiments onUGa

this, together with the possibility of measuring this ratio in @nd UAs (Ref. 23 the signal found in UPtGe is relatively

other actinide compounds, will encourage theoretical calcu?Ve@k, for example, its intensity is less than 5% of that found

lations. Such calculations will help in further characterizing@t theK edge of Ga in UGabelow Ty .

the M resonances, which are very large, and frequently used

to investigate magnetic roperties, especiall of
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