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We present the results of x-ray- and neutron-scattering studies of the temperature dependence of the mag-
netic scattering exhibited by the type-I, trip@e-antiferromagnet U@ Our neutron-scattering results are
consistent with those of earlier studies, including the observation of short-ranged magnetic correlations at
temperatures near and abolg. However, it is found by x-ray diffraction that a second, longer length scale
is induced neafly when the near-surface volume of the sample is mechanically roughened. The longitudinal
and transverse widths of the additional scattering increase continuously with increasing temperatufig,above
similar to that which has been observed near the magnetic ordering transitions of Ho, Th, and NpAs and near
the tetragonal-to-cubic transitions of various perovskites. Another unusual feature of the present results for
UO, involves the apparent shift with temperature of the magnetic scattering along the surface normal direction
at the(1,1,0 reflection, but not at thé2,1,0 reflection. To our knowledge, this is the first observation of a
second length scale near a first-order transition.

I. INTRODUCTION transition temperature$. across the sample, with the re-
spective length scales of the fluctuations controlled by the

In the mid-1980s, Andrews and colleagtiéscarried out  free-energy differences between the two phases. While quali-
comprehensive, high-resolution x-ray-scattering studies ofatively appealing, it has been difficult to adapt these ideas to
the tetragonal-to-cubic structural transformation of the perspecific experimental systems. Moreover, it has not been
ovskite SrTiQ. Surprisingly, they reported the observation straightforward to produce and characterize samples with
of two length scales among the critical fluctuations near  well-known defect distributions, or, even better, to produce
instead of one, as would be expected in an ideal system. Theamples in which the strain can be easily tuned.
two length scales differed in magnitude by nearly a factor of More recently, two-length-scale line shapes have been ob-
ten. Similar results were subsequently discovered in the critiserved in x-ray- and neutron-scattering studies of magnetic
cal behavior of other perovskites, including RbG#&Refs. 4  ordering transformations in the rare earths(Refs. 8 and
and 5 and KMnF;.° On the basis of the measured tempera-and Th%!in NpAs? UAs'® and others. Various qualitative
ture dependence, the shorter length scale was identified witleatures of the temperature dependence of the second length
the “normal” critical scattering, as described by the soft- scale, including its apparent divergence nd@g and the
mode theory of displacive phase transformations. The existanomalous exponents of the correlation lengths, are similar
ence of the second, longer length scale could not be exe those of the perovskites—and motivate the idea that the
plained by the conventional theory of critical phenomenatwo phenomena are related. In this regard, #xtes noted
and indeed its origin remains unclear today. that magnetoelastically induced, random strains may also

The key idea employed to understand the origin of thecouple quadratically to the order parameter in the free en-
second length scale has been to focus on the effects of diergy, which makes the analogy to the perovskites physically
order on otherwise ideal phase transitions. Imry and Wortis,plausible. An intriguing feature of the problem, which has
in particular, considered the effect of random defects on firstbeen clarified in the more recent experiments, is the pre-
order transitions. They showed that it is possible for localdominant localization of the additional component in the vol-
fluctuations to occur from one phase into the other in doume near the sample surface. Specifically, it has been found
mains centered on defect sites, provided that the free enerdljat x-ray-scattering experiments are especially sensitive to
gained thereby is balanced by the cost of producing the dathe sharp component directly as a result of the typically shal-
main wall. One imagines there being a distribution of locallow penetration depth&-1 um at 8 keV in rare earthsand
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the very high q resolution®® Furthermore, small-angle the surface normal direction with temperature ab®ye We
neutron-diffraction experiments on T@Refs. 10 and 11  believe this latter effect probably reflects the changelin
have isolated the sharp component within the near-surfacgpacing of the lattice domains supporting magnetic correla-
volume, although over a surprisingly large distance of 0.3ions. However, a similar shift was not observed at the
mm. (2,1,0 reflection, which may raise the possibility that there
These results have raised the possibility that the longerare two kinds of magnetic domain in the near-surface region.
length-scale fluctuations are intrinsic to interfaces. It is well Although many questions remain unresolved, our results
known, for example, that the relief of stress associated wittfu99est that the second length scale observed ipis/€or-
an ideally terminated surface in vacuum can lead to surfackelated with the residual strain in the near-surface volume,
reconstructiort® The corresponding modification of near- left after mechanical roughening. On this basis, we further

surface critical behavior has been discussed previously iﬁuggestththat ':hel%resten(t:'e of ?bset%ond, sh?rp cgmgonent
many contextgsee, for example, Ref. 16including in ap- ?molngh € Ctr' |ca_t_ uctua Iotnls'kol 0 f mtag?he Ic 3n S ruc}
plication to the two-length-scale problem of the ura’ phase transitions most fikely refiects the influence o

perovskites~517In this regard, Cowle}f has considered the random strain fields. Unfortunately, it has been impossible in

possibility of spontaneous surface strains which enter thé\he present experiments to characterize the detfauled micro-
free energy in fourth order, thereby producing a secondCoPic strain distribution at the surface. The physical mecha-

length scale. Although we cannot rule out the possibility ofISM which leads to t_he second component, the_refore, re-
mains unclear. Definitive conclusions still require more

intrinsic surface strains in the present experiments, our re- : tic studi ith fi trol of the strain distributi
sults suggest instead that the sharp component is correlatgyfStematic studies with ineér control of the strain distribution,

with the presence of strain fields, which may exist either inSUCh as has been possible in studies of random-field Ising

the bulk or near the surface, but which commonly reside i systems’“ From the perspective of exploring model sys-

the near-surface volume as a result of mechanical or chem{EMS: however, these results illustrate the importance of

cal polishing. Along these lines, intriguing results have beer?ample. growth and pre_pa_ration, e;pecially as high-
reported for thin slices of SrTiDsingle crystal, in which resolution, synchrotron radiation techniques make probing

only a sharp component is found by neutron scatteting. large length scales routine. For temperatures very igar
even a small amount of disorder can significantly alter the

In this paper, we report x-ray- and neutron-scattering . ) X )
studies of the temperature dependence of the magnetic sc hase behavior. Disentangling and understanding the effects

tering of the antiferromagnet UOIn contrast to other sys- 0 min_ute amounts of dis_order from the intri_n_sic behavior
tems exhibiting two length scales, the magnetic structure ofear flr_st-order and continuous phase transitions poses an
UG, is triple Q and the magnetic ordering transition is first Interesting, bUt. challenglng, problem for third-generation
order. From earlier x-ray magnetic-scattering experiméhts, synchrotron radiation experiments. .
UG, is well known to produce large magnetic signals for In Sec. Il of the foIIowmg we descr'|be the d.eta|ls'of the
incident x-ray energies tuned near thl,, absorption edge x-ray- an_d heutron-scattering experiments, including the
(3.728 keVJ. At these energies, th@/e) absorption length is characterlzatlon of the mechanically roughened and as-
only about 1200 A, making these experiments especially Ser%repared S|des_of the_ Sa'.’“p'e- Our results are presented in
sitive to the near-surface volume. For this reason, extended®®: Il and a discussion in Sec. IV.
fine polishing and annealing of the surface was undertaken to
produce as nearly perfect a sample as possisiepping Il. EXPERIMENTAL DETAILS
short of in situ preparation and characterizatjorSubse-
quently, one-third of the sample was mechanically rough-
ened, in order to introduce strains at the surface. Scanning UO, has the face-centered-cubic fluorite structure, with
electron microscopy, x-ray topography, positron annihilationa=5.47 A at room temperature. The Hund’s rule ground
Rutherford backscattering, and x-ray diffraction techniquesstate is®H, with two 5f electrons on each4J ion. Below
were all used to characterize the near-surface structure afigy=30.2 K, UG, forms a type-l, tripleQ antiferromagnet,
morphology of both sides of the sample. The damaged regiononsisting of ferromagneti®,0,1) planes stacked in alternat-
was found to extend about 0/&m into the sample, and to ing sequences(+—) along each of the simple cubic
possess a mosaic width nearly twice that of the as-preparatirections?>~2°All three modulation directions exist simulta-
side, with weaker integrated intensities and additional scatheously within the magnetic unit cell. The allowed magnetic
tering in the wings. We believe this is consistent with a sig-reflections are obtained by adding®0,1]-type wave vector
nificant, probably random, strain. to any fcc-allowed charge reflection. This is illustrated in
The main result of the present work is the observation byFig. 1, where a reciprocal space map showing the allowed
x-ray diffraction of a second, sharp component of the magcharge and magnetic Bragg reflections is shown. The mag-
netic scattering abové@, on the mechanically roughened netic scattering observed @t 1,0 can be obtained by adding
side of the sample, which is absent on the as-prepared sidéhe magnetic modulation wave vect@y,,=(0,0,—1) to the
In contrast, our neutron-diffraction studies revealed only a1,1,1) charge reflection. The component of the magnetic
broad component, consistent with normal short-ranged flucstructure contributing to a given reflection lies in a plane
tuations and with earlier neutron-scattering studies. The adperpendicular to the magnetic wave vedfy, . For all tem-
ditional, sharp component is about ten times narrower thaperatures below, the magnetic structure is commensurate
the broad component and increases in width with increasingith the lattice. AtT,, the abrupt change in magnetic inten-
temperature. There is, in addition, an apparent shift in posisities measured by neutron scattefing® and anomalies in
tion of the magnetic scattering at tki,1,0 reflection along the elastic constarfShave established that the magnetic or-

A. Magnetic structure of UO,
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1) become possible to probe critical magnetic fluctuations with
\ very highq resolution by x-ray scatterirff.*>*>The details
¢(220) of x-ray resonant processes are available in the
(()210) literature?®—>*We summarize a few relevant facts in the fol-
lowing.
3 For uranium compounds, the largest enhancements ob-
(1) o _ M, 5110 served to date occur at thd,, and M,, absorption edges

(the latter corresponding to an incident photon energy of 3.55
keV). At the M, edge, the dominant scattering involves

N electric dipole excitations, in which the incident photon pro-
(002)  (001) i“ motes an electron from the filledd3;, core to an empty &,
[0 1T_‘CO— L state. In the subsequent decay of the excited state, an elasti-
_ cally scattered photon may be emitted. The amplitude of the
[110] resonant cross section depends on the overlap of the ground

and excited magnetic states allowed by the exclusion prin-
FIG. 1. Reciprocal space map showing allowed chafdled  ciple. This overlap is large at thd,, absorption edges of the
circles and magneti¢open circles Bragg reflections. The dashed gctinides, leading to magnetic intensities as great as 1% of
line shows th€110) magnetic reflection referred to tligll) charge the charge scattering intensities from the |atfbe.
refleption. The co_rresponding magnetic modulation wave vector Earlier studies of a series of actinid@§’,lincluding uo,
Qu is shown. Incident ;) and scatteredi) wave vectors are e gready established the basic x-ray resonant-diffraction
indicated by the dashed arrows. The azimuthal arigtedefined by characteristics of these materials. Large intensities, of order

the (001 axis and the projection df; in the (001X (110) plane. .
Most of the experiments were performed with the azimuthal ang|e1><105/seC and greatefat typical NSLS beam currents of

¢=68°. The surface-normal direction is alofig1,d. The choice of leotrr?@wi havg beeFr: rlep_ort?d for |n<|:|d_ent ?ht(r)]ton energ;_es
incident x-ray wavelength near tihé,, edge(3.728 keVj limits the near theM,, edge. Folarization analysis O the magnetc

range of accessible reciprocal space to reflections with momenturﬁcattering ,h"’_ls confirmgd the mainly di,pOIe C,h_araCter .Of the
transfers less than abo(@,2,0). process. Fitting of the line shapes and intensities obtained at

the M, and M,, edges was found to give results qualita-
ﬁively consistent with the known electronic structures, pro-
Wded crystal-field splittings were included for Y& Re-
ctently, the cross section for x-ray magnetic scattering has
Been expressed in terms of tensor operators of the orbital and
spin magnetization densitiés:* Under the assumption of
spherical symmetry, the dipole magnetic scattering which oc-

range of abou5 K aboveT,; it is characterized by magnetic curs at the magnetic wave vector Is pred(_)mmantly propor-
tional to a two-spin correlation function, entirely analogously

correlation lengths of order 10 A ned,, and is typical of to the cross section for neutron diffraction. In the following

the magnetic fluctuations observed near first-order transi-. . ) > |
tions. discussion, therefore, we assume that the intensities are pro-

portional to the square of the magnetization density, just as
for neutron scattering.
B. Experimental setup The neutron-scattering experiments were performed at the

The x-ray-scattering experiments were performed or{_|Igh Flux Beam Reactor on spectrometer HaM. Th? spec-
bending magnet beamline X22C at the National Synchrotroﬁr‘?meter was run in the energy-integrating double-axis mpde
Light Source(NSLS) at Brookhaven National Laboratory. W'th an incident neutron energy of 14.7 meV. The res_olutlon
The incident beam was focused to a spot size of about # mn]" reciprocal space was determined by a series of collimators.

: : : . the configuration used, 2@0'-sample-20-open, the re-
using a toroidally bent, nickel-coated mirror, and monochro- " ) - " !
9 y sulting resolution at the elastic position was 0.017 and 0.008

matized using a double-crystal @41) monochromator. Nal 1. L o
g y aa q& L'in the longitudinal and transverse directions, respec-
i

scintillation counters were used to count the incident an . Cadmi foil dt K th d and
scattered photons. All of the x-ray experiments were per- Vely. Ladmium folf was used to mask the as-prepared an

formed at an incident photon energy of 3.728 keV, Whichroughened parts of the sample, respectively. As in the x-ray

corresponds to th#,, absorption edge of uranium. Special measurements, the sample was mounted in a_closed-_cyc_le He
tr_efngerator. The temperature, measured using a Si diode,

care was taken to minimize intensity losses due to air sca " .
tering and absorption by the Be and kapton windows of th as stable to within 0.02 K over the several hours required
0 obtain a scan.

beamline, as has been described in earlier i®rkhe
sample was mounted in a closed-cycle He refrigerator with
temperature stability of-0.02 K over several hours, and the
temperature was monitored using Si-diode thermometers.  The sample was cut from an oriented U€ingle crystal

The choice of incident wavelength follows from the ex- to produce a1,1,0 surface, about 285 mn? in area. The
istence of large, resonant enhancements of the magnetic sigurface was polished first with a sequence of different emery
nal which occur when the incident x-ray energy is tuned neapapers, decreasing to a 600 mesh, and then by a series of
the L or M absorption edges of the rare earths anddiamond pastes, ranging from 25 to 0.2Bn grains. The
actinides>20%-34s a result of these enhancements, it hadatter procedure removes most of the mechanical surface

dering transformation is first order. It has also been show
that magnetic ordering occurs without detectable changes i
the bulk lattice constants or observable thermal hysteresis
the magnetic intensitieghe latter except within about 0.04
K of the Neel temperatur€). Broad magnetic scattering has
been observed by neutron diffractidrover a temperature

C. Surface preparation and characterization
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FIG. 2. X-ray topograph show-
ing the entire sampléof dimen-
sions ~20x5 mnf). Well-
resolved crystallites are visible on
the upper two-thirds of the
sample. The lower one-third was
mechanically roughened, leading
to its blurry appearance.

damage introduced by cutting. The remaining daméage Evidence of vacancy-type defects present on both sides of
least within a 0.25um layep was further reduced by anneal- the sample has been obtained from variable-energy positron
ing in an Ar/H, atmosphere at 1400 °C for about one hour.annihilation measurement$In these experiments, positrons:
Subsequent Rutherford backscattering/channeling experfi® implanted to a controlled depth and then diffuse until

ments with 2 MeV Hé ions gave the minimum aligned yield they either annihilate or become trapped by a defect. The

of xmn=0.02. This corresponds to the value theoretically ex-annihilation environment is characterized by measuring the

pected from thermal vibrations of the surface atofs. width of the 511 keV annihilatiory-ray line, which is Dop-
About one-third of the sample surface was then mechani'—Dler broadened due to the momentum of the annihilating
: P . electron. Positrons trapped in open-volume defects have a
cally roughened using sandpaper. The resulting damage

) . . . . Rduced probability of annihilation with high-momentum
lllustrated on the right-hand side of Fig. 2, which shows any e glectrons, giving marrower annihilation line. The line-

x-ray topograph of the entire sample. The topograph wagigth is parametrized simply by taking the fraction of the
obtained using th¢l,1,3 chemical reflection at an incident (o15] counts occurring in a central region of the annihilation
wavelength of 0.90 A on NSLS beamline X19..The '”C'dentphotopeak—the so-calledS'parameter.” A modeling proce-
angle to the surface was about 1°, corresponding to an X-rajyre is required to deconvolve the effects of the positron
penetration depth of 0.zm. As may be seen, the left-hand implantation profile, and subsequent thermal diffusion. This
side of the image shows a patchwork of well-resolv&d,0  yields an approximate depth profile of defects. Figure 4
crystallites, extending in some case up to 1 mm in length. IrshowsS-parameter datdower panel obtained from the as-
contrast, the right-hand side of the image is blurry, consistenprepared and mechanically roughened sides of the sample,
with significant mechanical damage. A series of x-ray topotogether with the defect densities used to model the data
graphs taken of this sample has established that the damag@gper pangl While the defect densities and depth distribu-
region extends about 0,3m into the surface, below which tions given can only be estimates, two features of the data are
images from the right- and left-hand sides of the sampleclear and are independent of detailed numerical interpreta-
become qualitatively similar. It has not been possible, howtion: (i) both sides of the sample contain high vacancy-type
ever, to identify simple, single-site defects by x-ray topogra-defect densities in the near-surface0.1 um) region, and
phy. (ii) these defects extend to a much greater dépth.6 um)
Scanning electron microscopy images of the as-preparedn the mechanically roughened side of the sample.
and mechanically roughened surfaces of the sample are Although the results of x-ray topography, scanning elec-
shown on the left- and right-hand sides, respectively, of Figtron microscopy(SEM), and positron depth-profiling experi-
3. The top panels correspond to low-resolution ima@es  ments are all qualitatively consistent with each other, and
=100 um) while the bottom panels correspond to a higher-suggest that the defect density on the mechanically rough-
resolution imagébar=10 um). The principal features visible ened side of the sample is considerably greater than on the
on the as-prepared side of the sample afeum wide line  as-prepared side, it should be emphasized that the damage is
scratches running along two different directions in the phoso great that these techniques have not permitted simple,
tograph. In addition, there are dark spots, which we believeuantitative conclusions to be drawn concerning the pre-
correspond to inclusions, possibly of diamond particles. Indominant defect type near the sample surface, nor about the
contrast, the mechanically roughened side of the sample strain profile.
significantly damaged on both 100 and At length scales, Perhaps the most useful characterization of the structural
and shows a complex surface morphology. perfection of the two sides of the sample is obtained from the
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FIG. 3. Scanning electron mi-
croscopy images of the as-
prepared(left) and mechanically
roughened (right) sides of the
sample. The white bar in the two
upper photographs corresponds to
100 um, while in the two lower
photographs it corresponds to 10

am.

x-ray-scattering profiles of the charge and magnetic scatteand longitudinal scans, respectively, taken through the
ing at the(2,2,0 and(1,1,0 reflections, respectively, in the (2,2,0 charge scattering peak at 13 K. Open circles represent
magnetically ordered phase. Since these were obtained at @fe data obtained on the mechanically roughened side of the
incident x-ray energy of 3.728 keV, they directly reflect the sample, while solid lines represent the data obtained on the
volume probed in the x-ray-scattering experiments. The upas-prepared side. The insets show the same data plotted with
per and lower panels of Fig. 5 show the results of transversghe amplitudes rescaled in order that the peak heights coin-
cide. As may be seen, the profiles obtained on the roughened
side are reduced in amplitude and broader than those ob-
tained on the smooth side. The integrated intensities on the
roughened side are also typically reduced relative to the as-
prepared side, suggesting the partial loss of translational or-
old | mechanically roughened ] der of the lattice. The largest differences are apparent in the
wings of the scattering, which extend more than 0.003 A

’ around the peak on the roughened side, consistent with a

distribution of domains with varying lattice constants.

1020

1018

defect concentration (ecm—3)

10170 |as—prepared The charge-scattering profiles were fitted to Lorentzian-
squared and Lorentzian-three-halves line shapes on the as-
—01 02 03 04 05 08 prepared and roughened sides, respectively. These line
0.47 mean depth (um) shapegand all following were chosen for convenience of
. ) fitting; no particular significance is attached to their forms.
o 0461 The longitudinal full width at half maximumfFWHM) on
GE) 0.45| A the as-prepared side was found to be 0.8Q42=0.002
o A~1 and 0.00182a*=0.0024 A on the roughened side.
O 0.44} Assuming that the longitudinal width of the as-prepared sur-
(;‘) face gives the instrumental resolution in these experiments,

0.43r we infer a lattice correlation length of at least 1000 A along

. . . ; , the surface-normal direction. This length is comparable to
0 5 10 15 20 25 the (1/e) absorption deptiiabout 1200 A at these incident

Positron Energy (keV) x-ray energies. The corresponding correlation length on the
damaged side appears compargbleslightly smaller,~800

FIG. 4. Lower:S parameter versus positron energy for the as-A) in the regions of the sample which support translational
prepared (open triangles and mechanically roughenedopen  order. The mosaic widths were found to be 0.7 and

circles sides of the sample, respectively. Upper: The inferred va-0.0432)° on the as-prepared and roughened sides of the

cancy defect densities from the as-prepared and mechanicalljample, respectively. The additional width on the roughened

roughened sides. side probably reflects either an increase in the relative orien-

0.42
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FIG. 5. Upper: Transverse scans through (&g,0 chemical FIG. 6. Upper: Transverse scans through thgl,0 magnetic
reflection taken on the mechanically rougherieden circles and  reflection taken on the mechanically rougherieden circley and
as-preparedsolid line) sides of the sample at 13 K. The scan di- as-preparedsolid line) sides of the sample in the magnetically or-
rection is along0,0,1) in Fig. 1. Lower: Longitudinal scans through dered phase at 12 K. The scan direction is along the line with
the(2,2,0 chemical reflection on the mechanically roughefggen ~ ¢=68° in Fig. 1. Lower: Longitudinal scans through thk1,0
circles and as-prepare(solid line) sides. magnetic reflection on the mechanically rougheregen circleg

and as-preparesolid line) sides.

tation of diffracting crystallites, or a reduction in the averageline shapes and the transverse profiles were fitted to
in-plane crystallite sizéfrom 1300 to 800 A, or both. These  Lorentzian-squared line shapes. The longitudinal full widths
effects can usually be separated by characterizing the diffragvere found to be 0.0014@a*=0.0031 A! and
tion profile as a function of diffraction order. Unfortunately, 0.0036/2a* =0.0059 A™! on the as-prepared and roughened
with the long wavelengths required in these experiments thalves, respectively. The mosaic widths on the two sides
maintain the resonance condition, it is not possible to inveswere approximately 0.05° and 0.12°, respectively. The values
tigate the momentum-transfer dependence in this way. Oobtained on the roughened side correspond to the averages
the roughened side, the decrease in the integrated intensitaken from several different positions on the sample. By
the increased mosaic width, and the additional scattering ifranslating the sample across the beam variations of the mo-
the wings of the charge peaks are all consistent with signifisaic width by as much a$20% could be observed. Making
cant structural damage and strain. the reasonable assumption that the longitudinal widths on the

Important differences were also observed for the magnetias-prepared side of the sample represent the resolution func-
scattering, which is shown in Fig. 6. The upper and lowertion at these scattering angles, we find magnetic correlation
panels correspond to transverse and longitudinal scans takéghgths along the surface normal direction of at least 650 A
through the magnetitl,1,0 peak at 13 K. Open circles rep- on the as-prepared side and only 300 A on the mechanically
resent data obtained on the mechanically roughened side afughened side. It is clear that the damage present on the
the sample, while solid lines represent that obtained on theoughened side of the sample reduces the magnetic correla-
as-prepared side. The corresponding counting rates wetfn lengths both in plane and along the surface-normal di-
~50 000 and~200 000/sec, respectively. In the inset, therection. Moreover, the magnetic correlation lengths are
amplitudes have again been scaled in order that the peahorter than the lattice correlation lengths in both cases.
heights coincide. In contrast to the charge scattering, the
magnetic profiles are considerably broadened in both the lon- lll. TEMPERATURE DEPENDENCE
gitudinal and transverse directions. OF THE MAGNETIC SCATTERING

On the roughened side, the longitudinal profile was fitted
to a Lorentzian-squared line shape while the transverse pro-
files were fitted to Lorentzians. On the as-prepared side, the The temperature dependence of the magnetic scattering
longitudinal profiles were fitted to Lorentzian-three-halvesobtained by both x-ray and neutron scattering at(thé,0

A. Order parameter
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. . L ]
each temperature by rocking the sample. Open circles repre- = T »°
sent the results obtained by x-ray scattering from the as- & 5 10 .
prepared side; closed circles represent the x-ray-scattering g 0.4 - £ 107 : 1
. . = - a
results from the mechanically roughened side; and crosses g 2 42 p
represent the results obtained by neutron scattering from the £ £ . :
whole sample. Since different cryostats were used in the o2} E 107 g 1
x-ray- and neutron-scattering experiments the temperature g0 ¢
scales have been adjusted by a few tenths of a kelvin to give 100 25 B0
e Temperature (K)
the same value of \, namely, T=30.2 K. In addition, all or o 1

the intensities have been scaled to be equal at 15 K, so that " s 20 . P e
they can be directly compared. It is clear from the figure that Temperature (K)

for each data set there is an abrupt change figaand a

saturation of the intensities below about 25 K, consistent 5 g @

with a first-order tran_sziéion and with earlier neutron- jensities of the(1,1,0 and (2,1,0 reflections(open and closed
scattering experimenfS=*® Thus the temperature depen- jrcles respectivelyobtained on the mechanically roughened side

dences of the order parameter on the roughened and astthe sample. Inset: The same on a logarithmic s¢aleThe same
prepared sides appear identical to each other, and were Veg¥ in(a), but obtained on the as-prepared side.

similar to the results of neutron-scattering experiments from

the bulk. (The magnitude of the discontinuity exhibited by tion on the roughened side as much &K aboveT, [see

the neutron-scattering results appears larger than that olnset, Fig. 83)]. The existence of additional scattering is

tained by x-ray scattering.What is strikingly different similar to that which is observed for th&,1,0 reflection,

among the three data sets is the appearance abgvef  although it is about ten times weaker abdygat the(2,1,0

additional, weak scattering on the mechanically roughenedgeflection, and, as will be shown, it possesses a different

side of the samplgobtained by x-ray scatteringwith a  temperature dependence of its peak position. No hysteresis

nearly linear dependence on temperature. was observed in the transition temperature for increasing and
We have also characterized the temperature dependendecreasing temperatures for either reflection, consistent with

of the magnetic intensity of th,1,0 reflection(see Fig. 1 earlier neutron-scattering experimefits?>

These results are compared to those obtained fo(1ig0 To determine whether the additional scattering abbye

reflection for increasing temperatures in Figé)8&nd 8b) is indeed magnetic, we measured its dependence on incident

for both the mechanically roughened and as-prepared sidesray energy at th€l,1,0 reflection as the energy was tuned

of the sample, respectively. The qualitative behaviors obthrough theM,, absorption edge. The closed circles in Fig. 9

served at the two reflections are very similar, although theepresent the scattering obtained in the ordered phase at a

scattering was 20—30 % weaker at {2¢1,0 reflection. Ad-  temperature of 15 K, while the open circles represent the

ditional scattering was again observed for {¢l,0 reflec-  additional scattering obtained at a temperatur&gf 0.6 K.

Temperature dependencies of the integrated magnetic
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FIG. 10. Transverse scans taken along [BeD,1] direction
o0 ’. through the(1,1,0 magnetic reflection versus temperature above
0.025 °© © o - Tn=30.2 K. Inset: Transverse scan through ¢hel,0 reflection in
20 “9. the ordered magnetic phase beldy, for comparison.
.33880 LX)
or ] rection. If the observed shift corresponded to a
| | ] ' 1 f I L 1 - .y . .
commensurate-incommensurate transition, similar to that
370371 372 393 374375 which has been reported in studies of (Refs. 10 and 11
Photon Energy (keV) P )

and NpAs(Ref. 12 aboveT,, then it would occur along the
FIG. 9. Integrated magnetic intensity plotted versus incident[o’o'l] direction, and possess symnjetry-r.elgted S,ate”'tes lo-
photon energy of thél, 1,0 reflection at 15 K(closed circlesin the ~ cated attq from the charge scattering. Similarly, if the ob-
magnetically ordered phase andTaj+0.6 K (open circlesin the ~ Served shift corresponded to a small rotation of the magnetic
critical regime. wave vector, satellite pairs would occur along ttigl,0]
direction. No additional satellites were observed in scans ei-

. ther longitudinal or transverse to the magnetic peak. Despite
The latter has been scaled by a factor of 25. The line shapeiﬁe smgll asymmetry evident toward sr%alh:r t?wese line P
obtained at the two temperatures are identical to within sta- . ; . :
tistics, and very similar to the line shapes obtained in earlie?hapes are sat|§factor|ly descrlbgd by squared Lorentzians,
studies of the resonant magnetic scattering in,URef after decon\_/olutlon of the resolution function. .
: - 2o The detailed temperature dependence of the longitudinal
20—very strong evidence that the additional scattering ob- : ) .
served abovdy, is magnetic and transve_rse half-widths of the mggnetlc scattering from
N ' the mechanically roughened surface is shown on an absolute
scale in Fig. 19). In the magnetically ordered phase, the
B. Magnetic scattering aboveT longitudinal half-width is approximately 0.003°A and the

Fi 10 and 11 sh tative t d] transverse half-width is 0.0014 A These correspond to
19Ures an show representative transverse and Iofig, | atjon lengths of about 300 A along the surface-normal

gitudinal scans, respectively, of the additional magnetic scats. _ .. e
tering observed at thél,1,0 reflection by x-ray scattering, Girection and 700 A within the surface plane. A, both

for temperatures abov@y=30.2 K. Similar scans taken half-widths appear to increase discontinuously, and continue
through the magnetic peak in the ordered phade=at2.9 K , . . : . :

are shown in the inset of each figure. They are plotted on 0.10 ) 3“; T K 7
identically scaledk axes to facilitate comparison. Referring N 105 o G

to Fig. 10, it is clear that the additional scattering broadens in 0.08 32.06 K g
the transverse direction, and weakens, for temperatures in- 30.53 K g
creasing abovéd . After deconvolution from the resolution

function, these line shapes are approximately described by
Lorentzians.

The corresponding longitudinal scans are plotted versus
temperature in Fig. 11. Just as occurs in the transverse direc-
tion, the peak broadens in the longitudinal direction, and
weakens, for temperatures increasing abdye Also evi-
dent from Fig. 11 is an apparent shift in the position of the
peak toward smallen (andk). It should be emphasized that 098 ) (U;ioof o 102
this shift does not correspond to a decrease in magnitude of
the magnetic wave vector with temperature. In the conven- F|G. 11. Longitudinal scans taken through tel,0 magnetic
tional magnetic unit cell for UQ the magnetic wave vector reflection versus temperature aboVg. Inset: Longitudinal scan

lies along the[0,0,1] direction (within the surface plane taken through thé1,1,0 reflection in the ordered magnetic phase
whereas the shift is measured along the surface-normal dbelow Ty, for comparison.
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FIG. 12. () Temperature dependence of the longitudicidsed FIG. 13. (a) Temperature dependence of the longitudinal and

circles and transverse half-width®pen circle of the (1,1,0 re-  transverse half-widths of th@,1,0 reflection. Position dependence
flection after deconvolution of the resolution function. The trans-of the magnetic scattering in the longitudir(a) and transverséc)
verse widths were obtained from rocking curves taken with68° directions.

in Fig. 1. (b) Position dependence of the magnetic scattering at the

(1,1,0 reflection(open circlesmeasured along th@, 1,0 direction  ing an apparent discontinuity aty, and a linear increase
for temperatures increasing from 10 K. Closed circles show theahoveT), . The temperature dependence of the peak position
corresponding behavior for the charge scattering at#2,0 re-  measured in two orthogonal directions around (0 re-
flection. flection is shown in Fig. 1®). In contrast to the results
obtained for thg1,1,0 reflection, no shift in position is ob-
Served abovd N-

It should be made clear that the data shown in Figs. 12

increasing approximately linearly for temperatures abov

to within a factor of 2 to the shortesF correlation Iengthsditional magnetic scattering &, nor do they necessarily
observ%jll‘or the sec_ond length scale in ¢fRefs. 8 and 9. imply a divergence of the magnetic correlation lengtff gt
_and Tb.™""However, in contrast to Ho and Th, the scattering Recall that there is also an abrupt increase in intensity of the
in U0, appears weakly anisotropic abovg " . ordered phase magnetic scattering at the transition. This scat-
The position dependence of the magnetic scattering at tht%ring entirely masks the behavior of the additional compo-
(1,10 rgfleqtlon measured anng te,1,0 direction is nent, if it exists, belowT . It is possible, therefore, that the
shown in Fig. l.Eb) as a funcqu of'temperature. The widths and position of the additional component decrease
measure(_jd spacing in the(1,1,0 d|_rect|on ‘?‘t each tem-. continuously to lower temperatures. It should also be noted
perature is normalized by thet spacing obtained at_13 K: that, just as for the magnetic intensities obtained in the or-
1._.h(T)/h(13 K). Open C|rc|_es represent the normahzgd PO~ gered phase, the absolute widths and amplitudes of the addi-
sition of the (1,1,0 magnetic reflection and closed circles ;5 component at a given temperature are sample-position
represent th_g position of t@,2,0 charge ref'ec“of‘- Below dependent. For this reason, we have not attached particular
Ty, the positions of bpth the charge _and magnetic p_e_aks arSgniﬁcance to the Lorentzian and squared-Lorentzian forms
constant. AfTy, there is an apparent jump in the position of used in the fitting of the line shapes.
the magnetic scattering by about 0.2% relative to the charge
scattering, and a continuous, approximately linear, increase
for temperatures increasing thereafter. This behavior mirrors
the temperature dependence of the widths shown in Fig. Elastic-neutron-scattering experiments were performed at
12(a). A similar jump is not seen in the temperature depen-the (1,1,0 reflection aboveTy on both the roughened and
dence of the latticdshown by the filled circleéson either  as-prepared sides of the sample for comparison to the x-ray-
side of the sample. scattering results. Short-ranged magnetic correlations consis-
Figure 13a) shows the detailed temperature dependencéent with earlier neutron-scattering restftsvere observed
of the longitudinal half-width of the additional magnetic on both sides of the sample. Longitudinal and transverse
scattering from the mechanically roughened side of thescans of thé€1,1,0 reflection obtained af= Ty+0.9 K are
sample at th€2,1,0 reflection. The qualitative behavior is shown on the left-hand sides of Figs. 14 and 15, respectively.
very similar to that obtained at tH&,1,0 reflection, includ-  The solid lines through these data represent fits to Lorentzian

C. Comparison to neutron scattering
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FIG. 14. Radial scans taken along fHg1,0 direction through FIG. 15. Transverse scans taken along [BeD,1] direction

the (1,1,0 magnetic reflection on the mechanically roughened andhrough the(1,1,0 magnetic reflection on the mechanically rough-

as-prepared sides of the sample by neutron and x-ray diffractiorened and as-prepared sides of the sample by neutron and x-ray

These scans were taken at a temperaturetabéuaboveTy . diffraction. These scans were obtained at a temperature about 1 K
aboveTy.

line shapes(They are so broad that deconvolution of the ) ]

resolution function was not necessaryThe neutron- neutron scattering search_mg for the sharp component ob-
scattering results obtained on both sides of the sample af¥"ved in the x-ray-scattering experiments. Neither were suc-
identical. This is in contrast to the results of the X_ray_cessful.

scattering experiments, which showed additional sharper

scattering on the mechanically roughened side, but not on the D. Azimuthal dependence

as-prepared side. The corresponding scans obtained by x-ray An interesting result which became evident during the
scattering at similar temperatures are shown on the rightcourse of these experiments was the observation of a strong
hand side, and have been fitted as discussed earlier in thiependence of the magnetic intensity on the azimuthal ori-
text. It is important to note that theaxis scale shown for the entation of the sample with respect to tfig1,0 direction.
X-ray-scattering results is ten times narrower than that showBpecifically, for¢=68° (see Fig. 1, large counting rates of
for the neutron-scattering results. Thus, the correspondingrder 200 000/sec were observed at ¢hel,0 reflection at
correlation lengths of the scattering probed by the two tech13 K on the as-prepared side, as noted above. However,
niques differ by nearly a factor of 10, and suggest that dif-when the sample was rotated about ¢hel,0 axis to bring
ferent components of the magnetic scattering are measurdhe (1,0,0 reflection into the diffraction plané¢=0), the
by the two techniques. intensity dropped by more than a factor of 10. Since the
The temperature dependence of the full widths of thepolarization dependence of the x-ray magnetic cross section
magnetic fluctuations observed abolg by neutron scatter- in dipole approximation depends simply on the direction of
ing in both the longitudinal and transverse directions is plotthe magnetic momentvarying ask’-J for a o-polarized
ted in Fig. 16. Filled circles represent the data obtained oiincident bean this observation offers a means to determine
the as-prepared side of the sample, whereas filled squar8se direction of the magnetic moment in Y®y measuring
represent the results obtained on the roughened side. It the azimuthal dependence of the magnetic intensity. System-
clear from the figure that the widths increase approximatehatic studies with both{1,1,0- and (0,0,))-oriented samples
linearly aboveTy. The absolute values are approximatelyare planned.
ten times larger than observed by x-ray scattering at the same
temperaturegsee Fig. 12 There is no significant difference
in comparing the two sides of the sample. These results are
essentially identical to those reported by Buyers and We summarize our results so far. The charge-scattering
Holderf” on a different sample, and reproduced by the operpeaks which characterize the chemical reciprocal lattice of
squares in Fig. 16. the mechanically roughened surface exhibit weaker inte-
Long-counting x-ray-scattering experiments were pergrated intensities, broader mosaic widths, and additional
formed on both sides of the sample and over the same rescattering in the wings around each reciprocal lattice point
gions of reciprocal space as probed in the neutron-scatteririfpan the corresponding peaks on the as-prepared side. This is
experiments in order to search for a broad component of theonsistent with significant structural damage localized within
scattering. Similar long-counting scans were performed bybout; um of the surface and implies an increased, probably

IV. DISCUSSION AND CONCLUSIONS
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' ' ' ' ' ' ' the surface-normal direction and is perpendicular to the

030 Longitudinal (119 7 planes containing the moments. However, no shift is ob-
0.25 ¢ 1 served at th€2,1,0 reflection. The behavior of the additional
—~020 L | scattering belowl , if it exists, could not be resolved.
3 It seems natural to conclude from the present experiments
g 015 ¢ T that the additional magnetic component observed in, UO
50.10 B e — As—prepared | originates in the mechanically damaged volume of the
: 1 ® - Roughened sample, and is associated with the strain. The failure of the
0.05 | 1 neutron-scattering experiments to detect additional magnetic
o | ——— Resolution 4 scattering reflects the small volume of the damaged region
l : I = I = l (compared to the large neutron penetration depiid the
0.6 1" Transverse ) low q resolution of the neutron-scattering experiménts.
0.5 Similarly, the ease with which the additional component was
detected by x-ray scattering reflects the corresponding small
04+ . . . . .
T (1/e) absorption length and high resolution used in the
Eo.s X-ray-scattering experiments. In this regard, the additional
§O.2 | ] component is reminiscent of the second length scale ob-
served among the critical magnetic fluctuations of 3o,
0.1 . E;‘X%’zp%tre‘(’j" Tb, 1% and NpAs(Ref. 12 at their ordering transitions, and
o | ~—— Resolution = - Roughened |  among the critical fluctuations of various perovskit@sat

. ' : : : ' their tetragonal-to-cubic structural transitions. It suggests
30 32 34 36 38 40 42

that the second length scale originates from the strain, for
Temperature (K)

example, which typically accompanies mechanical polishing

FIG. 16. The temperature dependence of the HWHMof the  Of the sample surface prior to experiments.
transversguppe) and longitudinal(lower) scans on the mechani- We find this reasoning plausible. However, there are also
cally roughened(closed squargsand as-prepared sidgglosed important differences between our results forng(Dd earlier
circles of the sample obtained by neutron scattering. Open squareg®sults. First, the magnetic ordering transition in JU©dis-
show the neutron-scattering results reported by Buyers and Holdepontinuous, whereas all other examples are continuous or
(Ref. 25 on a different sample. weakly first order. Also, the shift in position of the magnetic

scattering at thé€1,1,0 reflection aboveT is unusual, and

random, strain distribution. In particular, the additional scat-has not been reported in earlier investigations so far as we
tering in the wings of the charge peaks suggests the existens@ow3°
of domains with lattice constants distorted about the bulk An interesting interpretation for UQs that the additional
value. magnetic scattering remains commensurate with the lattice,

The symmetries of the magnetic diffraction patterns ob-but that the domains which support magnetic correlations are
tained belowTy on the as-prepared and roughened sides ofhemselves distorted. Charge scattering from such particles
the sample are identical with each other and with the resultias not been directly observed as a peak in reciprocal space;
of neutron diffraction. Similarly, the temperature depen-however, the wings of the bulk charge peaks are sufficiently
dences of the integrated magnetic intensities are mutualliproad as to include the positions of the distorted lattice. From
self-consistent belovly. The line shapes of the magnetic this perspective, the additional magnetic scattering could
scattering, however, are uniformly broader in both the transarise from a distribution of finite-sized, strained particles. We
verse and longitudinal directions on the mechanically roughean explain the apparent shift of the magnetic scattering with
ened side, leading to average magnetic correlation lengths ¢émperature if we further assume the varies with the
only 300 A. In contrast, the longitudinal correlation lengths effective d spacing, with deformed regions with a larger
on the as-prepared side are at lea$60 A. These should be (1,1,0 d spacing possessing a highEy . A difficulty with
compared with typical lattice correlation lengths of at leastthis interpretation is the absence of a shift measured at the
~1000 A on the as-prepared side, and with thé&) x-ray-  (2,1,0 reflection. To explain the absence of a shif(al,0
absorption length of about 1200 A. Normal, short-rangedmay require proposing a second type of magnetic domain
fluctuations were observed by neutron diffraction abdye with magnetic wave vector along th,1,0 direction. Dis-
on both sides of the sample, but could not be observed btinguishing in this way among different types of domains, of
X-ray scattering. course, breaks the assumption of a triflenagnetic struc-

The principal difference in the magnetic diffraction pat- ture in the distorted domains, but is perhaps consistent with
terns of the roughened and as-prepared sides concerns tthee order of magnitude reduction in the intensities at the
presence of weak scattering abdygon the roughened side. (2,1,0 reflection compared with that at tfi&,1,0 reflection.
This scattering exists both at th&,1,0 and (2,1,0 reflec-  Similar effects have been observed in the sifglantiferro-
tions, although it is an order of magnitude weaker for themagnet UPgAl ;.3
latter. It broadens continuously abovg,, and persists to It is worth noting a related interpretation which has been
temperatures as high a+10 K. Remarkably, the scatter- suggested by Bernhoefet al’® on the basis of x-ray
ing at the(1,1,0 reflection appears to shift along the,1,0] resonant-magnetic-scattering studies of the additional mag-
direction with increasing temperature. This shift occurs alongietic component found abové, in UAs and UP. Those
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materials also possess discontinuous magnetic ordering tramechanically roughened. Qualitative features of the scatter-
sitions and simpler, singl€ magnetic structures. In contrast ing, including a typical length scale of about 100 A and
to the present results, they found strongly anisotropic mageontinuous broadening abovEg,, are reminiscent of the
netic scattering abov&, , which was interpreted in terms of two-length-scale problem discussed for #boTb,%! and
“layer-by-layer” ordering in finite-sized blocks located near NpAs (Ref. 12 at their magnetic ordering transitions and in
the surface. The extent to which detailed connections can bearious perovskitds’ at their tetragonal-to-cubic structural
made to the present results for Yvill require further transitions. From this perspective, our results suggest that the
analysis of their ongoing experiments on UAs and*®P. second length scale originates in the random strain fields
In the foregoing discussion, we have considered the poswhich typically reside in the near-surface layers of samples
sibility that the additional component corresponds to statiavhose surfaces are mechanically or chemically polished.
magnetic order within finite-sized particles. It is also pos-That is the main result of our paper. Recent neutron-
sible, indeed, most previous discussions of the two-lengthscattering studies of thin Ho films have also revealed two
scale problem have assumed, that the additional scatteriigngth scales abovéy.* In that case, the necessary strain
arises from short-ranged, long-lived magnetic fluctuations. Aields are likely correlated with the lattice mismatch at the
suitable test which could distinguish these possibilities in-substrate/film interface$ln our view, any source of random
volves high-resolution, inelastic-neutron-scattering studies oétrains could induce a second length sgalehas not been
the additional component. In principle, finite-sized domainspossible in any studies performed so far to prove whether the
supporting static magnetic order would give rise to purelyadditional scattering arises from true, possibly long-lived,
elastic scattering, whereas critical fluctuations would givefluctuations or corresponds instead to static magnetic order
rise to quasielastic scattering. Experiments along these linesithin finite-sized, strained domains. It is crucial to find a
have been attempted in TiRef. 11 and Ho?® where the system in which the strain can be continuously tuned, in
additional component may be resolved at low scatteringprder to quantitatively probe the physical origin of the sec-
angles. No energy width beyond the resolution width~&  ond length scale.
peV has been established, setting a lower bound on the life-
time, but not resolving the question. Unfortunately, such ex-
periments are outside present neutron-scattering capabilities
for UO,. We acknowledge helpful discussions with J. D. Axe, N.
It is interesting to note in this regard the recent calcula-Bernhoeft, M. Blume, P. Gehring, G. Helgesen, J. P. Hill, K.
tions of Altarelli, Nunez-Regueiro, and Papodfain which  Hirota, S. Langridge, K. Lynn, S. G. J. Mochrie, G. Shirane,
the theory of critical phenomena in the presence of quenched. Stunault, and C. Vettier. We thank J. Rebizant and V.
disorder has been successfully applied to the two-lengthMeyritz for help in preparing the crystal. Work performed
scale problem for second-order transitions. In particular theyat Brookhaven was supported by the U.S. DOE under Con-
have shown that long-range, random strains near a sampteact No. DE-AC02-CH7600016. B.D.G. acknowledges fi-
surface can induce crossover to a “disordered” fixed pointnancial support from NSERC of Canada, OCMR of Ontario,
with different critical exponents. Within the context of a par- and the Alfred P. Sloan Foundation. Topography carried out
ticular model of the strain, they are able to reproduce eleat the Stony Brook Synchrotron Topography Station, Beam-
ments of the experimental results obtained earlier for Ho antine X-19C, at the NSLS, BNL, was supported by DOE.
Th. Research was supported in part by the U.S. Army Research
To conclude, we have found that additional magnetic scatOffice under Grants No. DAAH04-94-G-0091 and No.
tering is induced abové&y in UO, when its(1,1,0 surface is DAAH04-94-G-0121.
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