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Resonant x-ray scattering studies of the magnetic structure near the surface of an antiferromagnet
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Resonant x-ray magnetic scattering is used to study magnetic order né@dthsurface of the antiferro-
magnetic oxide U@for temperatures between 10 and 35 K. It is found that for temperatures below the bulk
Neel temperature a magnetically disordered region exists at the surface, and is separated from the magnetically
ordered bulk by a diffuse magnetic interface. The width of the magnetic interface is temperature dependent,
and appears to diverge as the sample temperature approaches théddutmeerature. In contrast to the bulk,
which exhibits a discontinuous magnetic ordering transition, the surface layers order continuously. These
results are shown to be qualitatively consistent with the theory of surface induced disorder.

[. INTRODUCTION ments in which the magnetic reflectivity is used to study
antiferromagnetic disordering near the surface as a function
The magnetic properties of surfaces and interfaces havef temperature. Our motivations for the experiments were,
recently become a topic of great interest, in part due to théirst, to determine whether antiferromagnetic truncation rods
technological importance of spin-engineered thin-flmcould be observed by x-ray scattering and, second, to study
devices: Coincident with this attention has been the devel-the effect of the surface on a bulk magnetic order-disorder
opment of techniques for the study of magnetism in thinphase transformation.
films and at surfaces. Several of these techniques utilize pho- Earlier studies utilizing soft x-ray resonance techniques
tons in the soft and hard x-ray wavelength regimes, and relhave also characterized the magnetic specular reflectivity,
on resonant processes, which occur when the incident photanainly near thed. absorption edges ofdBtransition elements.
energy is tuned near an absorption edge. The magnetic seRer example, Kaet al,® observed the change in reflectivity
sitivity is due to a virtual electronic transition from a spin- vs momentum transfer from an iron film when the magneti-
orbit split core level into spin-polarized final states. Whereaszation was flipped by 180°, and related it to the interfacial
a number of these techniques have the sensitivity required tmagnetic structure. Since then, a number of related experi-
measure the magnetization of films as thin as a singlenents have been performed at thedges of other & tran-
monolayer: and others are directly sensitive to surfacesition metals.® As a result of the long wavelength of the
magnetisnT, few are able to determine how the magnetiza-photons at these edges, the measurements have been limited
tion changes as a function of distance from the surface oto magnetic structures with unit cells larger thad0 A.
interface? In this regard, resonant x-ray and neutron mag- In order to benefit from the large resonant enhancement of
netic reflectivity techniques appear unique. the magnetic scattering at thdéabsorption edges of uranium
In this paper, we illustrate how resonant x-ray magneticcompounds? we decided to look for the magnetic trunca-
reflectivity may be used to obtain sublattice magnetizatiortions rods of UQ. In addition, for antiferromagnetic
profiles at the surface of a bulk antiferromagnet, in particusamples, some of the magnetic rods exist separately from the
lar, at the(001) surface of UQ. We then describe experi- chemical truncation rods. In contrast, the magnetic and
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chemical periods of ferromagnets are identical so that the<10 photons per second. At the insertion device beamline
bulk charge and magnetic truncation rods overlap in reciproX25, approximately X 10! photons per second are incident
cal space. To observe ferromagnetic rods therefore it is neon the sample, and focused into a spot of 0.5y a
essary to perform difference experiments in which Bragg inplatinum coated silicon mirror. A nondispersive, two-crystal
tensities are measured for two directions of an appliedSi(111) monochromator with adaptive optics was employed
magnetic field, or for right and left circularly polarized inci- to tune the photon energy to the uraniuvh, edge. The
dent beams. In an elegant set of experiments on the ferr@xperiments were performed with a standard four-circle
magnetic alloy CoPt, Ferreet al. recently related the in- vertical-scattering diffractometer at X25 and with a six-circle
duced magnetism of Pt atoms at the surface to the surfaatiffractometer at X22C.
stoichiometery by working at the R, edge!! By measur- Two different samples were characterized. Both were cut
ing the flipping ratio over a large portion of the truncation and polished to produce a surface aligned to withid.25°
rod they were able to show that the magnetization of the Pof the (001) direction. The first samplésample 1, used in
atoms at the surface is reduced from that in the bulk. the majority of the work, was provided by Los Alamos Na-
There has been considerable interest in magnetic phas®nal Laboratory. The second samggample 2 came from
transitions at surfaces during the last 30 years. Perhaps tltee European Institute for Transuranium Elements. Prior to
best studied examples are 1) and(110) surfaces of Ni  these measurements, both samples were annealed at 1400 °C
and the(001) surface of Gd, which have all been character-in a reducing atmosphere, consisting of 3.5% hydrogen and
ized using spin-polarized low-energy electron diffraction.96.5% Ar. The anneal served to reduce any near surface
The exponeniBs, which describes the temperature depen-damage produced in the polishing process and to guarantee a
dence of the surface order parameter, has been determinbdlk oxygen stoichiometry of U All of the magnetic scat-
for Ni(001).1? It was found that its value at the surfacBs( tering experiments were performed with sample 1 mounted
=0.825) differs considerably from that of the bull3f in a Be can backfilled with He exchange gas. Temperature
=0.33). The Gd00)) surface exhibits the remarkable prop- control was achieved by means of a closed-cycle He refrig-
erty of surface freezin&’ that is, it is magnetically ordered at erator for which the temperature stability wa®.02 K over
temperaturesabove the bulk Curie temperature. Unfortu- periods of hours. The bulk mosaic was measured to be 0.05°
nately, in neither case was it possible to determine how that the(002) reflection.
near surface magnetic order couples to the underlying bulk The incident x rays were linearly polarized with the elec-
magnetic order. tric field in the horizontal plan& Both specular and non-
For UO,(001) surfaces at low temperatures, we show thatspecular truncation rods were characterized. Specular scatter-
a magnetically disordered region exists at the surface. Thigg was carried out in a vertical scattering plane whereas the
disordered region is separated from the ordered bulk by acattering plane for nonspecular measurements had a small
magnetic interface. At the lowest temperatures studied thborizontal component. Two types of detectors, a simple lin-
interface is diffuse and has a width of approximately 6 A. Asear detector and a standard Bicron detector, were used to
the temperature increases towards the bulklXemperature, determine the intensity of the rods along the surface normal
the thickness of the disordered surface layer remains constadirection. Since charge and magnetic scattering overlap
while the width of the diffuse magnetic interface appears tocalong the specular direction, it was necessary to use a polar-
diverge. In addition, the temperature dependence of the maggation analyzer to isolate the magnetic reflectivity. For lin-
netic intensities at the surface vary continuously near thearly o polarized incident X rays, the polarization of the mag-
transition, in contrast to the bulk, which is discontinuous.netic scattering in UgI001]) is rotated by 90°, whereas the
These intriguing results are qualitatively consistent with thecharge scattering remains unrotaf®@ Au(111) crystal was
theory of surface induced disorder put forward by Lipowskyused to analyze the polarization of the scattered beam, and
and co-workerd*!® and summarized by Schweikat al!®  thereby to discriminate against charge scattefingt the U
Surface induced disorder has previously been observed ikl,, edge, the scattering angle of the Au analyzer is 89.8°.
x-ray scattering studies of alloy ordering at the ;8u
surface'’'® The present paper describes our earlier results

obtained for UQ(001) in more detail® together with more B. Bulk magnetic structure
recent experiments which help clarify the nature of the dis- o, has the Cafcrystal structurdsee Fig. 13)] with a
ordering near the surface. lattice constant of 5.47 A at room temperature. The bulk
structure consists of tJ ions arranged on an fcc lattice each
Il. EXPERIMENTAL PROCEDURES with eight nearest-neighbor?0 ions. UQ, is a type-l anti-

ferromagnet with a discontinuous magnetic-ordering trans-
formation atTy~30.2K22724 The bulk magnetic structure
The experiments described here were carried out usingonsists of ferromagnetically aligne€®01)-type atomic
Beamlines X22C and X25 at the National Synchrotron Lightplanes, stacked antiferromagnetically along [f@@1] direc-
Source(NSLS). At beamline X22C, approximately 6 mrad tion. UG, is also tripleq, which means that all thre@®01)-
of radiation from a bending magnet were focused by a Nitype magnetic modulations exist simultaneously within a
coated, bent, cylindrical mirror into a spot approximately 1single domain. The magnetic order associated with one of
mm in diameter at the sample. Monochromatic x rays set athe three coexisting magnetic modulations is shown in Fig.
the energy of the M, edge(3.728 keV} were selected by 1(a).
a double crystal G&11) monochromator. At these energies, A representation of the bulk allowed Bragg reflections in
the incident flux on the sample is estimated to bd  the (001)<(010) plane is shown by the solid circles in Fig.

A. Experiment



8968 G. M. WATSON et al.

10
10}
PP
;é 10
S0 |
=
.;23 =
E 100 -
£ L
o
107 |
=
- 107 -
®) S. 2 3 -
- £ = 022 0"
l ¢ go ¢ 3 N
| =z [
| |
] |
: (00 1) : L (Units of cx)
o} ? o] >
| | FIG. 2. Specular x-ray reflectivity from UQ001) surfaces after
: : various surface preparations, plotted vs momentum trahsfata
| (0 00) 1(0 10) K are shown by the open circles. Solid lines show fits to the encapsu-
i o > lated and annealed data, which correspond to bulk truncation.
Curves have been offset for clarity. The singularities at2, 4, 6

correspond to bulk allowed Bragg reflections. The geometry of the
FIG. 1. (a) Crystal and magnetic structure of JO'he U atoms  scattering is illustrated in the figure.

(open sphergoccupy an fcc lattice with a room-temperature lattice =
constant ofa=5.47 A. The oxygen atomeolid spheressit on a  tribution for temperatures beloiy . We refer to these rods

simple cubic lattice offset from the U lattice 6%, %, 3). The arrows ~ @s being mixed. For UQax =bx =cx =27/a=1.14A"" at
represent one component of the triplentiferromagnetic structure. room temperature.
It should be noted that the orientation of the moments within the
(001) planes is not known, but they do lie in the plane perpendicular C. Surface preparation and characterization
to the propagation direction. (b) Reciprocal space map for the e in part to the importance of the material as a fuel in
UO, (001 surface showing chargesolid circles and magnetic .\ jaar reactors, surfaces of Whave been studied for many
e e e e g YEar long e[ 01)directon he ceal erminated
componentsolid lineg are also shown. _UOZ structure consists of alternating planes d¢f"land G~
ions[see Fig. 1b)]. It has been shown, however, that clean,
stable surfaces with a(2Xx2) reconstruction can be pre-
1(b). When the sample is cooled to temperature belgw  pared in vacuum’ Because the sample is an oxide, and rela-
additional bulk Bragg reflections appear, arising from thetively inert, we originally thought that exposure to air would
magnetic structure. The allowed magnetic bulk Bragg reflecnot significantly alter the surface properties. Accordingly,
tions are displaced from the atomic Bragg reflections by aone of our experiments were performed in ultrahigh
[001]-type wave vector, and are shown by the open circles ivacuum. More recently, we have initiated simple tests of
Fig. 4b). Truncation rods are defined as rods of scatteringhese assumptions. As shown in Fig. 2, the x-ray
which lie along the surface normal direction and passeflectivity?®?° from the chemical surface is unaltered when
through the bulk Bragg reflectioR8.In Fig. 1(b), the solid  the exposure to atmosphere is for a time less than 1 h, but it
lines are rods resulting from the chemical or atomic structurevolves on a time scale of hours and days. Fits of the mag-
of the surface, which we will call chemical truncation rods. netic reflectivity (discussed in Sec. )isuggest that an ap-
In analogy with the chemical truncation rods, one may alsgroximately 10-A-thick region near the surface is altered
define magnetic truncation rods aligned along the surfacepon exposure to air for more than two weeks. Allen showed
normal and passing through the magnetic bulk Bragghat exposure of polycrystalline surfaces to oxydepro-
reflections’ Their existence originates in the truncation of duces UQ, 5 with 0<5<0.25. We infer from this that the
the magnetic structure at the surface. The dashed lines in Figear surface region of the surfaces studied in our experi-
1(b) show the expected pure bulk magnetic truncation rodsments may possess an oxygen stoichiometry just greater than
Since the solid lines also pass through magnetic bulk Brag@. For comparison, the specular reflectivity expected from a
reflections, they will have both a magnetic and a charge corbulk terminated surface is shown by the solid line in Fig. 2.
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To characterize the stability of this surface upon exposure
to air, and to eventually learn how to prepare better surfaces,
sample 2 was mounted in a vacuum chamber held at
10 °torr. The sample was annealéu situ in the Hy/Ar
mixture at 200—-300 °C. Following the anneal, the x-ray
specular reflectivity showed nearly perfect bulk truncation.
This data is labeled “annealed” in Fig. 2. The sample was
then exposed to air for 1 h, after which the vacuum chamber
was pumped down and another set of specular reflectivity
?oat:irtilieg .hTh'Il'igrfeﬁ‘?edcl:ir\(/aitz/viirr\(/etfse?é?dtrfgrs: ;?ﬁ;g:gc’:ruere FIG: 3._ Scattering diagram showing the linear polariz_atipn states

. - - - of the incident and scattered photons as well as the incident and
also included in Fig. 2. From the figure it appears that th

.. . . s eScattered wave vectors.
oxidization of the annealed surface is continuous and that

only slight changes in the surface have occurred for eXPOSUTy, \atveev and MatvedV are beyond the scope of the

times of the order of an hour. present data set, and have been neglected.
Based on these results, sample 1 was vacuum annealed 1,5 y ray cross section has been calculated in the kine-

and sealed in the Be can with less than 5 min exposure to aiFnaticaI approximation and is given by

The specular reflectivity taken more than three months after

the anneal is labeled “encapsulated” in Fig. 2. The best fit to do (271 )2 _ 2
this data(solid line) indicates that the surface is atomically 5 =A——— fo(q)e 19T~ W@ (2)
flat in domains greater than 1000 A, which is the x-ray co- da v all atoms n

. A4
herence length, and has an outermdsll spacing within 2% where A is the illuminated surface area, the Thomson

of the bulk value. Because the scattering of x rays by ura-_ ) -
L . radius,v the unit-cell volume,r, the position of thenth
nium is considerably stronger than that of oxygen, we were

unable to determine if the surface was terminated by oxygeﬁtom.’ andNn(q) andfn(g) are the Depye-WaIIer factor .and
or uranium. atomic scattering amplitude, respectively, of atomTypi-

All of the magnetic scattering data reported in this paperca"y’ the outermost planes of atoms are allowed to have

. . ’29 _
were obtained from the slightly oxidized surface. Prelimi- Debye-Waller factors which differ from the bufR* how

nary measurements of the encapsulated sample have show V:|rlél;of;iltr:rzlI?r:ti/ﬁév?itza(;/:szrsigggltj)lglg\?vl ues for the Debye-
significant enhancement of the magnetic scattering intensity The anomalous term& andf” in the atomic form factor

along the truncation rods relative to the oxidized sample, an oo
9 b fo(g)+f'+f"” can become significant when the pho-

will be published separately. The widths of the magnetic?(q):

truncation rods appear to be the same in both cases, WhiéRn energy is tuned o an absorption edge. Following the

30 ; e
suggests, but does not prove that the in-plane structures ?ﬁaork of Hannonet al,™ these terms may be written within

similar in the two samples. We attribute the reduced intensi e dipole approximation as
along the magnetic truncation rod in the present sample to

: _ . A ,
the x-ray attenuation by the layer of higher oxide. fr4+fr= g[(plﬁ Fio)(e-e)—i(Fiu—Fi_1) (e X¢)

D. X-ray resonant magnetic reflectivity XN+ (2F 10— F11—F1_1) (€ -n)(&-n)]. 3)

In this section we describe the resonant scattering ampli- ) . .
tude, including the magnetic terms, and use these to calculafée’® theFy are proportional to the transition probability
the magnetic scattering from a surface. Our approach is t8f orderL, whereL =1 for electric dipole transitions, and
model the truncation rods using the standard kinematical anontaln resonant denominators. It is these resonant terms that
proach for chemical truncation rod%2°Magnetic effects are produce the enhancements in the magnetic scattering that are
inserted by including the magnetic terms in the scatteringPServed at absorption edges. The polarization of the inci-
amplitudes® The number of photons per second scattered!€nt and scattered photons arendes, respectively, and

into the detectoms, is is the_direction of }hg magnetic moment of the atom. I.n our
experiments, the incident beam is linearly polarized in the
do horizontal plané®?°The scattering geometry is illustrated in
4= (1, 1A) [ 46,06, T(e) ?T(ay?,(0)2:(00 5. Fig. 3.
(1) The first term in Eq(3) has the same polarization depen-

dence as Thomson scattering and is called the anomalous
wheren; is the number of photons per second in the incidenttharge scattering amplitude. The second term is responsible
beam A, its cross-sectional are@(«) the Fresnel transmis- for the magnetic scattering observed in our experiments. Due
sion coefficient which varies with the incident;) and scat- to the €} X ¢ factor, the incidents polarization is rotated
tered (s) angles, andda/d() is the x-ray scattering cross into scatteredr polarization. The fact that the polarization of
section. The Fresnel transmission function differs from onehe magnetic and charge scattering are orthogonal allows one
only wheng; or ag are near to the critical angle. The angularto utilize a polarization analyzer to distinguish between
distribution of the incident photons is given by(®;) while  them?! The third term in Eq(3) produces a resonant second
the acceptance of the detector is giveneQf®;). The mag- harmonic of the magnetic scattering and is ignored in our
netic effects on the Fresnel reflectivity recently consideredanalysis. In order to simplify the calculations we treat the
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0 . 0 .

015 -005 005 0415 372 374 378 Figure 4b) shows a transverse scan through thel(01

29 (Deg.) Photon Energy (keV) rod at anL of 0.06cf. The data are well described by a
Lorentzian-squared line shape. The bestlifite) results in a
FIG. 4. (8 Intensity along the (O1) magnetic truncation rod at transverse full width at half maximurFWHM) of 0.06°,
four different temperatures and for an incident photon energy ofwhich is slightly larger than the bulk mosai@.059. Trans-
3.728 KeV.(b) Rocking curve through the (€} magnetic trunca-  verse scans taken at different positions along the rod indicate
tion rod atL=0.06c*. (c) Scattering intensity of the () mag-  that the line shape is independent lofalthough its width
netic truncation rod as a function of the energy of the incidentincreases from 0.05° at smallto approximately 0.15° at
photon energy. =0.2%*. Both the line shape and FWHM were observed to
) ) be independent of temperature at the present signal levels.
Fuu term in Eq.(3) as a constant, independent of the scat-Quantitative statements about the extent of inplane magnetic
tering wave vector, but fit the energy dependence explic- order at the surface will require detailed modeling, which is
itly. This simplification is reasonable as long as the range oheyond the scope of the present work.

g, considered in the analysis, is limited. A good test of the origin of the observed scattering is to
study its dependence on incident photon energy. If the signal
Ill. RESULTS AND DISCUSSION were due to charge rather than magnetic scattering, we might

expect that the intensity would still be observable for ener-
gies away from theM, absorption edge. The scattered in-
The intensity measured along the (QImagnetic trunca- tensity at(0 1 0.06 is plotted as a function of incident pho-
tion rod[see Fig. 1b)] is shown in Fig. 4a) at four different  ton energy in Fig. &). The observed resonance is virtually
temperatures. This rod corresponds to pure magnetic scattdeentical to that of the bulk magnetic Bragg reflectiti
ing as seen in Fig. (b). Integrated rod profiles, obtained by and is clear evidence that the scattering is magnetic in origin.
rocking 6 at eachL, gave similar results and are not shown. This is further supported by tests of the scattered polariza-
Each nonzero profile increases frare 0, takes a maximum tion, which show that it is predominantly— .
at the critical angle, and then falls off for larger As the The dependence of the magnetic truncation rod profile on
temperature increases, the magnetic scattering weakens, atfe incident photon energy is shown in Fig. 5. Aw
entirely disppears abovéy=30.2K. The maximum peak =3.722keV the peak in the profile appears near0.055.
intensity at 10 K is of order 10 counts per second at X22CAs the photon energy is increased, it shifts to laigeeach-
and approximately 200 counts per second at the wiggleing ~0.068 at theM,, edge. Above the edge, the peak shifts
beamline X25. back to lowerL as the photon energy is further increased.

A. Nonspecular magnetic truncation rods
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Photon Energy [keV] compiled in Fig. 7. In one set of experiments, the specular

x-ray reflectivity at small angles was utilized to determfe

FIG. 6. Intensity of the (0l) magnetic truncation rod as a and f” (solid circleg, following Ref. 33. These measure-
function of incident photon energy at various positions along thements suffered from the small size of our samples relative to
rod. Data were obtained at beamline X22C. the large footprint of the beam at grazing incidence, but gave

results which agree well with absorption measurements of

The largest signals occur when the incident and scattereghin UG, films (solid ling).3*
anglesa; and ag are close to the critical angle for total We next fitted the profiles shown in Fig(a} and 5 by
external reflection. The fact that the peak shifts is not surassuming that the surface and bulk antiferromagnetic struc-
prising since the critical angle depends Unand at an ab- tures are the same at=10K and then varying the atomic
sorption edge both the real and imaginary parts of the atomiscattering amplitudes with the incident photon energy. The
scattering factor change rapidly with photon enefdy. best fits are shown by the solid lines in the figures. The

As described in Sec. Il D, there are two major contributorsresults of these fitéopen circles in Fig. Yare in good agree-
to the rod profile: the magnetic structure, which entersment with the results from specular reflectivity.
through the differential cross section, and the Fresnel trans- Finally, due to the large change fi (=50 electrons at
mission coefficients. At angles much larger than the criticalan absorption edge, refraction at the surface is important. As
angle, the dominant effect is the resonant magnetic scatteringoted many years ago;*®these effects lead to a shift in the
amplitude. However, near the critical angle, both the magposition of a bulk Bragg reflection with photon energy, and
netic scattering amplitude and the Fresnel effects are impoffrom this, the real part of the anomalous scattering factor can
tant. This is illustrated in Fig. 6, where the scattered intensitype determined. The data shown by crosses in Fig. 7 were
versus incident photon energy is shown at a number of difobtained from measurements of the peak position of the
ferentL. At large values ot «;, andag are larger than the (220) bulk Bragg reflection as a function of photon energy in
critical angle, so that a single peak, fixed in position andan earlier experimerit
width, and characteristic of the energy dependence of the
magnetic scattering amplitude, is observed. At smallehe
peak shifts to lower photon energy and broadens. The shift of
the peak away from the WM, edge shows that the Fresnel
effects become important at small In order to characterize the temperature dependence of the

In order to model the data shown in Figs. 4 and 5 it isnear surface magnetic structure, we measured the intensity of
necessary to know the atomic scattering factors. Unfortuthe scattering at several positions along thel(Ofnagnetic
nately, the atomic scattering factors fdrare not well known  truncation rod, including the bulk magnetic reflectionLat
for photon energies near tivt edges, and it was necessary to = 1. The results obtained for three differdris, are shown in
measure them. A variety of techniques for determining theFig. 8. These data correspond to peak intensities and were
anomalous terms was employed. The collected results am@btained by varying the temperature at a fixed scattering

B. Temperature dependence of nonspecular magnetic
truncation rods
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bols). Data are normalized to unity at low temperatures. Inset: log-
log plot of the scattering intensity at two different positions along
the (OL) magnetic truncation rod as a function of reduced tem-
perature. Solid lines are a power-law fit to the data.

FIG. 9. Models for the absolute value of the magnetization for a
few atomic planes near a surfatsolid lineg and the associated
envelope functiondashed lines Shown are the thickness of the

: . " . .. disordered layet and the width¢ of the interface separating the
wave vector ¢-integrated intensities gave a similar behawor,Orolereol bulk from the disordered surfaca. Surface-induced dis-

which is expected from the observed temperature indepen- . X .
. - order model of Lipowsky(b) Model used in our analysis.
dence of the transverse widths, at least at the present signal
levels. Since the atomic planes all scatter in phade=at, In Lipowsky’s model, the cou_pling of the disorder at the
the intensity at the magnetic bulk Bragg reflection is propor-surface to the underlying order in the bulk leads to an order
tional to the square of the magnetic order parameter. NotBarameter profile such as shown in Figa)9 Each Gaussian
that, given the strong absorption at the M), edge, the " the figure represents the average sublattice magnetization
penetration depth at the bulk Bragg reflection is less thaP" the specified atomic plane. The amplitude of the Gaussian

reflects the degree of magnetic order with widths that are
1000 A Ne_vert'helegs, the temperature dependence of tmeeld fixed. Then, two length scales characterize the falloff of
scattering is identical

ing?? Specificall hto . that . observedl by neutrony, magnetization at the surfadethe thickness of the layer
scattering” Specifically, the Intensity Is nearly constant at o e gyrface with reduced order, afidhe width of the

low temperatures and abruptly drops to zerd'gi consis-  jnterface which separates the magnetically ordered bulk from
tent with a discontinuous phase transition. the disordered surface layer.

Interestingly, whereas the temperature dependence of the Efforts to fit the observed magnetic truncation rods to a
scattering at the magnetic bulk Bragg reflection appears disnagnetic order profile similar to that shown in Figa@were
continuous, the scattering along the rod at grazing incidencgnsatisfactory. Specifically, this profile can be considered as
(open symbolsappears continuous. As illustrated by the in- having two interfaces, one at the surface of the sample and
sert, which shows the truncation rod results plotted as a funahe other between the ordered bulk and the disordered sur-
tion of reduced temperatufg=(Ty—T)/Ty] on a log-log face layer. Between the two interfaces the scattering ampli-
scale, the intensities nedg, are well described by a power tude is reduced. In this regard, the scattering is similar to that
law in reduced temperaturk(t) =1,t24. The solid lines give of a thin film of a low-density material deposited on a high
the corresponding fits for temperatures greater than 25 K. density substrate, which implies that the truncation rods

Similar behavior has been observed at the discontinuoushould have intensity oscillations with a periodicity deter-
chemical order-disorder transformation of Bu.2”*837|n  mined by the thickness of the overlayer. No such oscillations
their grazing incidence x-ray scattering studies, Dosch andre observed in the magnetic truncation rods of,UO
co-workerd” 1837 observed that the temperature dependence The temperature dependence of the scattering along the
of the intensity along a truncation rod varied continuously,(01L) rod in UG, also differs from that observed for GAu
also following a power-law dependence on reduced temperan that it apparently becomes more continugoslessbulk-
ture. This led them to suggest that the near surface volume lge) with increasingL. This can be seen directly in Fig. 8.
more disordered than the bulk at temperatures near the traifthe exponent which characterizes the temperature depen-
sition. Further, they found that the temperature dependencdence of the scattering &t=0.150 is larger than that at
of the scattering became more bulklike at larger valuels,of =0.075(see inset leading to a more rounded profile. The
which they argued resulted from the increase in penetratiofitted values of3 obtained from four different runs along
depth withL. The collected results were explained in terms(¢1L) are plotted as a function df in Fig. 10. Clearly,3
of the model of surface-induced disorder introduced by Lip-increases withL, in contrast to the results reported for
owsky for discontinuous bulk transition$?® CusAu, 71836
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FIG. 10. Variation of the exponem® with position along the
(01L) magnetic truncation rod. The results of four separate experi- ' ' ' ' ' '
ments are shown by the different symbols. 121 (00 1+4) ]
More generally, we have found thgtincreases not with 1.0
L, but with AL, the separation from bulk Bragg reflections. %
This is shown in Fig. 11, which shows the value @fde- 08 - E 1
duced along the (01) rod near the bulk Bragg reflection at - 1
L=1 and along the specular rod near the bulk Bragg reflec- « 0.6
tion atL=1. These data were fitted to a power law in re-
duced temperature over the same temperature range as in 04 f -
Fig. 10. The fitted values fgB are presented as a function of
the distance from the nearest bulk Bragg reflectjar||. 0.2 . 2
The measured values are in qualitative agreement with each L
other, and increase with distance from the nearest bulk Bragg ol _
reflection. . . . . . .
Since the diffracting planes do not scatter in phase at an 0 002 004 006 008 010 012
arbitrary position along a truncation rod, the scattered inten- (b) [AL] [Units of cx]

sity at any particular position is not a direct measure of the FIG. 11. Variation in the exponerg with ition alona th
average magnetic order in the volume determined by the - 14 vanatio e exponer with position along the
enetration depth. Rather, the intensity at every positiorﬁ.O ds near thda) (011) and (b) (001) magnetic bulk Bragg reflec-
P ) ’ . ) tions. Solid symbols correspond thL>0 and open symbols to
along the rod depends on the profile of the magnetic order : -
. . . . . AL<O0. Lines are a guide to the eye.
For a diffuse(or disorderedl interface in which the correla-
tions can be described with a Gaussian function, the scatter
intensityl (&¢,L) can be related to the intensity that would be

observed for an identical but flat interfatgvia

etgtion of the measured exponents in terms of surface induced
disorder. In view of the already weak signals, we have not
pursued this analysis further.

I(£,L) =468, (4)

where AL is the distance to the nearest bulk Bragg ] ] ) o ]
reflection®? This is a simple Debye-Waller-like term with ~ The discussion above provided a motivation to refit the

the rms roughness replaced by the interfacial width. In thdruncation rod profiles with the modified Lipowsky profile
model of surface-induced disorder, the interfacial width var-llustrated in Fig. 9b), in which the partially disordered mag-
ies as a function of the reduced temperature &g  N€tiC surface layer of thicknesds assumed to be fully dis-
= £,4In(t).® Substituting this into Eq(4) we find that it ordered. Due to the fact that the penetration depth varies

introduces a temperature dependence to the scattering of ti@Pidly at smallL, it turns out that it is difficult to extract
form both ¢ and| from fitting the truncation rod profiles at higher

temperatures. This problem is avoided along the specular rod
I(t,L)=I t(£0AL)? (5) near the magnetic bulk Bragg reflectionLat 1 for which «;
’ 0 . - .
andag are much greater than the critical angle. As described
This implies that the temperature dependence of the scattein Sec. Il A, both charge and magnetic scattering contribute
ing along a truncation rod should follow a power-law depen-to the intensity along the specular direction for temperatures
dence on reduced temperature with an exponent that irbelow T, . However, the charge scattering may be consider-
creases withA L. It is consistent with the general trend of the ably reduced by using polarization analysis and accepting
data of Figs. 10 and 11, however, it complicates the interpreenly the o— 7 rotated signal.

C. Specular magnetic reflectivity
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FIG. 12. Magnetic specular reflectivitigircles obtained near ~conclusions in the present study. Even smoother and cleaner
the (001) reflection using a polarization analyzer to suppress thesamples will be required in experiments carried out at third
charge scattering background. generation sources before more quantitative conclusions can

be drawn. We are nevertheless encouraged that both the en-

The specular magnetic reflectivity obtained in the neigh_capsulated and oxidized sampldsand 2 give such similar

S P results for the temperature dependence of the interfacial
borhood of the bul001) reflecﬂop is presented |n.F|g. 12 width. It suggests that the effects we are observing are in-
for two temperatures. The intensity of the magnetic scatter.

ing at the bulk reflection is over 300 000/sec and falls off bygbr;?;iéolgat least, not strongly dependent on the thin oxide
. ) o ) yer.

five orders of magnitude within a few tenths of an inverse A.

The wings of the scattering are clearly much weaker at
higher temperatures nedi,=30.2 K (open circleg than at

10 K (closed circles This suggests that the magnetic inter-
face is more diffuse at higher temperatures, since broadly Resonant x-ray magnetic scattering was used to determine
speaking a sharper profile in reciprocal space is consistethe magnetic structure near t@01) surface of the antifer-
with a more extended density profile in real space. romagnetic oxide U@ by direct measurement of the mag-

Fits of the specular and truncation rod intensities werenetic reflectivity and truncation rods. For temperatures near
made to a model of the magnetic interface, consisting of amo, but below, the bulk N&l temperature, there is a magneti-
interfacial width¢ and thickness$ of magnetically disordered cally disordered layer at the surface approximatlA in
volume (see Fig. 9. The magnetic profiles were otherwise thickness(in sample 1. A magnetic interface, separating the
assumed to match the profile of the electronic charge densitynagnetically disordered surface layer from the magnetically
which was also determined using reflectivity techniques. Therdered bulk exists at all temperatures below thelNem-
latter correspond closely to ideal termination, supplementegerature. At the lowest temperatures studied this magnetic
by a thin absorbing layer. The best fits are shown by the solithterface has a width of slightly more than one lattice con-
lines in Figs. 4a) and 12. The thickness of the disordered stant. With increasing temperature, the interfacial width in-
layer | was found to be relatively insensitive to variations in creases and appears to diverge at thel Nemperature. This
the temperature, and could be fixed at a value of about 13 Aeads to a continuous variation of the surface magnetic scat-
The corresponding value of the interfacial width at low tem-tering near the magnetic ordering transition, in contrast to the
peratures(10 K) was about 6 A. Thus, in contrast to the bulk which is discontinuous. The magnetic scattering along
electronic charge density, the magnetic structure is disorthe rods further exhibits a power-law behavior in reduced
dered very near the surface, and has a more rounded profilemperature, with an exponent that increases with increasing
even at 10 K in the magnetically ordered phase. separation from bulk Bragg peaks.

For increasing temperatures, the interfacial width exhib- These results are qualitatively consistent with the theory
ited a dramatic increase, starting at about 25 K and divergingf surface induced disorder, and motivate continued effort on
asT approached . This is illustrated in Fig. 13 where the smoother and still-cleaner samples at third generation syn-
fitted widths are plotted versus temperature for two differentthrotron sources. In particular, our specular reflectivity stud-
UO, (001 samplegsamples 1 and)2Whereas the limiting ies of the chemical surface at 8-keV photon energy indicate
values of the disordered volume and interfacial width of thethat approximately 10 A of a superoxide may exist at the
two samples are different at low temperatufésvs 11 A), surface on both samples 1 and 2. It is still possible that the
the temperature dependencies appear similar. The divergennear-surface behavior observed in these samples is in part
of the widths nearTy is qualitatively consistent with the due to the effect of excess oxygen on the magnetic structure,
theory of surface induced disorder, which predicts a logarithwhich is known to decreasgy .>® Whether the excess oxy-
mic increase. The limited range &f over which the mag- gen acts only to disorder the near surface region at zero
netic reflectivity has been obtained limit us to qualitative temperature and the resulting temperature dependence of the

IV. SUMMARY AND CONCLUSIONS
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