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Resonant x-ray scattering studies of the magnetic structure near the surface of an antiferromagne
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Resonant x-ray magnetic scattering is used to study magnetic order near the~001! surface of the antiferro-
magnetic oxide UO2 for temperatures between 10 and 35 K. It is found that for temperatures below the bulk
Néel 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 the bulk Ne´el temperature. 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.
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I. INTRODUCTION

The magnetic properties of surfaces and interfaces h
recently become a topic of great interest, in part due to
technological importance of spin-engineered thin-fi
devices.1 Coincident with this attention has been the dev
opment of techniques for the study of magnetism in t
films and at surfaces. Several of these techniques utilize p
tons in the soft and hard x-ray wavelength regimes, and
on resonant processes, which occur when the incident ph
energy is tuned near an absorption edge. The magnetic
sitivity is due to a virtual electronic transition from a spi
orbit split core level into spin-polarized final states. Where
a number of these techniques have the sensitivity require
measure the magnetization of films as thin as a sin
monolayer,2 and others are directly sensitive to surfa
magnetism,3 few are able to determine how the magnetiz
tion changes as a function of distance from the surface
interface.4 In this regard, resonant x-ray and neutron ma
netic reflectivity techniques appear unique.5

In this paper, we illustrate how resonant x-ray magne
reflectivity may be used to obtain sublattice magnetizat
profiles at the surface of a bulk antiferromagnet, in parti
lar, at the~001! surface of UO2. We then describe experi
PRB 610163-1829/2000/61~13!/8966~10!/$15.00
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ments in which the magnetic reflectivity is used to stu
antiferromagnetic disordering near the surface as a func
of temperature. Our motivations for the experiments we
first, to determine whether antiferromagnetic truncation ro
could be observed by x-ray scattering and, second, to s
the effect of the surface on a bulk magnetic order-disor
phase transformation.

Earlier studies utilizing soft x-ray resonance techniqu
have also characterized the magnetic specular reflectiv
mainly near theL absorption edges of 3d transition elements.
For example, Kaoet al.,6 observed the change in reflectivit
vs momentum transfer from an iron film when the magne
zation was flipped by 180°, and related it to the interfac
magnetic structure. Since then, a number of related exp
ments have been performed at theL edges of other 3d tran-
sition metals.7–9 As a result of the long wavelength of th
photons at these edges, the measurements have been li
to magnetic structures with unit cells larger than'10 Å.

In order to benefit from the large resonant enhancemen
the magnetic scattering at theM absorption edges of uranium
compounds,10 we decided to look for the magnetic trunc
tions rods of UO2. In addition, for antiferromagnetic
samples, some of the magnetic rods exist separately from
chemical truncation rods. In contrast, the magnetic a
8966 ©2000 The American Physical Society
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chemical periods of ferromagnets are identical so that
bulk charge and magnetic truncation rods overlap in recip
cal space. To observe ferromagnetic rods therefore it is n
essary to perform difference experiments in which Bragg
tensities are measured for two directions of an app
magnetic field, or for right and left circularly polarized inc
dent beams. In an elegant set of experiments on the fe
magnetic alloy CoPt, Ferreret al. recently related the in-
duced magnetism of Pt atoms at the surface to the sur
stoichiometery by working at the PtL III edge.11 By measur-
ing the flipping ratio over a large portion of the truncatio
rod they were able to show that the magnetization of the
atoms at the surface is reduced from that in the bulk.

There has been considerable interest in magnetic p
transitions at surfaces during the last 30 years. Perhaps
best studied examples are the~001! and~110! surfaces of Ni
and the~001! surface of Gd, which have all been charact
ized using spin-polarized low-energy electron diffractio
The exponentbs , which describes the temperature depe
dence of the surface order parameter, has been determ
for Ni~001!.12 It was found that its value at the surface (bs
50.825) differs considerably from that of the bulk (bb
50.33). The Gd~001! surface exhibits the remarkable pro
erty of surface freezing,13 that is, it is magnetically ordered a
temperaturesabove the bulk Curie temperature. Unfortu
nately, in neither case was it possible to determine how
near surface magnetic order couples to the underlying b
magnetic order.

For UO2~001! surfaces at low temperatures, we show th
a magnetically disordered region exists at the surface. T
disordered region is separated from the ordered bulk b
magnetic interface. At the lowest temperatures studied
interface is diffuse and has a width of approximately 6 Å.
the temperature increases towards the bulk Ne´el temperature,
the thickness of the disordered surface layer remains con
while the width of the diffuse magnetic interface appears
diverge. In addition, the temperature dependence of the m
netic intensities at the surface vary continuously near
transition, in contrast to the bulk, which is discontinuou
These intriguing results are qualitatively consistent with
theory of surface induced disorder put forward by Lipows
and co-workers,14,15 and summarized by Schweika,et al.16

Surface induced disorder has previously been observe
x-ray scattering studies of alloy ordering at the Cu3Au
surface.17,18 The present paper describes our earlier res
obtained for UO2~001! in more detail,19 together with more
recent experiments which help clarify the nature of the d
ordering near the surface.

II. EXPERIMENTAL PROCEDURES

A. Experiment

The experiments described here were carried out u
Beamlines X22C and X25 at the National Synchrotron Lig
Source~NSLS!. At beamline X22C, approximately 6 mra
of radiation from a bending magnet were focused by a
coated, bent, cylindrical mirror into a spot approximately
mm in diameter at the sample. Monochromatic x rays se
the energy of the UM IV edge~3.728 keV! were selected by
a double crystal Ge~111! monochromator. At these energie
the incident flux on the sample is estimated to be;1
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31010 photons per second. At the insertion device beaml
X25, approximately 231011 photons per second are incide
on the sample, and focused into a spot of 0.5 mm2 by a
platinum coated silicon mirror. A nondispersive, two-crys
Si~111! monochromator with adaptive optics was employ
to tune the photon energy to the uraniumM IV edge. The
experiments were performed with a standard four-cir
vertical-scattering diffractometer at X25 and with a six-circ
diffractometer at X22C.

Two different samples were characterized. Both were
and polished to produce a surface aligned to within60.25°
of the ~001! direction. The first sample~sample 1!, used in
the majority of the work, was provided by Los Alamos N
tional Laboratory. The second sample~sample 2! came from
the European Institute for Transuranium Elements. Prior
these measurements, both samples were annealed at 14
in a reducing atmosphere, consisting of 3.5% hydrogen
96.5% Ar. The anneal served to reduce any near sur
damage produced in the polishing process and to guaran
bulk oxygen stoichiometry of UO2. All of the magnetic scat-
tering experiments were performed with sample 1 moun
in a Be can backfilled with He exchange gas. Temperat
control was achieved by means of a closed-cycle He ref
erator for which the temperature stability was;0.02 K over
periods of hours. The bulk mosaic was measured to be 0
at the~002! reflection.

The incident x rays were linearly polarized with the ele
tric field in the horizontal plane.10 Both specular and non
specular truncation rods were characterized. Specular sca
ing was carried out in a vertical scattering plane whereas
scattering plane for nonspecular measurements had a s
horizontal component. Two types of detectors, a simple
ear detector and a standard Bicron detector, were use
determine the intensity of the rods along the surface nor
direction. Since charge and magnetic scattering ove
along the specular direction, it was necessary to use a po
ization analyzer to isolate the magnetic reflectivity. For li
earlys polarized incident x rays, the polarization of the ma
netic scattering in UO2~001! is rotated by 90°, whereas th
charge scattering remains unrotated.20 A Au~111! crystal was
used to analyze the polarization of the scattered beam,
thereby to discriminate against charge scattering.21 At the U
M IV edge, the scattering angle of the Au analyzer is 89.8

B. Bulk magnetic structure

UO2 has the CaF2 crystal structure@see Fig. 1~a!# with a
lattice constant of 5.47 Å at room temperature. The b
structure consists of U41 ions arranged on an fcc lattice eac
with eight nearest-neighbor O22 ions. UO2 is a type-I anti-
ferromagnet with a discontinuous magnetic-ordering tra
formation atTN;30.2 K.22–24 The bulk magnetic structure
consists of ferromagnetically aligned~001!-type atomic
planes, stacked antiferromagnetically along the@001# direc-
tion. UO2 is also tripleq, which means that all three~001!-
type magnetic modulations exist simultaneously within
single domain. The magnetic order associated with one
the three coexisting magnetic modulations is shown in F
1~a!.

A representation of the bulk allowed Bragg reflections
the (001)3(010) plane is shown by the solid circles in Fi
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1~b!. When the sample is cooled to temperature belowTN ,
additional bulk Bragg reflections appear, arising from t
magnetic structure. The allowed magnetic bulk Bragg refl
tions are displaced from the atomic Bragg reflections b
@001#-type wave vector, and are shown by the open circle
Fig. 1~b!. Truncation rods are defined as rods of scatter
which lie along the surface normal direction and pa
through the bulk Bragg reflections.25 In Fig. 1~b!, the solid
lines are rods resulting from the chemical or atomic struct
of the surface, which we will call chemical truncation rod
In analogy with the chemical truncation rods, one may a
define magnetic truncation rods aligned along the surf
normal and passing through the magnetic bulk Bra
reflections.5 Their existence originates in the truncation
the magnetic structure at the surface. The dashed lines in
1~b! show the expected pure bulk magnetic truncation ro
Since the solid lines also pass through magnetic bulk Br
reflections, they will have both a magnetic and a charge c

FIG. 1. ~a! Crystal and magnetic structure of UO2. The U atoms
~open spheres! occupy an fcc lattice with a room-temperature latti
constant ofa55.47 Å. The oxygen atoms~solid spheres! sit on a
simple cubic lattice offset from the U lattice by~1

4,
1
4,

1
4!. The arrows

represent one component of the tripleq antiferromagnetic structure
It should be noted that the orientation of the moments within
~001! planes is not known, but they do lie in the plane perpendicu
to the propagation directionq. ~b! Reciprocal space map for th
UO2 ~001! surface showing charge~solid circles! and magnetic
~open circles! bulk Bragg reflections. Magnetic truncation rod
~dashed lines! and truncation rods with both magnetic and char
components~solid lines! are also shown.
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tribution for temperatures belowTN . We refer to these rods
as being mixed. For UO2, a* 5b* 5c* 52p/a51.14 Å21 at
room temperature.

C. Surface preparation and characterization

Due in part to the importance of the material as a fuel
nuclear reactors, surfaces of UO2 have been studied for man
years.26–28 Along the @001# direction, the ideally terminated
UO2 structure consists of alternating planes of U41 and O22

ions @see Fig. 1~b!#. It has been shown, however, that clea
stable surfaces with ac(232) reconstruction can be pre
pared in vacuum.27 Because the sample is an oxide, and re
tively inert, we originally thought that exposure to air wou
not significantly alter the surface properties. According
none of our experiments were performed in ultrahi
vacuum. More recently, we have initiated simple tests
these assumptions. As shown in Fig. 2, the x-r
reflectivity25,29 from the chemical surface is unaltered wh
the exposure to atmosphere is for a time less than 1 h, b
evolves on a time scale of hours and days. Fits of the m
netic reflectivity ~discussed in Sec. III! suggest that an ap
proximately 10-Å-thick region near the surface is alter
upon exposure to air for more than two weeks. Allen show
that exposure of polycrystalline surfaces to oxygen26 pro-
duces UO21d with 0<d<0.25. We infer from this that the
near surface region of the surfaces studied in our exp
ments may possess an oxygen stoichiometry just greater
2. For comparison, the specular reflectivity expected from
bulk terminated surface is shown by the solid line in Fig.

e
r

FIG. 2. Specular x-ray reflectivity from UO2 ~001! surfaces after
various surface preparations, plotted vs momentum transferL. Data
are shown by the open circles. Solid lines show fits to the enca
lated and annealed data, which correspond to bulk truncat
Curves have been offset for clarity. The singularities atL52, 4, 6
correspond to bulk allowed Bragg reflections. The geometry of
scattering is illustrated in the figure.
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To characterize the stability of this surface upon expos
to air, and to eventually learn how to prepare better surfa
sample 2 was mounted in a vacuum chamber held
1025 torr. The sample was annealedin situ in the H2/Ar
mixture at 200–300 °C. Following the anneal, the x-r
specular reflectivity showed nearly perfect bulk truncatio
This data is labeled ‘‘annealed’’ in Fig. 2. The sample w
then exposed to air for 1 h, after which the vacuum cham
was pumped down and another set of specular reflecti
data taken. This procedure was repeated for a total expo
to air of 6 h. The reflectivity curves for these surfaces
also included in Fig. 2. From the figure it appears that
oxidization of the annealed surface is continuous and
only slight changes in the surface have occurred for expo
times of the order of an hour.

Based on these results, sample 1 was vacuum anne
and sealed in the Be can with less than 5 min exposure to
The specular reflectivity taken more than three months a
the anneal is labeled ‘‘encapsulated’’ in Fig. 2. The best fi
this data~solid line! indicates that the surface is atomical
flat in domains greater than 1000 Å, which is the x-ray c
herence length, and has an outermostU-U spacing within 2%
of the bulk value. Because the scattering of x rays by u
nium is considerably stronger than that of oxygen, we w
unable to determine if the surface was terminated by oxy
or uranium.

All of the magnetic scattering data reported in this pa
were obtained from the slightly oxidized surface. Prelim
nary measurements of the encapsulated sample have sho
significant enhancement of the magnetic scattering inten
along the truncation rods relative to the oxidized sample,
will be published separately. The widths of the magne
truncation rods appear to be the same in both cases, w
suggests, but does not prove that the in-plane structures
similar in the two samples. We attribute the reduced inten
along the magnetic truncation rod in the present sampl
the x-ray attenuation by the layer of higher oxide.

D. X-ray resonant magnetic reflectivity

In this section we describe the resonant scattering am
tude, including the magnetic terms, and use these to calcu
the magnetic scattering from a surface. Our approach i
model the truncation rods using the standard kinematical
proach for chemical truncation rods.25,29Magnetic effects are
inserted by including the magnetic terms in the scatter
amplitudes.30 The number of photons per second scatte
into the detector,ns , is

ns5~ni /A0!E dQ idQsuT~a i !u2uT~as!
2ai~Q i !as~Qs!

ds

dV
,

~1!

whereni is the number of photons per second in the incid
beam,A0 its cross-sectional area,T(a) the Fresnel transmis
sion coefficient which varies with the incident (a i) and scat-
tered (as) angles, andds/dV is the x-ray scattering cros
section. The Fresnel transmission function differs from o
only whena i or as are near to the critical angle. The angul
distribution of the incident photons is given byai(Q i) while
the acceptance of the detector is given byas(Qs). The mag-
netic effects on the Fresnel reflectivity recently conside
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by Matveev and Matveev31 are beyond the scope of th
present data set, and have been neglected.

The x-ray cross section has been calculated in the k
matical approximation and is given by

ds

dV
5A

~2pr 0!2

v2 U (
all atoms n

f n~q!e2 iq•rne2Wn~q!U2

, ~2!

where A is the illuminated surface area,r 0 the Thomson
radius, v the unit-cell volume,rn the position of thenth
atom, andWn(q) and f n(q) are the Debye-Waller factor an
atomic scattering amplitude, respectively, of atomn. Typi-
cally, the outermost planes of atoms are allowed to h
Debye-Waller factors which differ from the bulk,25,29 how-
ever, for simplicity, we have used bulk values for the Deby
Waller factors in the fits described below.

The anomalous termsf 8 and f 9 in the atomic form factor
f (q)5 f 0(q)1 f 81 f 9 can become significant when the ph
ton energy is tuned to an absorption edge. Following
work of Hannonet al.,30 these terms may be written withi
the dipole approximation as

f 81 f 95
3l

8p
@~F111F121!~es* •e i !2 i ~F112F121!~es* 3e i !

3n1~2F102F112F121!~es* •n!~e i•n!#. ~3!

Here, theFLM are proportional to the transition probabilit
of order L, whereL51 for electric dipole transitions, and
contain resonant denominators. It is these resonant terms
produce the enhancements in the magnetic scattering tha
observed at absorption edges. The polarization of the i
dent and scattered photons aree i andes , respectively, andn̂
is the direction of the magnetic moment of the atom. In o
experiments, the incident beam is linearly polarized in
horizontal plane.10,20The scattering geometry is illustrated
Fig. 3.

The first term in Eq.~3! has the same polarization depe
dence as Thomson scattering and is called the anoma
charge scattering amplitude. The second term is respons
for the magnetic scattering observed in our experiments. D
to the es* 3e i factor, the incidents polarization is rotated
into scatteredp polarization. The fact that the polarization o
the magnetic and charge scattering are orthogonal allows
to utilize a polarization analyzer to distinguish betwe
them.21 The third term in Eq.~3! produces a resonant secon
harmonic of the magnetic scattering and is ignored in
analysis. In order to simplify the calculations we treat t

FIG. 3. Scattering diagram showing the linear polarization sta
of the incident and scattered photons as well as the incident
scattered wave vectors.
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FLM term in Eq.~3! as a constant, independent of the sc
tering wave vectorq, but fit the energy dependence expli
itly. This simplification is reasonable as long as the range
q, considered in the analysis, is limited.

III. RESULTS AND DISCUSSION

A. Nonspecular magnetic truncation rods

The intensity measured along the (01L) magnetic trunca-
tion rod @see Fig. 1~b!# is shown in Fig. 4~a! at four different
temperatures. This rod corresponds to pure magnetic sca
ing as seen in Fig. 1~b!. Integrated rod profiles, obtained b
rocking u at eachL, gave similar results and are not show
Each nonzero profile increases fromL50, takes a maximum
at the critical angle, and then falls off for largerL. As the
temperature increases, the magnetic scattering weakens
entirely disppears aboveTN530.2 K. The maximum peak
intensity at 10 K is of order 10 counts per second at X2
and approximately 200 counts per second at the wig
beamline X25.

FIG. 4. ~a! Intensity along the (01L) magnetic truncation rod a
four different temperatures and for an incident photon energy
3.728 KeV.~b! Rocking curve through the (01L) magnetic trunca-
tion rod atL50.06c* . ~c! Scattering intensity of the (01L) mag-
netic truncation rod as a function of the energy of the incid
photon energy.
-

f

er-

.

and

r

Figure 4~b! shows a transverse scan through the (01L)
rod at anL of 0.06c* . The data are well described by
Lorentzian-squared line shape. The best fit~line! results in a
transverse full width at half maximum~FWHM! of 0.06°,
which is slightly larger than the bulk mosaic~0.05°!. Trans-
verse scans taken at different positions along the rod indi
that the line shape is independent ofL although its width
increases from 0.05° at smallL to approximately 0.15° atL
50.25c* . Both the line shape and FWHM were observed
be independent of temperature at the present signal lev
Quantitative statements about the extent of inplane magn
order at the surface will require detailed modeling, which
beyond the scope of the present work.

A good test of the origin of the observed scattering is
study its dependence on incident photon energy. If the sig
were due to charge rather than magnetic scattering, we m
expect that the intensity would still be observable for en
gies away from theM IV absorption edge. The scattered i
tensity at~0 1 0.06! is plotted as a function of incident pho
ton energy in Fig. 4~c!. The observed resonance is virtual
identical to that of the bulk magnetic Bragg reflections20,32

and is clear evidence that the scattering is magnetic in ori
This is further supported by tests of the scattered polar
tion, which show that it is predominantlys→p.

The dependence of the magnetic truncation rod profile
the incident photon energy is shown in Fig. 5. At\v
53.722 keV the peak in the profile appears nearL50.055.
As the photon energy is increased, it shifts to largerL reach-
ing '0.068 at theM IV edge. Above the edge, the peak shi
back to lowerL as the photon energy is further increase

f

t

FIG. 5. (01L) magnetic truncation rod profiles for various inc
dent photon energies near to the UM IV edge. Data were obtained a
beamline X22C.
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The largest signals occur when the incident and scatte
anglesa i and as are close to the critical angle for tota
external reflection. The fact that the peak shifts is not s
prising since the critical angle depends onf 8 and at an ab-
sorption edge both the real and imaginary parts of the ato
scattering factor change rapidly with photon energy.25

As described in Sec. II D, there are two major contribut
to the rod profile: the magnetic structure, which ent
through the differential cross section, and the Fresnel tra
mission coefficients. At angles much larger than the criti
angle, the dominant effect is the resonant magnetic scatte
amplitude. However, near the critical angle, both the m
netic scattering amplitude and the Fresnel effects are im
tant. This is illustrated in Fig. 6, where the scattered inten
versus incident photon energy is shown at a number of
ferentL. At large values ofL, a i , andas are larger than the
critical angle, so that a single peak, fixed in position a
width, and characteristic of the energy dependence of
magnetic scattering amplitude, is observed. At smallerL, the
peak shifts to lower photon energy and broadens. The shi
the peak away from the UM IV edge shows that the Fresn
effects become important at smallL.

In order to model the data shown in Figs. 4 and 5 it
necessary to know the atomic scattering factors. Unfo
nately, the atomic scattering factors forU are not well known
for photon energies near theM edges, and it was necessary
measure them. A variety of techniques for determining
anomalous terms was employed. The collected results

FIG. 6. Intensity of the (01L) magnetic truncation rod as
function of incident photon energy at various positions along
rod. Data were obtained at beamline X22C.
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compiled in Fig. 7. In one set of experiments, the specu
x-ray reflectivity at small angles was utilized to determinef 8
and f 9 ~solid circles!, following Ref. 33. These measure
ments suffered from the small size of our samples relative
the large footprint of the beam at grazing incidence, but g
results which agree well with absorption measurements
thin UO2 films ~solid line!.34

We next fitted the profiles shown in Fig. 4~a! and 5 by
assuming that the surface and bulk antiferromagnetic st
tures are the same atT510 K and then varying the atomi
scattering amplitudes with the incident photon energy. T
best fits are shown by the solid lines in the figures. T
results of these fits~open circles in Fig. 7! are in good agree-
ment with the results from specular reflectivity.

Finally, due to the large change inf 8 ~>50 electrons! at
an absorption edge, refraction at the surface is important
noted many years ago,35,36 these effects lead to a shift in th
position of a bulk Bragg reflection with photon energy, a
from this, the real part of the anomalous scattering factor
be determined. The data shown by crosses in Fig. 7 w
obtained from measurements of the peak position of
~220! bulk Bragg reflection as a function of photon energy
an earlier experiment.32

B. Temperature dependence of nonspecular magnetic
truncation rods

In order to characterize the temperature dependence o
near surface magnetic structure, we measured the intensi
the scattering at several positions along the (01L) magnetic
truncation rod, including the bulk magnetic reflection atL
51. The results obtained for three differentL’s, are shown in
Fig. 8. These data correspond to peak intensities and w
obtained by varying the temperature at a fixed scatter

e

FIG. 7. Anomalous scattering factors for U at theM IV absorp-
tion edge. Data are from absorption measurements~solid lines!,
specular reflectivity near the critical angle~solid circles!, shifts in
the ~220! bulk Bragg reflection~crosses!, and from fits to the (01L)
magnetic truncation rod profiles~open circles!.
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wave vector.u-integrated intensities gave a similar behavi
which is expected from the observed temperature indep
dence of the transverse widths, at least at the present s
levels. Since the atomic planes all scatter in phase atL51,
the intensity at the magnetic bulk Bragg reflection is prop
tional to the square of the magnetic order parameter. N
that, given the strong absorption at the UM IV edge, the
penetration depth at the bulk Bragg reflection is less t
1000 Å. Nevertheless, the temperature dependence of
scattering is identical to that observed by neutr
scattering.32 Specifically, the intensity is nearly constant
low temperatures and abruptly drops to zero atTN , consis-
tent with a discontinuous phase transition.

Interestingly, whereas the temperature dependence o
scattering at the magnetic bulk Bragg reflection appears
continuous, the scattering along the rod at grazing incide
~open symbols! appears continuous. As illustrated by the i
sert, which shows the truncation rod results plotted as a fu
tion of reduced temperature@ t[(TN2T)/TN# on a log-log
scale, the intensities nearTN are well described by a powe
law in reduced temperature,I (t)5I 0t2b. The solid lines give
the corresponding fits for temperatures greater than 25 K

Similar behavior has been observed at the discontinu
chemical order-disorder transformation of Cu3Au.17,18,37 In
their grazing incidence x-ray scattering studies, Dosch
co-workers17,18,37observed that the temperature depende
of the intensity along a truncation rod varied continuous
also following a power-law dependence on reduced temp
ture. This led them to suggest that the near surface volum
more disordered than the bulk at temperatures near the
sition. Further, they found that the temperature depende
of the scattering became more bulklike at larger values oL,
which they argued resulted from the increase in penetra
depth withL. The collected results were explained in term
of the model of surface-induced disorder introduced by L
owsky for discontinuous bulk transitions.14,15

FIG. 8. Temperature dependence of the magnetic scatterin
the ~001! magnetic bulk Bragg reflection~solid circles! and at vari-
ous positions along the (01L) magnetic truncation rod~open sym-
bols!. Data are normalized to unity at low temperatures. Inset: l
log plot of the scattering intensity at two different positions alo
the (01L) magnetic truncation rod as a function of reduced te
perature. Solid lines are a power-law fit to the data.
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In Lipowsky’s model, the coupling of the disorder at th
surface to the underlying order in the bulk leads to an or
parameter profile such as shown in Fig. 9~a!. Each Gaussian
in the figure represents the average sublattice magnetiza
on the specified atomic plane. The amplitude of the Gaus
reflects the degree of magnetic order with widths that
held fixed. Then, two length scales characterize the fallof
the magnetization at the surface:l, the thickness of the laye
at the surface with reduced order, andj the width of the
interface which separates the magnetically ordered bulk fr
the disordered surface layer.

Efforts to fit the observed magnetic truncation rods to
magnetic order profile similar to that shown in Fig. 9~a! were
unsatisfactory. Specifically, this profile can be considered
having two interfaces, one at the surface of the sample
the other between the ordered bulk and the disordered
face layer. Between the two interfaces the scattering am
tude is reduced. In this regard, the scattering is similar to
of a thin film of a low-density material deposited on a hig
density substrate, which implies that the truncation ro
should have intensity oscillations with a periodicity dete
mined by the thickness of the overlayer. No such oscillatio
are observed in the magnetic truncation rods of UO2.

The temperature dependence of the scattering along
(01L) rod in UO2 also differs from that observed for Cu3Au
in that it apparently becomes more continuous~or lessbulk-
like! with increasingL. This can be seen directly in Fig. 8
The exponent which characterizes the temperature de
dence of the scattering atL50.150 is larger than that atL
50.075 ~see inset!, leading to a more rounded profile. Th
fitted values ofb obtained from four different runs alon
(f1L) are plotted as a function ofL in Fig. 10. Clearly,b
increases withL, in contrast to the results reported fo
Cu3Au.17,18,36

at

-

- FIG. 9. Models for the absolute value of the magnetization fo
few atomic planes near a surface~solid lines! and the associated
envelope function~dashed lines!. Shown are the thickness of th
disordered layerl and the widthj of the interface separating th
ordered bulk from the disordered surface.~a! Surface-induced dis-
order model of Lipowsky.~b! Model used in our analysis.
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More generally, we have found thatb increases not with
L, but with DL, the separation from bulk Bragg reflection
This is shown in Fig. 11, which shows the value ofb de-
duced along the (01L) rod near the bulk Bragg reflection a
L51 and along the specular rod near the bulk Bragg refl
tion at L51. These data were fitted to a power law in r
duced temperature over the same temperature range
Fig. 10. The fitted values forb are presented as a function
the distance from the nearest bulk Bragg reflectioniDLi .
The measured values are in qualitative agreement with e
other, and increase with distance from the nearest bulk Br
reflection.

Since the diffracting planes do not scatter in phase a
arbitrary position along a truncation rod, the scattered int
sity at any particular position is not a direct measure of
average magnetic order in the volume determined by
penetration depth. Rather, the intensity at every posi
along the rod depends on the profile of the magnetic or
For a diffuse~or disordered! interface in which the correla
tions can be described with a Gaussian function, the scatt
intensityI (j,L) can be related to the intensity that would
observed for an identical but flat interfaceI 0 via

I ~j,L !5I 0e~jDL !2
, ~4!

where DL is the distance to the nearest bulk Bra
reflection.25,29 This is a simple Debye-Waller-like term wit
the rms roughness replaced by the interfacial width. In
model of surface-induced disorder, the interfacial width v
ies as a function of the reduced temperature asj(t)
5j0Aln(t).15 Substituting this into Eq.~4! we find that it
introduces a temperature dependence to the scattering o
form

I ~ t,L !5I 0t ~j0DL !2
. ~5!

This implies that the temperature dependence of the sca
ing along a truncation rod should follow a power-law depe
dence on reduced temperature with an exponent that
creases withDL. It is consistent with the general trend of th
data of Figs. 10 and 11, however, it complicates the interp

FIG. 10. Variation of the exponentb with position along the
(01L) magnetic truncation rod. The results of four separate exp
ments are shown by the different symbols.
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tation of the measured exponents in terms of surface indu
disorder. In view of the already weak signals, we have
pursued this analysis further.

C. Specular magnetic reflectivity

The discussion above provided a motivation to refit t
truncation rod profiles with the modified Lipowsky profil
illustrated in Fig. 9~b!, in which the partially disordered mag
netic surface layer of thicknessl is assumed to be fully dis
ordered. Due to the fact that the penetration depth va
rapidly at smallL, it turns out that it is difficult to extract
both j and l from fitting the truncation rod profiles at highe
temperatures. This problem is avoided along the specular
near the magnetic bulk Bragg reflection atL51 for whicha i
andas are much greater than the critical angle. As describ
in Sec. II A, both charge and magnetic scattering contrib
to the intensity along the specular direction for temperatu
belowTN . However, the charge scattering may be consid
ably reduced by using polarization analysis and accep
only thes→p rotated signal.

i-

FIG. 11. Variation in the exponentb with position along the
rods near the~a! ~011! and ~b! ~001! magnetic bulk Bragg reflec-
tions. Solid symbols correspond toDL.0 and open symbols to
DL,0. Lines are a guide to the eye.
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The specular magnetic reflectivity obtained in the neig
borhood of the bulk~001! reflection is presented in Fig. 1
for two temperatures. The intensity of the magnetic scat
ing at the bulk reflection is over 300 000/sec and falls off
five orders of magnitude within a few tenths of an inverse
The wings of the scattering are clearly much weaker
higher temperatures nearTN530.2 K ~open circles! than at
10 K ~closed circles!. This suggests that the magnetic inte
face is more diffuse at higher temperatures, since broa
speaking a sharper profile in reciprocal space is consis
with a more extended density profile in real space.

Fits of the specular and truncation rod intensities w
made to a model of the magnetic interface, consisting of
interfacial widthj and thicknessl of magnetically disordered
volume ~see Fig. 9!. The magnetic profiles were otherwis
assumed to match the profile of the electronic charge den
which was also determined using reflectivity techniques. T
latter correspond closely to ideal termination, supplemen
by a thin absorbing layer. The best fits are shown by the s
lines in Figs. 4~a! and 12. The thickness of the disorder
layer l was found to be relatively insensitive to variations
the temperature, and could be fixed at a value of about 1
The corresponding value of the interfacial width at low te
peratures~10 K! was about 6 Å. Thus, in contrast to th
electronic charge density, the magnetic structure is dis
dered very near the surface, and has a more rounded pr
even at 10 K in the magnetically ordered phase.

For increasing temperatures, the interfacial width exh
ited a dramatic increase, starting at about 25 K and diverg
asT approachedTN . This is illustrated in Fig. 13 where th
fitted widths are plotted versus temperature for two differ
UO2 ~001! samples~samples 1 and 2!. Whereas the limiting
values of the disordered volume and interfacial width of
two samples are different at low temperatures~6 vs 11 Å!,
the temperature dependencies appear similar. The diverg
of the widths nearTN is qualitatively consistent with the
theory of surface induced disorder, which predicts a logar
mic increase. The limited range ofL over which the mag-
netic reflectivity has been obtained limit us to qualitati

FIG. 12. Magnetic specular reflectivity~circles! obtained near
the ~001! reflection using a polarization analyzer to suppress
charge scattering background.
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conclusions in the present study. Even smoother and cle
samples will be required in experiments carried out at th
generation sources before more quantitative conclusions
be drawn. We are nevertheless encouraged that both the
capsulated and oxidized samples~1 and 2! give such similar
results for the temperature dependence of the interfa
width. It suggests that the effects we are observing are
trinsic, or at least, not strongly dependent on the thin ox
surface layer.

IV. SUMMARY AND CONCLUSIONS

Resonant x-ray magnetic scattering was used to determ
the magnetic structure near the~001! surface of the antifer-
romagnetic oxide UO2 by direct measurement of the mag
netic reflectivity and truncation rods. For temperatures n
to, but below, the bulk Ne´el temperature, there is a magne
cally disordered layer at the surface approximately 8 Å in
thickness~in sample 1!. A magnetic interface, separating th
magnetically disordered surface layer from the magnetic
ordered bulk exists at all temperatures below the Ne´el tem-
perature. At the lowest temperatures studied this magn
interface has a width of slightly more than one lattice co
stant. With increasing temperature, the interfacial width
creases and appears to diverge at the Ne´el temperature. This
leads to a continuous variation of the surface magnetic s
tering near the magnetic ordering transition, in contrast to
bulk which is discontinuous. The magnetic scattering alo
the rods further exhibits a power-law behavior in reduc
temperature, with an exponent that increases with increa
separation from bulk Bragg peaks.

These results are qualitatively consistent with the the
of surface induced disorder, and motivate continued effort
smoother and still-cleaner samples at third generation s
chrotron sources. In particular, our specular reflectivity st
ies of the chemical surface at 8-keV photon energy indic
that approximately 10 Å of a superoxide may exist at t
surface on both samples 1 and 2. It is still possible that
near-surface behavior observed in these samples is in
due to the effect of excess oxygen on the magnetic struct
which is known to decreaseTN .38 Whether the excess oxy
gen acts only to disorder the near surface region at z
temperature and the resulting temperature dependence o

e

FIG. 13. Temperature dependence of the derived magnetic
terfacial widths for two different samples.



pe
d
he
io
lim
th

by
6.
of

PRB 61 8975RESONANT X-RAY SCATTERING STUDIES OF THE . . .
magnetization profile is governed by a Lipowsky-ty
model, or whether the magnetic order profile is determine
all temperatures by the doping profile, is unknown. Furt
experiments on carefully prepared samples with stoich
metric surfaces are underway to test these ideas. The pre
nary results obtained for the encapsulated sample in
present study are very encouraging.
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