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We report glancing-incidence x-ray scattering studies of the magnetic structure observed near the
(001) surface of the antiferromagnet WOWithin about 50 A of the surface, the magnetic scattering
intensity decreases continuously as the bulk Néel temperature is approached from below. This contrasts
with the bulk transition, which is discontinuous. [S0031-9007(96)00670-9]

PACS numbers: 75.50.Ee, 75.25.+z, 75.30.Kz, 75.30.Pd

In the last several years, there have been continuingurface damage and ensure the stoichiometry, the sample
efforts to probe long ranged magnetic order at surfacewas annealed in an AH, atmosphere at 140C. It then
by x-ray and neutron diffraction [1-6], following many was loaded in a He-filled can and mounted on the end
earlier studies by low energy electron diffraction [7]. Theof a standard helium displex refrigerator. No additional
main motivation has been to discover how bulk magneticsteps were taken to preserve the oxide surface layer. As
structures are modified near a surface, where the crystdetermined by specular x-ray reflectivity, this surface was
symmetry is broken. In this paper, we report synchrotronfound to be nearly flat over the 1000 A x-ray resolu-
based x-ray scattering studies of magnetic ordering nedion length employed in these experiments. The bulk
the (001) surface of the type | antiferromagnet LJO mosaic was 0.05
Our aim in choosing U® was twofold: first, to take UO, has the face-centered cubic fluorite structure with
advantage of its chemical inertness, which simplifies the lattice constant of 5.47 A at 300 K. The allowed
preparation and handling of the surface; and second, tohemical Bragg reflections are defined Hy K, and L
take advantage of the large resonant enhancements of thgher all even or all odd. The diffraction pattern of
magnetic cross section which occur when the incident crystal supporting a surface is characterized by rods
photon energy is tuned near the uraniMipy absorption of scattering (called truncation rods) which pass through
edge [8]. We have found that it is possible to observehe allowed bulk Bragg points and are parallel to the
x-ray magnetic scattering from UGsurfaces at glancing surface normal [see Fig. 1(a)]. The variation of the x-ray
incident angles [6], near the critical angle for total externalintensity along the chemical truncation rods is determined
reflection, with counting rates as high a80/sec on a by the decay of the electronic charge density near the
wiggler beam line. This has allowed characterization ofsurface [10]. The bulk magnetic structure of WS triple
the momentum transfer dependence of several magnet@, consisting of ferromagnetic (001)-type planes stacked
(and charge) truncation rods along the surface normal. Bgntiferromagnetically along each of tf§@01) directions.
tuning the incident x-ray energy through théy edge, The magnetic bulk reflections are obtained by adding
we have verified that the observed scattering is magneti@ (001) wave vector to each allowed chemical Bragg
and extracted forms for the variation ¢f and f” with  wave vector [see Fig. 1(a)]. We may similarly define
x-ray energy. A most interesting result is that within magnetic truncation rods [4], which pass through the
about 50 A of the surface, the temperature dependence biilk magnetic reflections, and whose intensity variation
the magnetic scattering intensity decreases continuousljepends on the decay of the magnetization density near
near the Néel temperatur€y = 30.2 K and is well the surface. For an antiferromagnet, this leads both to
described by a power law in reduced temperature. Imagnetic contributions to the chemical rods as well as
contrast, the bulk magnetic order parameter is well knowro the existence of pure magnetic truncation rods when
to be discontinuous [9]. H and K are mixed [see Fig. 1(a)]. The primary aim

The present experiments were performed at beam linesf the present experiments was to observe (BEL)
X22C and X25 at the National Synchrotron Light Source.magnetic rod.
In both cases, double crystal monochromators [Ge and Si The scattering geometry is illustrated in Fig. 1(b).
(111), respectively] were used to tune the incident x-rayMost of the experiments were carried out at glancing
energy to thad My absorption edge at 3.728 keV. The incidence, where the incident and exit angles of the x-ray
sample was cut and mechanically polished to produce beam to the surface are near the critical angle~ 0.75°
surface with an (001) orientation. In order to remove thefor total external reflection. Near,, the refraction effects
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FIG. 1. (a) Reciprocal space map for the U@O01) surface = 0.4 0.4 _
showing chemical (solid circles) and magnetic (open circles) & log 2
bulk Bragg reflections and mixed (solid lines) and magnetic = ~
(dashed lines) truncation rods. (b) Glancing-incidence scatter: 0 10

ing geometry. 2 is the surface normal direction;, k,, and g -0.15 0 0.15 372 374 376

are the incident, scattered, and transferred wave vectors, respe A9 (Deg.) Photon Energy (keV)

tively. g. is the component of the momentum transfer normal , — L

to the surface. FIG. 2. Intensity of the(02L) charge (solid line), and01L)
magnetic (open points) truncation rods as a functionLof
The magnetic rod was obtained at five photon energies. The

. 02L) rod was obtained with an incident photon energy of
become important and lead to an enhancement of th%.728 keV. (b) Rocking curve of the magnetic truncation rod

transmitted beam. These effects are well understood [1Q}t 7. = 0.06. (c) Energy dependence of the intensity of the
and illustrated in the top of Fig. 2(a) where the intensitymagnetic truncation rod &t = 0.06.
dependence of thé2L) charge scattering rod is shown.

The intensity along the rod may be described by ) . )
scattering. Rocking curves taken through the magnetic

I(k;, k) /1o = (1/Ao) |T(ai)|2|T(as)|2<d—‘T>, (1) rod atL = 0.06 [see Fig. 2(b)] give full widths of 0.0%
dQ identical to that of the charge scattering rod, and close
whereA, andl, are the area and flux of the incident beamto the bulk mosaic. No variation in rocking width was
andT («) is the usual Fresnel transmission amplitude forobserved along the rods. All of this indicates that the in-
X rays at an anglex to the surface. do/d() is the plane magnetic structure near the surface is well ordered
cross section for x-ray scattering and depends on that 10 K. The energy dependence of the magnetic inten-
Fourier transform of the electronic charge density. Neasity at fixedL is summarized in Fig. 2(c). The observed
the critical angle, the transmission coefficients exhibitresonance is identical to that obtained in other uranium
maxima which lead to the peak observed in Fig. 2(a). = compounds and shows that the observed scattering is mag-
The lower curves in Fig. 2(a) show the intensity depen-netic in origin.

dence of the pure magnetic scattering along(€i€.) rod, Although the line shapes of the magnetic truncation
obtained as a function of incident photon energy. Theirods are similar, exhibiting maxima neat. (which
shapes are all qualitatively similar to that of the chargecorresponds td. ~ 0.06), the observed values of, vary
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as a function of photon energy. This variation arises ' " T " l ' ' " T
because the critical angle depends directly fdnwhich
changes dramatically near an absorption edge. Mor _10k .
precisely,a? ~ (Z + f")p A, whereZ is the total charge,

p is the average atomic density,is the wavelength, and -20 F
f' is the dispersive part of x-ray amplitude. In order &'

trons

to model these effects versus momentum transfer an & -30 . .
energy, we have written the magnetic scattering fromes | =~ x| ___--""7g"
surface as 2, —40 F ]

G—

> FM (ki kg, Fw, &, 8, 7) —30r
n=0

_ 2 -60 |
X pil(q))e'd=* )

whereA is the illuminated surface ares, is the position " —

of the nth layer, andp¥ is the amplitude of the magnetic 3.68 3.70 3.72 3.74 3.76
density wave in theith layer with wave vectog). The Photon Energy [keV]

factor 7 contains the resonant terms and depends on theig_ 3. Energy dependence of the real part of the anomalous
incident photon energy, the polarization of the incidentdispersion correction from fits to data shown in Fig. 2(a) (open
and scattered x rays, the incident and scattered photatircles), from specular reflectivity measurements (solid circles)
wave vectors, and the direction of the magnetic momer@”d from the shift in the position of the (110) magnetic bulk

S . s . ragg reflection (crosses). The solid line is a fit of the specular
J. The cross section was evaluated within the d'Stortedr'eﬂectivity data to a damped-harmonic oscillator model; the

wave Born approximation _[11] and inserted into Eq. (1)-dashed line is the Cromer-Lieberman prediction for U. The
We fitted the data by varying the anomalous correctiongleviation from the theory of Cromer and Lieberman is due to

to the atomic form factor for uraniunf’ and f”, as the strong white line present in the absorption spectrum 0f.UO
they enter through the Fresnel coefficiefigy; /a,), but
including a separate normalization factor to account fofThe temperature dependence of the magnetic scattering at
the energy dependence of the resonant cross section. time (001) reflection exhibits the discontinuity Bt ex-
the fitting, we convoluted the theoretical cross sectiorpected from previous studies [9]. In contrast, the mag-
with the resolution function, accounted for the surfacenetic scattering intensities obtained on the truncation rod
miscut (~ 0.25°), and added a thin attenuating overlayerfall more slowly to zero ag'y is approached from below.
to account for impurities in the He exchange gas which wdndeed, they appear continuous. It is worth noting that
believe condense on the sample surface. In addition, wine width of the magnetic truncation rods are temperature
have assumed that the magnetic structure is bulk truncateddependent and, to withitt0.5 K, the bulk and near sur-
and that FM is constant over the range probed In  face ordering temperatures are equal. These results sug-
The resulting fits [solid lines in Fig. 2(a)] are excellent, gest that the magnetic structureginsto disorder at lower
capturing both thd. dependence of the line shapes andtemperatures near the surface than in the bulk. This con-
the shift in position of the critical angle. As a check clusion is similar to that obtained by Dosch and co-workers
on our procedures, we have independently extragted in their x-ray structural studies of the order-disorder transi-
and f” from measurements of the energy dependencéon in CusAu [13]. Inthose experiments, the near-surface
of the specular reflectivity [12], as well as from the superlattice peak of the ordered alloy was found to de-
energy dependence of the position of the (110) Braggay continuously neaf, (the order-disorder temperature),
reflection, in both cases as a function of photon energywhereas the bulk behavior was discontinuous. They in-
The collected results forf’ are compared in Fig. 3, terpreted their results in terms of surface-induced disor-
together with the predictions of a damped harmonicdering, wherein a partially disordered layer of crystalline
oscillator model (solid line) and the theory of Cramerphase wets the near-surface volume belgyand grows
and Lieberman (dashed line). The results are reassuringlggarithmically in thickness ag approacheg,. Surface-
self-consistent. induced disorder was introduced for first-order transitions
We turn next to the temperature dependence of the madpy Lipowsky [14] and has been discussed in many con-
netic scattering. Figure 4 shows the intensity plotted vertexts since (see [15], and references therein.) Within
sus temperature as obtained at two positions along thieandau theory, these calculations yield regions of the
magnetic truncation rod, (0, 1,0.075) and (0, 1, 0.15), anghhase diagram for which the order parameter at the surface
at the bulk (001) reflection. From the measured disperis predicted to follow a power law in reduced temperature.
sion corrections to the atomic form factors, it may be Motivated by these ideas, we have attempted a similar
shown that these values oflKL) correspond to penetra- analysis in UQ. Fits of the magnetic scattering intensity
tion depths of~ 50, ~ 120, and ~ 850 A, respectively. to a power law in reduced temperatufe= Ar>, where

<j_;> = (A/ sina; sina;)
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adaptation of our UHV chamber to low temperature x-ray
scattering studies. From our experiments, it seems likely
that the use of third generation synchrotron sources will
make studies of actinide surface magnetism straightfor-
ward and may make possible studies of surface magnetism
in a wider class of materials [18]. In this regard, it will be
especially important to characterize the momentum trans-
fer and temperature dependence of the magnetic surface
rods at largef. than has been possible here. Experiments
on these and related surfaces are continuing.
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FIG. 4. Magnetic intensities obtained at the (001) specular

Bragg reflection (solid circles) and along tl@lL) magnetic
truncation rod atL = 0.075 (open circles) and 0.15 (open
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