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A careful investigation of the resonant x-ray magnetic-scattering response in uranium monophosphide re-
veals the crucial role played by magnetization density correlations in the discontinuous paramagnetic to
antiferromagnetic phase transition in this material. The magnetization density correlations, which are measured
on the short time scale typical of the resonant x-ray-scattering technique, appear highly anisotropic in their
inferred spatial distribution. Such correlated regions exist in the near-surface regime probed by the low-energy
x-ray beam~3.278 keV! and exhibit strongly temperature-dependent behavior at and above the bulk phase
transition. For specular reflections this leads to well defined two length scale diffraction profiles in the vicinity
of the phase transition and, when taken with the off-specular data, to a phenomenological model which
suggests that the extended length scale of near-surface antiferromagnetism may arise from a localized surface
distortion. This type of model may be more generally useful both in the two length scale problem and in other
systems where defects or fluctuations may, in a similar manner, drive pseudo-long-range order.
@S0163-1829~97!08401-4#
tio
tic

-
s
di

a
f
a
or
ion
-
a

ta
a

on
s

ag-
rro-
ec-
the
be
so
on.
to

ee,
an
re-
of

l
na-
er
ure

iza-
ed a
m-
es
I. INTRODUCTION

A. Motivation for the study

Unusual and strongly temperature-dependent diffrac
profiles observed in the vicinity of structural and magne
phase transitions continue to arouse interest.1–5 Pioneering
studies by neutron-diffraction,6 x-ray diffraction,7–10 and
theoretical methods11 revealed the possibility of non
Lorentzian line shapes in the immediate vicinity of the pha
transition and acted as a stimulus to a host of recent stu
on magnetic systems. These experimental studies have
come possible through the combined discovery of reson
magnetic x-ray diffraction and the availability o
synchrotron-radiation light sources. In turn the data have
tivated much theoretical interest. In the following we rep
on the contribution that resonant magnetic x-ray-diffract
studies of thediscontinuousparamagnetic to antiferromag
netic phase transition in the uranium monopnictides m
make to this problem.

The monopnictides of interest have a simple NaCl crys
structure and transform in an apparently discontinuous m
ner from the disordered paramagnetic state to a simple~com-
mensurate! type-I antiferromagnetic state with a propagati
vector along equivalent̂001&-type directions and moment
550163-1829/97/55~1!/423~16!/$10.00
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parallel to the propagation vector. That is, the antiferrom
netic state consists of alternate up and down sheets of fe
magnetically aligned moments, wherein the moment dir
tion is perpendicular to the sheet and parallel to one of
original cubic axes. Although the phase transition must
accompanied by a tetragonal distortion, in practice it is
weak that we continue to use cubic indexing in discussi
On account of the symmetry such layers are expected
occur in three equally populated domains along the thr
orthogonal, cubic axes in the antiferromagnetic state of
infinite crystal. Any one domain is thus an approximate
alization of the antiferromagnetic metamagnetic state or
‘‘super-antiferromagnetism’’12,13 on which much theoretica
attention has been placed, especially with regard to the
ture of the phase transition, possible tricritical points und
the application of an external field, and the high-temperat
series expansions of the bulk susceptibility.14,15

B. Previous work on uranium phosphide„UP…

Of the systems which may be taken as physical real
tions of the super-antiferromagnetic phase, we have studi
series of single crystals of high crystalline perfection of co
position UAs and UP. Preliminary results for the line shap
423 © 1997 The American Physical Society
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of resonantly magnetically diffracted x-ray beams from U
have been reported;16 in this communication we focus on th
compound UP. While the monopnictide and arsenide rea
form crystals to sizes of the order of millimeters the mon
phosphide is much more reluctant to grow and is con
quently less studied. Nevertheless, previous work on UP
cludes neutron diffraction, NMR, magnetization, resistivi
heat-capacity studies, and volumetric measurements.17 Both
through bulk properties such as the magnetic susceptib
and through microscopic measurement of the staggered m
netization~order parameter! by magnetic neutron scattering
a discontinuous transition from paramagnetic to antifer
magnetic order has been established at a temperature clo
Tn;120 K. In common with data collected on the neighbo
ing arsenide and pnictide these probes give evidence
anomalous dynamical behavior of the magnetization den
in both the antiferromagnetically ordered and paramagn
phases of UP. Such effects are already apparent in the
trical resistivity, which increases slightly with decreasi
temperature in the paramagnetic state,18,19 and the NMR in-
vestigations which yield evidence for a large energy scale
magnetic fluctuations which may be characteristic
strongly coupled 5f and conduction-electron states.20,21

These findings are substantiated in the ordered state b
anomalously large linear term in the electronic specific-h
coefficient g532 mJ mol21K 22,22 the strongly reduced
low-temperature moment of 1.74mB/uranium ion in
comparison with a Curie-Weiss-like effective moment
3.3–3.4mB ,

23–26 and the results of recent low-temperatu
NMR studies.27 However, as in the arsenide, despite care
searches no studies to date give direct measure of the te
onal distortion upon entering the antiferromagnetic ph
from the paramagnetic state.28,29In summary, from the avail-
able literature one is led to conclude that UP undergoe
transition of a discontinuous nature from the paramagneti
a simple type-I antiferromagnetic state without a severe
tice distortion and that there exist important electronic c
relations which may play upon the magnitude of the sub
tice magnetization density both below and aboveTn .

C. Scope of present measurements

It has been suggested that ‘‘second length scale,’’ tha
to say anomalously sharp, diffraction profiles in the vicin
of a magnetic phase transition reflect the presence of n
surface-induced~antiferro! magnetism.1–5 The sensitivity of
such a state to sample surface preparation has b
demonstrated2 as has the location of the effect to a nea
surface regime with a range variously estimated to ext
from some hundreds of Ångstroms2 to some hundred
micrometers4,30 below the nominal sample surface. On a
proaching a continuous phase transition the presence of
a near-surface~antiferro! magnetic layer taken in conjunctio
with the diverging correlation length will tend to polarize th
underlying material with the result that the bulk magne
response is merged into that of the surface layers making
separation of the two effects difficult. A cleaner study
near-surface magnetism may be possible in materials
relatively short and temperature-independent thermodyna
correlation lengths such as may exist at a transition o
discontinuous nature. Using a near-surface sensitive prob
ly
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investigate a discontinuous phase transition one would h
to distinguish the following regimes: a near-surface magn
layer above a paramagnetic bulk~the short length scale ther
modynamic correlations should give a relatively weak a
temperature-independent signal in this interval!, a region of
coexistence of surface and bulk~ordered! magnetism where
one may hope to observe a two-component diffraction pro
and finally, at low temperatures, a diffraction profile dom
nated by the ordered bulk. In view of this we have examin
in some detail the contribution that resonant magnetic x-r
diffraction data of the discontinuous paramagnetic to antif
romagnetic phase transition in the uranium monopnicti
may make to our understanding of the antiferromagne
phase transition and the observation of two length scale
fraction profiles.

The technique of resonant magnetic x-ray diffraction h
been developed extensively over the past ten years and
proven exceptionally useful in the investigation of lar
length scale fluctuations of antiferromagnetic correlations
the rare-earth and actinide compounds.31–33 The sensitivity
arises from the resonant enhancement of the x-ray scatte
cross section which occurs on tuning the incident x-ray
ergy near theL andM absorption edges of the heavy-met
components coupled with transition selection rules which
flect the magnetic state of the heavy-metal ion.34–36For ura-
nium compounds large enhancements are found to occu
theM edges. In particular, previous studies at theMIV edge
of uranium in the related compound UAs have shown
dominant scattering to be electric dipolar in nature and
lead to measured magnetic intensities as large as 1% o
typical charge peaks.31–33

Our x-ray resonant scattering investigations of t
magnetic-diffraction profiles supplement the previous fin
ings in UP and strongly suggest the important role that ne
surface-induced magnetism may play in the formation of
antiferromagnetic state. The idea for these experiments
prompted by preliminary results obtained on UAs~Ref. 16!
and the consideration of the role played by the discontinu
phase transition as outlined above. The rest of the pape
organized as follows: Sec. II gives physical details of t
sample and the diffractometer used in this study in addit
to presenting the key experimental result of the paper,
observation of an anisotropic two length scale diffracti
profile occurring in the immediate vicinity of the antiferro
magnetic phase transition. The neutron-scattering data
luded to both in this section and elsewhere in this paper
been instrumental in generating the point of view adopt
however, it represents a sufficiently different and detai
study that we feel obliged to present it fully in a separa
publication.37 Section III offers an interpretation of the reso
nant two length scale line shape based on as complet
possible analysis of the available x-ray data. In particular,
address the anisotropic nature of the scattering profile in
longitudinal and transverse directions within the scatter
plane and attempt an analysis including the thermal evo
tion of the magnitude of the effective sublattice magne
scattering moment. In Sec. IV a summary of the interpre
tion of the data is given together with an analysis of a sim
Ginzburg-Landau model which illustrates the possibility
generating near-surface~antiferro!-magnetism above a dis
continuous phase transition. This type of model may be
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55 425NEAR-SURFACE EFFECTS AT THE . . .
tended to other systems where defects or fluctuations ma
a similar manner, drive pseudo-long-range order. Fina
Sec. V offers a summary and comparison with other t
length scale results by way of a conclusion.

II. EXPERIMENTAL TECHNIQUE
AND SUMMARY OF DATA

A. Sample preparation and characterization

Despite the difficulty in obtaining single-crystal sample
UP was chosen for this study since, unlike UAs, it gives
evidence, neither in its bulk properties nor in magnet
diffraction data for an incommensurate precursor magn
phase aboveTn .

38 This makes possible an analysis of t
diffraction profiles with a minimum of parameters which
turn motivates a simple qualitative model of the phase tr
sition ~Sec. IV!. The sample is that characterized in the p
vious neutron-diffraction studies of Burletet al.39 Details of
sample preparation, given in detail by Horyn, Henry, a
Rossat-Mignot,40 are briefly as follows. An initial reaction a
800–850 °C to form UP2 was followed by decomposition a
1700 °C to yield the UP precursor. This route was develo
on account of the high chemical reactivity of the constitu
elements and the high melting point of the compound~in the
region of 2500 °C!. The resulting UP precursor was di
solved in a gallium flux and slowly cooled in a temperatu
gradient at 1100 °C over a period of one month to yield a
of small single crystals. X-ray microprobe analysis indica
the resulting crystals to be free of gallium contaminatio
Although no detailed studies have been carried out, preli
nary investigations of crystalline quality on a rotating ano
spectrometer and the results presented in this paper, ind
a crystal mosaic of the order of 0.05° full width at ha
maximum~FWHM!.

We further characterized the crystals selected for our
periments by their induced bulk magnetic moment in appl
fields ranging between 100 and 2000 G over the tempera
interval 4.2–300 K as measured in a superconducting qu
tum interference device magnetometer of the Quantum
sign at the CEA Grenoble. The observed bulk magnetic
havior of the UP samples is as follows~see Fig. 1!. On
heating, UP exhibits a sharp discontinuous increase in
duced moment at a temperature of 120 K which is follow
by a plateau region extending over some 10 K, smooth
and Curie-Weiss-like behavior. The response of UP at h
temperatures is thus generically of the form of that obser
in antiferromagnetic metamagnets and calculated in, for
ample, the series expansions of metamagnetic Ising-
models.12,13 This simple high-temperature behavior, in co
trast to that observed in UAs,38 is consistent with the absenc
of an incommensurate magnetic precursor phase.

B. X-ray measurements and integrated intensities

The resonant x-ray-diffraction measurements were car
out on the X22C beamline of the National Synchrotron Lig
Source, Brookhaven, which is equipped with a toroidally
cusing mirror and a double-crystal Ge~111! monochromator.
The sample was cleaved along a$001%-type plane to yield a
scattering surface of the order of a few square millimet
shortly before insertion into a displex refrigerator, which
in
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turn was mounted on a four-circle diffractometer scatter
in the vertical plane. Care was taken to minimize bac
grounds and absorption by avoiding air in the optical pa
ways; this is necessary on account of the high attenuatio
the low-energy photon beam by nitrogen at atmosphe
pressure. The incoming polarization of the synchrotron
diation, derived from a bending magnet source, is horizon
and perpendicular to the vertical scattering plane. In t
scattering geometry the@00l # and@h00# crystallographic di-
rections lie in the scattering plane, respectively, parallel a
perpendicular to the surface normal. To maximize the int
sity in the magnetically sensitive signal we tuned the sp
trometer to theMIV absorption edge of uranium which w
experimentally located at 3.728 keV~Fig. 2!. In view of the
severe penalties in intensity no discrimination of the outg
ing polarization was carried out. However, from the reson

FIG. 1. The induced magnetization in UP under an applied fi
of 500 G as a function of temperature. The applied field direction
approximately parallel to a fourfold axis. The antiferromagne
phase transition at 120 K is clearly defined and from the hi
temperature behavior one extracts a Curie-Weiss momen
3.4mB per uranium atom. The estimated error in a given data po
is approximately represented by the size of the symbol.

FIG. 2. Incident photon energy scan around the uraniumMIV

resonance at the antiferromagnetic reflection centered on the~003!
Bragg position.
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nature of the observed signal and previous work31–33we are
confident that the signal is indeed magnetic in origin.~This
conclusion is further corroborated by the overall temperat
dependence of the signal shown in Fig. 3 and discussed
low.! The combination of a relatively long resonant wav
length coupled with a moderately high lattice parame
~5.588 Å! severely limits the accessible area of recipro
space for data collection. In particular, in the specular s
direction only the first two antiferromagnetic positions
~001! and ~003! can be reached, and the off-specular sc
were limited to that at the~102! Bragg position. We restric
our analysis of specular scans to the~003! reflection on ac-
count of the superior signal-to-noise ratio attainable co
pared with~001!.

The measured temperature dependence of the integ
resonant intensity along the specular rod around the~003!
reflection below the antiferromagnetic to paramagnetic ph
transition is shown in Fig. 3 from which we confirm that th
signal reflects, in a characteristic manner, the degree of
tiferromagnetic order in the sample. Interestingly, no sign

FIG. 3. The integrated intensity in arbitrary units along t
specular rod of scattering at the~003! reflection as a function of
sample temperature.
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cant high-temperature ‘‘tail’’ is seen to develop as has be
reported, for example, in UO2,

2 nor is any hysteresis eviden
The integrated intensities for the off-specular~102! reflec-
tions which probe magnetic correlations from those doma
with a propagation vector lying in the surface plane of t
sample are, at a given temperature, significantly weaker t
those at the~003! reflection. From our analysis~Sec. III! this
difference in intensity arises primarily from the experimen
resolution.

C. X-ray magnetic-scattering line shapes

As outlined in the introduction and made evident by t
neutron-diffraction studies,37 the antiferromagnetic phase ex
hibits domains of moment alignment parallel to the thr
orthogonal cubic axes. Through the width in reciprocal sp
of the measured response~down to the resolution limit! we
infer the spatial extent of magnetic domains located wit
the near-surface volume probed by the x-ray beam. The
mains have a propagation wave vector either normal to, o
the plane of, the surface. The response localized around
specular antiferromagnetic peak is selectively sensitive
those domains having an ordering wave vector parallel to
surface normal, while in the~102! scattering geometry we
probe the response from domains composed of planes o
ternating moments with a propagation vector normal to
sample surface. From the relative intensities of scans take
different temperatures we estimate the effective scatte
moment standardized to the low-temperature value in
antiferromagnetic phase.

Data at the resonant energy from UP taken about
~003! antiferromagnetic Bragg point is shown at tempe
tures below and above the bulk phase transition for both
@00l # and @h00# scan directions in Fig. 4. These data illu
trate the key components of behavior observed in UP for
specular reflection. For scans along the specular rod one
a sharp and broad component associated with the low-
high-temperature response, respectively. As we shall se
detail, there exists a well defined region of temperatures
which both the sharp and broad responses coexist and
have a classic two length scale line shape. In the orthogo
e
c
-
-
-
e
i-

c

-
n

FIG. 4. Longitudinal scans
along the specular rod at 100 K
well within the antiferromagnetic
phase and, at 121.45 K, above th
Néel temperature. The dramati
decrease in width on cooling re
flects the increasing number of an
tiferromagnetically correlated lay
ers forming parallel to the sampl
surface. Scans in the transverse d
rection through the~003! lattice
point have more similar widths in-
dicating that the antiferromagneti
layers forming above the Ne´el
temperature already display a de
gree of long-range coherence i
the surface plane of the sample.
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55 427NEAR-SURFACE EFFECTS AT THE . . .
scans transverse to the specular rod, taken within the vertic
scattering plane, the scattering remains essentially sharp ov
the full range of temperatures studied save for those points
the immediate vicinity of the phase transition.

In Fig. 5, we show the overall temperature dependence
the specular scans in the@00l # direction around the~003!
point, on a displaced logarithmic scale, taken in cooling. Th
continuous lines are fits to the model cross section describ
in detail in Sec. III. There is an evolution of rounded maxima
at elevated temperatures of a broad component into a tw
component sharp plus broad line shape aroundTn with the
sharp component being typically 100 times narrower than th
broad. This two length scale line shape is in turn dominate
by the sharp component at low temperatures.

In contrast to the results from the specular reflection, sca
tering from those domains with a propagation wave vecto
lying in the surface plane of the sample„vis domains probed
at the~102! reflection with propagation wave vector parallel
to @100#… exists only in the form of a sharp response in both
the @h00# and @00l # scan direction. Further, scattering is
present only up to temperatures of 120.9060.05 K. On the
scale of the response seen around the~003! peak there is no

FIG. 5. Temperature dependence of the specular intensity for
selection of scans at the~003! position taken in cooling. The wave-
vector transfer is parallel with the ordering wave vector. The verti
cal axes of consecutive temperatures have been displaced by
order of magnitude to improve visibility. The solid lines are the
results of fits to the model function given in Sec. III. An evolution
of rounded maxima at elevated temperatures of a broad compone
into a two-component sharp plus broad line shape aroundTn ~120.9
K! is seen with the sharp component being typically 100 time
narrower than the broad. This two length scale line shape is in tur
dominated by the sharp component at low temperatures.
al
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‘‘broad’’ component either above or below the bulk pha
transition for this reflection. The scans taken about~102! are
illustrated in Fig. 6. The apparent lack of a broad compon
is significant since it indicates that the broad response see
the specular~003! scans is unlikely to arise from thermody
namic fluctuations~which would be seen for all domains! but
rather is a response particular to those planes which form
free surface. In addition, the data at the~102! position yields
an estimate of the bulk phase transition temperature and
behavior of the sublattice magnetization on approachingTn
from below. In this sense we may use these data as a ma
in unraveling the more complex behavior of the~003! specu-
lar reflection as discussed in Secs. III C and III D.

D. Energy dependence

In order to tune the spectrometer for resonance at
uraniumMIV edge, the sample was cooled well into the a
tiferromagnetic state~40 K!, the spectrometer set to the po
sition of the~003! antiferromagnetic Bragg peak and the i
cident x-ray energy scanned through energies close to
resonant scattering peak which was found to lie at 3.7
keV. These data, shown in Fig. 2, are in agreement w
previous work on the isostructural compound UAs.31–33

Careful scans at the points of antiferromagnetic reflect
were also taken through the resonant energy at a sam
temperature of 120.85 K. This temperature was chosen s

a

-
an

nt

s
n

FIG. 6. Temperature dependence of the off-specular inten
for a selection of scans at the~102! position taken in cooling. The
wave-vector transfer is parallel with the ordering wave vector. T
vertical axes of consecutive temperatures have been displaced
order of magnitude to improve visibility. The solid lines are th
results of fits to the model function given in Sec. III. In contra
with Fig. 5 no broad component is observed.



t
po
ee

n
of
th

n

c-
he
ed
la

n
ha
et
ite
t
r
t
pl
de

lly

te
u

tes

the
road

t

ig-
er-
t for
ng
-

lta-

s
in
t
out
xed
ra-

fly
e of
cat-
rce
the
f el-
ally
r-
he
eti-
al
con-

0.

los
nd

rro
.

ing
The
he

428 55A. STUNAULT et al.
it exhibits the two-component line shape enabling us
verify the resonant nature of the scattering for both com
nents under fixed sample conditions. In Fig. 7 it may be s
that the broad component~filled circles! does indeed show
the same resonant behavior in energy as the sharp compo
~open circles! giving confidence that the two components
the line shape are both magnetic. In order to identify
individual components of the scattering~dipolar, quadrupo-
lar, etc.! it will be necessary to carry out a full polarizatio
study. Experiments carried out in UAs~Refs. 31–33 and 41!
indicate that at theMIV edge the dominant transition is ele
tric dipole in nature and confirm the magnetic origin of t
observed scattering. These conclusions may be transferr
UP assuming the uranium electronic configuration is simi

E. Angular resolution

On account of the wide range ofq space covered in the
scans and the changing widths at least some consideratio
the angular resolution must be taken. The resolution
three principal components associated with the spectrom
the monochromaticity of the incident x-ray beam, the fin
divergence of the incident beam upon the sample, and
finite acceptance angle of the detector. We exert no ene
selection of the scattered photons except that afforded by
Bicron scintillation detector and the absorption in the sam
to detector flight path both of which we take as energy in
pendent over the energy range of interest~few eV at 3.728
keV!. The sample contributes to the resolution principa
through its mosaic spread. Taking the anglesa andb, de-
fined in Fig. 8, as independent random variables distribu
about their mean value in Gaussian fashion gives an ang
resolution function of the form

FIG. 7. Energy dependence of the resonant scattering at 12
K taken in the neighborhood of the~003! Bragg point scanning
through the sharp and broad components, open circles and c
circles, respectively. The similarity with the results of Fig. 2 a
Refs. 31–33~in line shape and center! indicates that the signal is
magnetic in origin for both components of the line shape. The e
bars at~003! are smaller than, or of the size of, the open circles
o
-
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e
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he
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R~a,b!5Nexp@2~da/Da!2#exp@2~db/Db!2#.

On transformation to the scattering plane coordina
(qx ,qz) one obtains

R~dqx ,dqz!5NJ exp~2Axx!exp~2Bzz!exp~2Cxz!

with the coefficientsAxx , Bzz, Cxz , N, andJ given in the
Appendix. The presence of a cross-coupling term (Cxz)
should be noted as this may give rise to extra width in
essentially sharp transverse scans in the presence of b
specular scans.

Finally, it is important to note that at the low inciden
energies used in this study~3.728 keV! the x-ray penetration
depth into the sample is limited by absorption and may s
nificantly restrict the number of atomic layers probed p
pendicular to the surface in the ordered phase. To accoun
this the resolution function is convolved with a scatteri
function which contains explicitly within it the x-ray pen
etration depth~further discussion is given in the Appendix!.
The resulting line shape at a given temperature is simu
neously fitted to the data at both the specular~003! and off-
specular~102! reflections in the two orthogonal direction
parallel and perpendicular to the surface normal which lie
the scattering plane with justone intensity scaling constan
which is fixed by the response at low temperatures. The
of scattering plane resolution is assumed sufficiently rela
that it integrates over the scattering profile at all tempe
tures.

III. INTERPRETATION OF THE RESULTS

A. X-ray resonant magnetic-scattering cross section

Before commencing an analysis of the data we brie
summarize our assumptions concerning both the natur
the incident radiation and the x-ray resonant magnetic s
tering cross section itself. First, the synchrotron x-ray sou
yields an inherently brilliant beam. The beam incident on
sample may be considered as an incoherent bundle o
emental coherent rays with coherence volumes typic
0.1–1mm in dimension. This large dimension of the cohe
ence volume is a primary result of the high brilliance of t
x-ray source and can exceed the typical size of the magn
cally ordered regions contributing to the diffracted sign
from the sample. In such cases it may be necessary to

85

ed

r

FIG. 8. Definition of the angles and geometry of the scatter
plane as used in the expression for the resolution function.
surface is depicted by the heavy horizontal line in the figure. T
directionqz is parallel to the surface normal andqx is parallel to the
surface in the plane of the figure.
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55 429NEAR-SURFACE EFFECTS AT THE . . .
sider the scattered intensity as an incoherent sum of the
dividually diffracted elemental coherent rays rather than
Fourier transform of a~two-point! magnetic correlation func
tion spatially averaged over the sample. Although this d
tinction is usually not made, under the implicit assumption
randomly phased scattering objects, it may become imp
tant in the vicinity of a phase transition and for phase tr
sitions of a discontinuous nature where the nucleation
growth of phase-coherent islands of the ordered state
occur. As a concrete example consider a material wit
magnetically ordered surface layer which supports a d
dritic structure of magnetically transformed regions exte
ing into a paramagnetic bulk. The dendrites will be pha
coherent since they originate from a common surface lay

The resonant x-ray scattering amplitude refers to a co
ent two-photon process involving the excitation of an el
tron from a core state to an outer~magnetically polarized!
energy level and its subsequent decay. In the ‘‘fast collisio
approximation one assumes that the core hole liberated
photon absorption does not have time to propagate before
emission of the resonant photon and the concomitant refil
of the core level. This localizes the particle-hole pair~gener-
alized magnetic fluctuation! and reduces the scattering cro
section to the Fourier transform in time of atwo site inter-
ference function summed over the coherence volume.
photon coherence length is normally sufficiently small th
the resonant x-ray-scattering technique yields an approxi
tion to a two-site instantaneous interference function and
ables one to take a ‘‘snapshot’’ of the magnetic spatial c
relations. The precise nature of the two-point function
determined from the conservation of angular momentum~or-
der and nature of transition: electric or magnetic; dipo
quadrupole, mixed, etc.! and the harmonic order of the re
flection concerned.42 The resonant cross section coupled w
a brilliant photon beam permits us to resolve weak sign
and to define the diffraction profile with precision, this pe
mits maximal separation of multicomponent line shapes.

B. Model cross section

In the overview of the experimental data, given in S
II C, Fig. 4 demonstrates the strongly anisotropic respo
for scans parallel and perpendicular to the surface nor
around the~003! reflection. In particular, the specular sca
have an extra scattering intensity in the region of, and ab
the transition temperature. This extra intensity is characte
tically ‘‘broad’’ for scans parallel to the surface and ‘‘sharp
in the transverse cuts which suggests the formation of
tended sheets of ferromagnetically aligned moments par
to the sample surface which themselves are antiferromag
cally coupled, only a few layers deep, normal to the surfa
In order to analyze this data we take the idea of formation
near-surface antiferromagnetic layers literally and introd
a simple model of layer formation in real space. The rea
for the nucleation of the phase transition in the near-surf
layers is unknown. Conceivably the cleavage of the sam
induces an anisotropic strain in the near-surface reg
which, through the magnetovolume interaction,43,44 favors
near surface magnetism for one particular domain orie
tion. Alternatively, one may argue that the very presence
the surface allows for relaxation of stress and that thro
the magnetoelastic coupling a near-surface magnetizatio
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sults. We note that intrinsic defects and inhomogenei
which were present in the bulk of the sample at the point
cleavage are not expected to be different from those be
the cleaved surface, hence it would be difficult to invo
them as a source of local magnetization by themselves. C
tamination from surface oxidation immediately prior to i
sertion in the displex may play a role. In this regard, our o
control is to note that data taken on the same surface aft
storage time of six months in a desiccator (1022 Torr! is
sensibly the same as that taken immediately after cleav
The further analysis given below does not depend upon
microscopic origin of formation of magnetically ordered la
ers; we take this as a problem for future study.

As a preliminary model, we considered the specular sc
tering from a set of magnetic layers of uniform~temperature
independent! extent parallel to the surface plane of th
sample and of varying number normal to the sample’s s
face. On this assumption all calculations became one dim
sional. The data were taken to represent the spatial Fou
transform of the instantaneous correlations of a set of fe
magnetic sheets coupled alternatively up and down in
direction normal to the surface of the sample. The mo
parameters were simply the number of layers perpendic
to the surface and their scattering moment. Results of
model on the isostructural compound UAs have be
presented.16

In both this first model and the one to be developed be
we make the approximation that the regions of antiferrom
netic order are terminated abruptly in space. The second
proximation made is to assume that each incident cohe
radiation volume scattering from the crystal samples
same distribution of antiferromagnetic layers in space. A
finally that each incident coherent radiation volume is sim
lar. Although these assumptions give rise to small osci
tions in the computed cross section, they avoid additio
sets of parameters to represent the decay lengths, a vo
distribution function of antiferromagnetic layers and a dist
bution function of incident coherence volumes, respective
The key result of our study, of an anisotropic near-surfa
magnetism giving rise to a two-component line shape, sho
not be affected by such considerations.

In this publication, we consider a slightly more sophis
cated model than that used in Ref. 16 based on antiferrom
netically correlated planes of a temperature-dependent s
As in the first model, the number of antiferromagnetic plan
is determined by the diffraction profile in the direction of th
ordering wave vector. However, the spatial extent of
planes is now determined consistently from the scan tra
verse to the ordering wave vector. Since experimental d
could only be taken along one of the two principal ax
which lie transverse to the ordering wave vector we invo
the crystalline symmetry and infer a similar dimension f
the unmeasured axis. Explicitly, in an ordered region
symmetry is tetragonal with the tetragonal axis parallel to
ordering wave vector. If, considering a specular scan by w
of example,Nz is the number of antiferromagnetically co
related layers along the tetragonal axis andNx is the mea-
sured dimension~in lattice units! of the layers from the trans
verse scan, we setNy5Nx in all calculations. The full
scattering surface is computed as a function ofNx , Ny ,
Nz , and the sublattice polarization at each temperature
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convolved with the instrumental resolution function. Fro
the resultant surface one projects out that cut relevant to
particular scan under consideration. The scans in orthog
directions are coupled through the cross termCxz inherent in
the resolution function~the only way to avoid such a term i
to arrangea5b and Da5Db) and in this way the line
shape in theqx direction of the specular scans is broaden
due to the finite extent of the antiferromagnetic diffracti
region in thez ~surface normal! direction.

Since we are unable to make reliable calculations of
absolute measured intensity of the resonantly diffrac
beam, we scale the measured intensity at 77 K to the sq
of the effective moment reported by neutron diffraction
the literature at this temperature.39,45,46Caution must be ex-
ercised in interpretation since the energy ranges, wave-ve
ranges and the coherence volumes covered by the respe
experimental resolution functions in the x-ray and neut
experiments are very different. The scaling of the lo
temperature moment amounts to the assumption that at t
temperatures the diffracted intensity is dominated by
static ~long-time average! sublattice magnetization and th
presence of long-range order eliminates the problems po
by the different coherence volumes of the two radiat
sources. At elevated temperatures, where such assump
break down, we are on more delicate ground. It must be h
in mind that the estimated value of magnetic moment is t
appropriate to the instantaneous two-point correlation fu
tion and this is not necessarily equal to the equilibrium lon
time average.

C. Application of the model to the specular scans

We now turn to the measured x-ray magnetic-scatter
response around the~003! antiferromagnetic Bragg poin
taken on cooling. We divide the data into three temperat
regimes according to line shape. A first low-temperat
span below 120.5 K, a second transitional span from 120.
121.1 K and a final high-temperature region above 121.1
These regions are characterized by a single sharp profi
the specular scan, a classic two-component line shape a
broad profile respectively~see Sec. II C and Fig. 5!.

Starting at low temperatures the magnetic peak is, ove
central portion, dominated by the angular resolution fu
tion. The specular and transverse cuts differ in width b
factor of 2 in this regime and this is picked up by the relat
widths of the resolution function which scale, respective
as the sine and cosine of the half-scattering angle~for further
discussion see the Appendix!. Away from the central posi-
tion the Lorentzian-like tails in the specular scans are do
nated by the finite penetration depth. In a simple manner
may be understood as the exponential decay of the inci
and scattered beams due to absorption which yields, on F
rier transformation, a Lorentzian form in reciprocal space
the transverse direction extended tails are also seen. T
arise from the finite domain size and/or the transverse co
ence length of the incident radiation. From the lo
temperature data we then set the effective angular resolu
the effective penetration depth into the sample and obtain
estimate of the domain size or transverse coherence len
The numerical values of these parameters are given in
Appendix under the discussion of the resolution function.
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heating the scattered intensity starts to fall as evidence
the plots of integrated intensity~Fig. 3!. Less obvious are the
changes in line shape. Since the diffracting objects rem
relatively large until very close to the transition the FWH
is dominated by the angular resolution and only by looki
in detail at the tails of the scattering may the changing si
of the coherently diffracting regions be seen. Once
changing size of the diffracting regions is taken into acco
one may estimate the effective scattering moment~see also
discussion in Sec. IV C!.

Empirically, the scans start to become noticeably broa
at temperatures above 120.5 K, Fig. 5. This arises from
effects. First, the size of the diffracting objects themselv
become smaller giving rise to a width in the sharp comp
nent greater than that contributed by the angular resolut
Secondly, the development of near-surface magnetism
curs which gives rise to a broad component in the spec
profile. The thermal evolution of the number of magnetica
ordered layers in the bulk magnetic phase is given for dir
tions parallel and perpendicular to the ordering wave vec
in Fig. 9. Experimental transverse cuts through the scatte
surface away from the position of maximum intensity we
made and compared favorably with the calculated respo
within the model function given. A typical pair of scan
taken in the vicinity of the phase transition and exhibiting t
two component line shape in the longitudinal direction a
given in Fig. 10. The model function is able to reproduce
width and intensity in the directions both longitudinal an
transverse to the ordering wave vector. The broaden
raises a problem in the definition ofTn . Direct plots of in-
verse linewidth against temperature would imply the ph
transition is signaled by an onset of ‘‘long-range orde
~resolution limited scattering profile! occurring belowTn as
determined from intensity measurements~see, for example,
Ref. 13!. Within the model used the interpretation is rather

FIG. 9. Thermal evolution of the number of magnetic layers
the bulk response deduced from the width~and intensity! of the
measured response in the directions parallel and perpendicul
the ordering wave vector around the specular~003! Bragg point.
The layers are in units of the chemical unit cell. The estimated e
in the number of layers is of the order of 10%.
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FIG. 10. Data and fits to the
model function in the two length
scale regime. The inset on the lon
gitudinal scan~parallel to the or-
dering wave vector! shows the
sharp component on an enlarge
scale. The small oscillations in th
fitted functions come from the
single component distributions
used for the surface and bulk lay
ers as discussed in the text. Th
maximum of the response occur
just off the low-temperature Bragg
position in the specular direction
for this reason the transverse cut
less intense in its peak height tha
the longitudinal cut. The displace
ment has been put into the mod
calculation.
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a falling size of domain on approachingTn . Further prob-
lems occur with differences between the specular and
specular response, and we give a working definition ofTn in
Sec. III D below.

Above 120.5 K an additional broad feature associa
with near-surface magnetism arises in the scattering pro
The evolution of the number of magnetically ordered lay
in this near-surface magnetic phase is given for the direct
parallel and perpendicular to the ordering wave vector in F
11. Again, as in Fig. 9, we note the extreme anisotropy of
response parallel and perpendicular to the ordering w
vector. Interestingly, the inferred moment associated with
near-surface magnetism increases from the bulk value

FIG. 11. Thermal evolution of the number of near-surface m
netic layers deduced from the width~and intensity! of the measured
response in the directions parallel and perpendicular to the orde
wave vector around the specular~003! Bragg point. The layers are
in units of the chemical unit cell. At and above 130 K there exist
weak intensity over and above that seen at 200 K; however
uncertainty in the line shape is too great to allow an unambigu
analysis.
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120.5 K to a broad maximum, with a value close to t
free-ion moment, and starts to decay again above 121.1
The abrupt fall at 121.1 K is followed by a plateau extendi
to temperatures as high as 130 K,~Fig. 12!. Further discus-
sion of the evolution of the ordered magnetic moment and
interpretation within a simple Ginzburg-Landau model a
given in Sec. IV.

D. Application of the model to the off-specular scans

As observed in Sec. II C the scattering at the~102! reflec-
tion is much simpler than that around the~003! Bragg point.
It is also much weaker. This loss of intensity at low tempe
tures is accounted for by the proposed resolution funct
given the assumption of an equal domain population. T
typical difference in intensity and line shape of the~003! and

-

ng

a
e
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FIG. 12. Thermal evolution of the effective near-surface sub
tice magnetization per uranium atom deduced from the model s
tering function introduced in Sec. III. The peaking of the moment
the vicinity of the phase transition may be understood in terms o
extended Ginzburg-Landau model of Sec. IV. The solid line is
expected temperature variation of the Ginzburg-Landau sur
layer moment using parameters derived in Sec. III. The estima
error in the value of the effective moment is of the order of 10%
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FIG. 13. Contrasting intensi-
ties and line shapes shown fo
scans taken in the specular~003!
and off-specular~102! reflections
in the antiferromagnetic phase
The longitudinal scan is along th
direction lying parallel to the sub-
lattice magnetization in the given
domain. This is the@00l# direction
for the specular~003! reflection
and the @h00# direction for the
~102! off-specular reflection. The
transverse scan directions lie i
the scattering plane and are o
thogonal to the given longitudina
directions. The solid line is a re
sult of a fit given by the model
described in the text with one
scaling parameter for the vertica
axis.
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a fit
~102! reflections in the ordered phase is shown in Fig. 13
each case the longitudinal scan is parallel to the magn
propagation vector~@001# for the ~003! reflection and@100#
for the ~102! reflection! and the continuous line is the resu
of a fit to the model. The transverse scans are perpendic
to the ordering wave vector and in the scattering plane.
both reflections the data presented has been taken on coo
as noted in Sec. II B there is no observable hysteresis in
and down temperature sweeps. In the analysis of the spe
and off-specular scans there is just one scaling constan
all scans. The sublattice moment, sizes of diffracting regi
and domain fraction are then determined consistently fr
all data at a given temperature. Since the data for the
domain orientations were taken on different heating a
cooling cycles this procedure supposes that the experim
tally sampled domain fraction is approximately independ
of sample history. This was confirmed by the near reprod
ibility of data taken on the same sample surface in two se
rate experiments and is a result of the averaging given by
large incident beam size~of order one millimeter! in com-
parison with a typical domain size~of order micrometer!. As
illustrated in Fig. 14~a!, the fraction of off-specular domain
goes to zero at a temperature of 120.9 K as does the su
tice moment@Fig. 14~b!#. We assign this temperatureTn ~of
the bulk!. In contrast, the specular reflections which gi
evidence of continued bulk order up to temperatures of 12
K are taken to be extraordinary. The difference is illustra
in Fig. 15 where at 120.9260.01 K, for scans along the
ordering wave vector, a sharp response is observed for
specular~solid circles! in contrast with the off-specular~open
circles! where no observable response is seen. This then
gests that the different domains, specular and off-specu
have significantly different physical behavior above 120.9
an issue which is discussed further in Sec. IV C.

IV. DISCUSSION

A. Overview

From the model interpretation of the observed diffracti
profiles the following picture of the antiferromagnetic pha
transition in UP arises: starting at low temperatures in
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ordered phase antiferromagnetic domains occur with
proximately equal probability. The bulk sublattice magne
zation evolves in a smooth manner to around 120.8
whereafter the specular and off-specular reflections h
quite different behaviors as detailed in Secs. III C and III
Above 120.5 K, one has evidence of a near-surface subla
magnetization with an effective moment substantially diffe
ent from that observed in the bulk which occurs exclusiv
for that domain having its ordering wave vector parallel

FIG. 14. Top panel: The domain fraction as extracted from
fits to the model of Sec. III. The open crosses and circles repre
the specular and off-specular fractions, respectively. The das
line is a guide to the eye. Bottom panel: The overall temperat
dependence of the effective moment per uranium atom~scaled to
the low-temperature value! for the specular and off-specular sca
given by the crosses and circles, respectively. The solid line is
to a first-order Ginzburg-Landau model of the formf b given in Sec.
IV. The parameters used areTc5120.8 K, T*5121.1 K, and
m*50.64mB per uranium atom.
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the surface normal. Both the near surface and bulk polar
regions are of similar lateral dimensions, giving an image
continuous blocks of antiferromagnetic layers extend
down from the surface into the bulk. Below 120.9 K the
blocks are interspersed by those of the other domains.
unusual temperature dependence of the near-surface ma
tization, its existence to temperatures as high as 130 K
the peaking in intensity occurring in the vicinity of the bu
phase transition lead us to consider a general analysi
surface magnetism at phase transitions of a discontinu
nature.

We discuss a mean-field Ginzburg-Landau theory a
consider separately two effects, both of which indicate
possibility of having a surface ordering occurring above
bulk phase transition. The simple Ginzburg-Landau appro
is open to the criticism that it is known to yield incorre
predictions near critical points; however, in many case
does yield insight into the qualitative nature of the pha
diagram and may give some guidance to the underly
physical effects. It is in this spirit that we use it here. T
first approach is to continue to ignore the surface explic
in as much as the breaking of translational invariance is
glected, while emphasis is put upon the magnetoelastic in
action and relative strains occurring in the surface and b
layers. The second approach is to focus precisely upon
perturbations to the order parameter induced by the brea
the spatial translational invariance. In the concluding sec
we comment briefly on how the breaking of translation
invariance by point and line defects may play a role in
more general case.

B. Surfaces ignoring the breaking of translational invariance

First, we ignore the explicit breaking of translational i
variance imposed by the surface. The effect of the free
face is to allow lattice relaxation; this effect will be mo

FIG. 15. Longitudinal scans along the ordering wave vector
the temperature regime betweenTc and T* for both the specular
and off-specular directions. Only the specular reflection~filled
circles! shows any response in this temperature interval. This
sponse appears to be nucleated by the presence of near-su
magnetic layers which occur exclusively for domains orienta
with their ordering wave vector along the free surface normal.
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pronounced the more disordered the surface in the sense
one may imagine blocks of material able to relax with min
mal constraint both parallel and perpendicular to the aver
sample surface. A minimization of the free energy of t
coupled order-parameter system of the magnetic and s
degrees of freedom is then required. In the classic case
plored in detail by Bean and Rodell,43,44such a minimization
is well known to shift the transition temperature relative
that occurring in the strain free but magnetically or otherw
stressed configuration. In particular, such a minimization w
always reduce the coefficient of the quartic term in the f
energy through the magnetoelastic coupling effect. The
sumed positive quartic term which gives the mode cross c
pling depresses the phase transition temperature from its
dependent mode mean-field value. The depression of
temperature of the phase transition has been calculated
example, in a quantitative manner, for a series of incipi
and weakly magnetic metals.47–50The reduction of the effec-
tive coefficient of the quartic term through the magnetoel
tic effect, reducing as it does the mode coupling, leads to
enhancement of the renormalized phase transition temp
ture in the stress-free regime. This is different from an e
hancement ofTn which is equally possible on the applicatio
of hydrostatic or uniaxial stress where the appropriate f
energy to be minimized is not that of a stress-free syst
Eventually, in the case of extreme reduction of the qua
coefficient from a positive to a negative value one may im
ine driving the phase transition first order introducing t
possibility of passing through a tricritical point. Thus w
have an intrinsic mechanism for~near! surface ordering
above the bulk phase transition for systems in which
coupling of fluctuations and internal stresses plays a sign
cant role~for a related discussion see, e.g., Ref. 1!. Clearly,
coupling to any other parameter in a similar fashion w
work; strain just seems most obvious. Alternatively, one m
suppose that sample dependent stresses, for example
duced by cutting or other surface treatments, yield an
hancement ofTn in the near-surface region in an analogo
manner to the application of hydrostatic or uniaxial stre
However it is not clear that internal stresses would neces
ily always act in the correct direction and be of sufficie
magnitude such as to be able to give the measured enha
ment ofTn . Further, the volumetric distribution of stress
the near surface, and henceTn , would have to be such as t
match the observed evolution of scattering intensity. The
plicit first-order nature of an idealized transition and the d
ruption of translational invariance by the surface are our n
concern.

C. Surfaces with the breaking of translational invariance

We consider a scalar order parameter to represent
sublattice magnetization and set up a coordinate system
the sample being supposed semi-infinite in thex,y plane and
having thez axis running from 0 at the sample free surface
infinity into the bulk.51 The scalar nature of the order param
eter does not admit the general vector form of a magn
problem, but in our case of extreme uniaxial anisotropy i
given domain is taken as a starting point for discussion w
the caveat that the true vector nature of the problem m
eventually lead to significant differences.47–50The inclusion
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of the surface breaks the translational invariance of the p
lem and we anticipate having to add two terms to the f
energy. The first is to take care of the spatial gradient of
order parameter perpendicular to the surfacem5m(z) im-
plied by the lack of translational invariance. The second
term to mimic the effect of the open surface, essentially
signal out the surface layer. This is taken in the spirit
simple Ginzburg-Landau theory to be proportional to t
square of the surface magnetization and is labeledf 1. We
consider a free energy of the following form:

F5E
0

`

dz~ f b1 f s!,

where the free energy density has been arbitrarily bro
into two pieces for ease of calculation. The termf b is chosen
to yield a first-order transition with the coefficientsa, b, and
d positive. To accommodate the gradients introduced by
surface the sublattice magnetization density is generalize
m5m(z) giving

f b5
a

2
m22

b

4
m41

d

6
m6,

with f s the surface-induced contribution of explicit form

f s5
c

2 S dmdz D
2

1 f 1d~z!,

f 15
as
2
m2,

wherea5a(T) is the primary temperature-dependent para
eter of the theory. The bulk free energy has two characte
tic temperatures of interest. The first is contained in the s
posed linear variation of a(T) about Tc , a(T)
5a1(T2Tc); at and belowTc the stable state is one of finit
sublattice polarization. The second temperature comes f
the point of instability where the free energy passes with
minima at finite sublattice magnetization through zero
T5T* . We label the magnetization density at this po
m* . BetweenT* andTc a metastable state pertains in whi
temperature interval the system may pass discontinuo
from a paramagnetic to ordered state.

The model works in the following manner. At a give
temperature aboveT* the stimulating termf 1d(z) raises the
surface layer to an~arbitrary! magnetization. Physically, thi
may represent the presence of surface disorder or othe
fects as considered in Sec. IV B. Provided this surface m
netization is greater thanm* , the system will support aspa-
tially extendeddecay of magnetization density into the bul
Roughly speaking this new length scale arises in the follo
ing manner. Starting from the surface where the free ene
has a large negative contribution, the minimum inf b traps
the system at finite magnetization density over a dista
given by the energy cost incurred by the gradient term c
tained inf s . This allows for a delocalized near-surface ma
netism on a length scale which diverges atT* , even though
the stimulating term is strictly localized at the surface. T
divergence atT* corresponds to a bulk transition in th
metastable regime with the surface layer playing the role
nucleation center.
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To expand upon these descriptive ideas we search for
functional form ofm(z) which renders the free-energy st
tionary; one derives the Euler-Lagrange equation:

cS d2mdz2 D5
d fb
dm

~1!

and the boundary condition

d f1
dm

5c
dm

dz
~2!

evaluated atz50.
Equation~1! is integrable~cf. Newton’s law! to give

c

2 S dmdz D
2

5 f b~m!5const . ~3!

We are primarily interested in the occurrence of near-surf
magnetization when the bulk is paramagnetic, this gives
boundary condition that at large distances from the surf
m(z) tends to zero. As may be seen from Eq.~1!, a mono-
tonic f b as a function ofm, characteristic of a continuou
phase transition aboveTc , cannot yield an extended regio
of near-surface magnetism. At most one may arrive at a
caying magnetization starting from an assumed magn
surface layer given by a negative value ofas . Such a model
has been explored and is incompatible with our data s
Extended or delocalized near-surface magnetism existin
the bulk paramagnetic phase impliesf b exhibiting a dip as a
function ofm to yield a point of inflection inm(z) @given by
Eq. ~1!# coupled with a negative value ofas .

Explicitly solving Eqs.~1! and~2! for temperatures above
Tc :

m~z!25m* 2S T2Tc
T*2Tc

D F11AT2T*

T*2Tc
sinh~2zk1AS!G21

,

where the inverse correlation length is given in the norm
manner as

k5Aa

c

and

AS5asinhS S m*

m~0! D
2

@~T2Tc!/~T*2Tc!#21

A~T2T* !/~T*2Tc!
D ,

with m(0) being the surface magnetization.
At temperatures aboveT* solving Eqs.~2! and ~3! one

obtains

m~0!5m*A11A Ts2T

T*2Tc
,

where the effective surface transition temperature

Ts5T*1
as
2

a1c
.
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The possibility to have a plateaulike region inm(z) at a
given temperature depends on the quantityAS being nega-
tive and the spatial extent is given in magnitude asAS times
the correlation length. From the explicit equation forAS this
is seen to implym(0) being greater thanm* . Further, the
closerT is to T* the more negativeAS becomes and henc
the larger the region of delocalized or near-surface magn
zation. This then mimics the behavior found in our analy
of the data. The parametersTc andT* we estimate from the
behavior of the bulk~003! and ~102! magnetization density
to be 120.8 and 121.1 K, respectively. This leaves the sca
parameterm* , the value to which the sublattice magnetiz
tion jumps atT* in those regions which transform. This
estimated to be approximately 0.64mB per uranium atom
from the temperature dependence of the magnetic mom
derived in Secs. III C and III D. A profile ofm(z), calculated
in the vicinity ofT* , is sketched in Fig. 16. From the spati
extent of the near-surface layers estimated within the mo
of Sec. III B, which is approximately 25 Å nearT* , one
obtains the correlation length from this figure to be aroun
Å which corresponds well with that estimated by indepe
dent neutron-scattering measurements for temperat
aboveT* .37

Application of this formalism to our results is shown b
the solid line in Fig. 14~b!. Overall, the form off b accounts
reasonably well for the observed temperature dependenc
the magnetic moment inferred in Secs. III C and III D.
detail, Fig. 17 indicates that the sublattice moment of
off-specular~102! domain~filled triangles in figure! jumps at
a value close to theTc of the Ginzburg-Landau model. Thi
suggests that the off-specular domains are not significa
nucleated above this temperature~120.8 K!. Also notable is
that until temperatures below 120.5 K the estimated mom
is lower than the theoretical curve. This may be accoun
for by the analysis~Sec. III! since the size of the diffracting
regions in the dimension transverse to the wave vecto
propagation is smaller than the beam coherence area at
temperatures and we~arbitrarily! set the number of such dif
fracting objects to the ratio of the beam coherence are
their size~its maximum value!. If the number of randomly

FIG. 16. Profile ofm(z) calculated in the vicinity ofT* in terms
of the reduced length scale~the correlation length!. Comparison
with the experimental data indicates a correlation length in the
gion of 7 Å.
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phased diffracting objects is less than this theoretical ma
mum, the moment assigned would have to be increase
yield the observed intensity in agreement with the Ginzbu
Landau estimate. For the specular~003! scans aboveTc
~open circles in Fig. 17! there is an ever decreasing mome
up toT* . To satisfy the extrapolated Ginzburg-Landau val
of moment one would infer that the nucleation probabili
and hence the number of transformed regions, is falling r
idly on approachingT* due to an increasing free energ
barrier.

Although formally outside our starting Ginzburg-Landa
model, an increase in near-surface moment on approac
T* from above may be mimicked by assuming a temperat
dependence of the Ginzburg-Landau stiffness parametec.
Taking the effective surface moment to be limited to t
free-ion value, andc to vary as (T2Tc) with a value of
m* from the calculation in the ordered phase the solid line
obtained in Fig. 12. This displays a characteristic upturn
the vicinity of the bulk phase transition and an estima
Ts of 130 K in rough agreement with the observation. As t
parameterc becomes small the moments become decoup
This near criticality of the stiffness in addition to that of th
susceptibility appears to be an important aspect of stron
correlated systems.52 On further cooling belowTc the sur-
face moment falls whereafter it merges with the bulk.

In a more general framework one may obtain a deloc
ized order parameter in the paramagnetic state wheneve
free energy admits a dip at finite magnetization, provid
there is some term analogous tof 1 locally to surmount the
free-energy barrier and provide the nucleation center. T
forcing term may be static or dynamic; importantly it do
not have to exhibit a long-range field itself, the length sca
comes, as in the case of spontaneous fluctuations, from
functional minimization of the free energy. Examples
static forcing terms are point, linear, or planar defects a

-

FIG. 17. Detailed temperature dependences of the near-su
moment~open squares!, the specular bulk response~open circles!,
and the off-specular response~filled triangles!. The solid line is
from a first-order Ginzburg-Landau model of the formf b used in
Fig. 14 with the same parameters. The deviations of the bulk
sponses from the solid line are discussed in Sec. IV C. The n
surface magnetic moment falls to merge with the bulk value star
aroundTc , below which temperature a more sophisticated mode
required.
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spontaneous thermodynamic fluctuations or mobile def
provide dynamic ones. Since in our experiments we only
the two-component line shape for the specular scans of th
domains having the ordering wave vector parallel to the s
face normal we assign the forcing term in our discussion
planar defect in some way associated with the surface. S
equilibrium models have nothing to say on dynamic form
tion of magnetic surface layers and, as emphasized, x
measurements cannot at this stage eliminate such proce
We further note that in the vicinity of a phase transition w
may anticipate modifications in line shape arising fro
changes in the long-range nature of the magnetic two-p
correlation function4 corresponding within a Ginzburg
Landau formulation to temperature-induced modulations
the stiffness coefficient (c) above. These variations may giv
rise to two-component line shapes even for continuous t
sitions in infinite media.

V. CONCLUSION

Before summarizing our results we pause to stress a
ference of detail apparent between the interpretation of
results and those previously reported. In the latter, the
length scale diffraction profile is usually taken to exist on
at temperaturesabovethe ~nominal! bulk transition identify-
ing the anomalously sharp response with~a pretransition of!
the near-surface layer and the broad response with the
mal thermodynamic fluctuations. Indeed the temperatur
which the sharp linewidth becomes resolution limited is
ten taken as a definition ofTn . UP and UAs are experimen
tally distinct from other materials studied to date such
Ho,5 UO2,

2 and NpAs~Ref. 3! in having a highly anisotropic
line shape. In our data the manifestly broad response a
the specular direction has been shown to be associated
the near surface and the two length scale diffraction profi
with a region of coexistence of surface and bulk~ordered!
magnetism.

The model introduced in Sec. IV may be generalized
several ways. First, as already noted, if the transition is
continuous terms other than the free surface may act to
vide the necessary nucleation center for delocalized ma
tism. Secondly, in the vicinity of a continuous pha
transition strong fluctuations renormalize the fr
energy,49,50,53,54and may provide the necessary change
free energy to enable the local formation of delocalized ne
surface magnetism. Finally, we note that a spatially mo
lated order parameter may be susceptible to the formatio
similar pseudo-long-range order even for a continuous ph
transition in the presence of point defects. All such mec
nisms would yield, in the region immediately aboveTc , fi-
nite but long-range order~the sharp component! which in-
creases in spatial extent with lowering temperature. Wit
the framework outlined in Sec. IV the sharp length sc
would be expected to diverge as some increasing multipl
the thermodynamic correlation length,zc , on approaching
Tc ; that is it will diverge faster thanzc as observed. Further
the intensity associated with the second length scale
diverge with an exponent characteristically faster than tha
the thermodynamic fluctuations, since the observed inten
of the second length scale would be driven both by an
creasing correlated moment and an increasing numbe
ts
e
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nucleated sites. The lifetime of the extended spatial orde
anticipated to be greater than or of the magnitude of
stimulus~see discussion in Sec. IV!.

Our primary experimental result is the existence of a tw
component line shape for the specular~003! reflection in the
vicinity of the paramagnetic to antiferromagnetic phase tr
sition in UP. While appreciating that since we measure
spatial Fourier transform we cannot prove that the broade
the two components is uniquely associated with the ne
surface region, the analysis given makes it plausible. I
possible, through a detailed analysis of the scattering
identify this antiferromagnetic near-surface phase at te
peratures as high as 10 K aboveTn . The coexistence of this
phase with the incipient bulk phase is deemed responsible
the observed two-component profile in the vicinity of th
bulk phase transition. The building blocks of the antiferr
magnetic structure are ferromagnetically aligned sheets
sublattice magnetization of temperature-dependent sp
extent which are themselves antiferromagnetically couple

The second observation is that the bulk phase transi
propagates as a two-stage process for the domains invo
in the ~003! specular reflection. There is an initial growth o
antiferromagnetic order into the bulk of the sample from t
near-surface layers associated with this specular reflec
followed by the simultaneous growth of the two orthogon
domains, which have their moments lying in the surfa
plane, marking the start of the bulk phase transition. At te
peratures just aboveT* the transverse extent of the nea
surface layers involved in the specular~003! reflection falls
dramatically from its high-temperature~resolution limited!
value, Fig. 11, and then picks up during the growth stage
long-range order. It remains an interesting question to und
stand this dissolving of initial~pseudo! long-range order of
the near-surface layers on approaching the bulk phase
sition and its regrowth. At low temperatures the measu
domains, located in the near-surface volume, appear to
approximately equally populated in agreement with supp
mentary neutron-scattering investigations on the bulk of
same crystal.37 It would clearly be of great interest to mak
detailed experiments both on a~polished/etched! smooth sur-
face in addition to the reported experiments which were p
formed on a cleaved surface and on surfaces exhibiting
ferent crystallographic planes. Given the cubic rocks
crystal structure and the natural cleavage planes the ab
proposed transition~Sec. IV C! may commonly take place in
such materials.

In addition to the above discussed precursor pha
neutron-scattering data indicates the formation, in the b
of ~dynamic! antiferromagnetically correlated sheets, jus
couple of layers deep, for all three domains at temperatu
above and extending just into the bulk phase transition.
suggest that these may arise in the normal way from spo
neous fluctuations in the free energy~not large enough to
surmount the barrier! with a spatial magnitude given by th
thermodynamic correlation length. One thereby identifies
general, three length scales in the discontinuous phase
sition. These length scales, in ascending order, are thos
thermodynamic correlations, the near-surface correlatio
and the bulk correlations. The presence of highly anisotro
layers and a short thermodynamic correlation length fac
tates the separation of such contributions, one or more
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55 437NEAR-SURFACE EFFECTS AT THE . . .
which may become merged into another in the presenc
more isotropic and longer ranging correlation lengths. In
more general way it may be useful to consider a distribut
of active length scales in a given problem, here we appro
mate this distribution at each temperature by a singular va
characteristic of each of three regimes. An analysis of
scattering profiles occurring in these more general case
dealt with elsewhere.42
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APPENDIX: ANGULAR RESOLUTION

Following the nomenclature of Fig. 8 we express the
perimental resolution function in terms of the angular va
ablesa andb and their deviationsDa, Db. Three principal
components are associated with the spectrometer; the m
chromaticity of the incident x-ray beam, the finite divergen
of the incident beam upon the sample, and the finite acc
tance angle of the detector. We assume that the incoming
outgoing angular deviations are uncorrelated and no en
selection of the scattered photons over the energy rang
interest~few eV at the resonant energy of 3.728 keV!. The
sample contributes to the resolution principally through
mosaic spread and possibly by its finite size for a small
cident beam. Taking the incident monochromaticity, angu
divergence, and sample mosaic together we define an e
tive incident angular divergenceDa in the vertical plane. In
the same plane for open detector slits at a distancel from the
sample and an illuminated sample of lengths we have an
outgoing divergence approximately given byDb
5A$Da21@(s/ l )* sinb#2%. For an incident beam of heigh
w smaller than the sample length,s is to be replaced by
w/sina. We takea andb distributed about their mean valu
in Gaussian fashion yielding an angular resolution functi

R~a,b!5N exp@2~da/Da!2#exp@2~db/Db!2#,

with a normalization

N5~pDaDb!21,

for the case where the slits are sufficiently wide open no
cut the outgoing beam. On transformation to the (qx ,qz)
coordinate system

R~dqx ,dqz!5NJexp~2Axx!exp~2Bzz!exp~2Cxz!,

with

Axx5$cos2~b!/~Da!21cos2~a!/~Db!2%

3@dqx /„k0sin~2Q!…#2,

Bzz5$sin2~b!/~Da!2

1sin2~a!/~Db!2%@dqz /„k0sin~2Q!…#2,
of
a
n
i-
e
e
is

s
.
l
ct

-
-

o-
e
p-
nd
gy
of

s
-
r
c-

o

Cxz5$22sin~b!cos~b!/~Da!212sin~a!cos~a!/~Db!2%

3@dqx /„k0sin~2Q!…#@dqz /„k0sin~2Q!…#,

J5@k0
2sin~a1b!#21,

whereu is the Bragg angle.

The outgoing angular divergence is given approximately
the gap of the slits in front of the detector. This giv
Db50.002. From the low-temperature scans we
Da50.0004. The wave vectork0 is given by the resonan
energy and the anglesa and b from the conservation of
momentum. The effective penetration depth is in the reg
of 1200 Å and the transverse coherence/domain size is o
order of 1mm.

At the low incident energies used in this study the x-r
penetration depth into the sample is limited. Since the atte
ation depends on the actual scattering path length, that is
anglesa andb and the active scattering depth we compute
directly in the effective scattering functionS(qx ,qz) rather
than in the resolution function. It is of interest that the exp
nential decay of beam intensity with path length gives
identical form~with opposite sign! to the resolution as tha
obtained by considering a rough surface with an expon
tially depleting number of layers.55 The two effects may
work one against the other to yield spurious estimates
both surface roughness and absorption coefficients. We w
in large scattering angle geometry and ascribe our meas
effects to an effective absorption depth.

The scattering amplitudef appropriate to the model func
tion of Sec. III and from whichS(qx ,qz) is constructed is
taken to have the following form:

f5(
r
Ms~r !e

iq•r2mz1(
r
MB~r !eiq•r2mz

whereMS andMB are the effective surface and bulk subla
tice magnetization densities, respectively. The position v
tor r5(x,y,z) has directionsx andy in the sample surface
plane andz running from 0 at the sample free surface
infinity in the bulk. The scattering wave vector is equal
q andm is the effective inverse penetration depth given b

m5m0S 1

sina
1

1

sinb D .
Corrections to the simple Fourier-transform relationship
tween the object and the diffraction profile used in the ana
sis are generated by the nonplanar nature of the diffrac
wavelets. Such effects are anticipated to become impor
when the dimension of the object giving rise to cohere
diffraction exceeds the first Fresnel zone as subtended a
detector.56 In the experimental geometry this would corr
spond to a coherent scattering object approximately 30mm
in dimension. This is much longer than the typical incide
beam coherence length, excluding this as a source of erro
the analysis.
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