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Observation of an extraordinary antiferromagnetic transition on the NiO„100… surface
by metastable helium atom diffraction

M. Marynowski, W. Franzen, and M. El-Batanouny
Department of Physics, Boston University, Boston, Massachusetts 02215

V. Staemmler
Lehrstuhl für Theoretische Chemie, Ruhr-Universita¨t, Bochum, Germany
~Received 24 August 1998; revised manuscript received 16 March 1999!

We report on the temperature dependence of magnetic diffraction peaks obtained by scattering of coherent
metastable 23S helium atomic beams from the~100! surfaces of antiferromagnetic NiO crystals. The data
obtained are related to the surface sublattice magnetization using a formalism developed within the framework
of the eikonal approximation. The results reveal a surface antiferromagnetic transition that belongs to the
universality class of the anisotropic extraordinary surface transition of the three-dimensional Heisenberg model
~3D HM! with surface anisotropy~d53, n53, me51!: A 2D surface spin-ordering transition takes place at
529 K, followed by a crossover to a multicritical regime at the bulk Nee´l temperatureTN

b 5523.6 K. We obtain
the crossover function by plotting the sublattice magnetizationm1 , against the crossover scaling variable
u(Js /Js

c)21u/@(T/Tc
b)21#f, whereJs is an effective surface exchange coupling,Js

c is its critical value,Tc
b is

the bulk critical temperature, and using the crossover exponentf50.57, derived by Diehl and Eisenriegler for
the 3D anisotropic HM~AHM !. This function is very similar to that reported by Binder and Landau for the 3D
Ising model withf50.56, and we may ascertain that the critical behavior of the 3D extraordinary transition for
both models is quite similar. The critical behavior of the NiO~001! surface reported here is attributed to the
presence of single-site spin anisotropy in an otherwise Heisenberg-like surface layer, absent in the bulk
because of its higher symmetry. We obtain an estimate of the anisotropy energy ofD522.5 meV, by
electronic-structure cluster calculations employing Hartree-Fock states with configuration interactions. The fact
that the presence of surface single-site anisotropy leads to enhancement of the surface Nee´l temperature is
supported by recent mean-field theoretical studies based on the Schwinger-boson formalism, which indicate
that for D/J.0.1 the surface Nee´l temperature is consistently higher than that of the bulk even when the
surface superexchange energy is suppressed to 75% of the bulk value.@S0163-1829~99!04532-4#
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I. INTRODUCTION

The bulk magnetic properties of the family of antiferr
magnetic~AF! 3d monoxide crystals, MnO, FeO, CoO, an
NiO, with the rock-salt structure have been thoroughly st
ied over the past four decades.1–16 These studies, mainly in
volving thermal neutron scattering, included long-range s
ordering, spin dynamics, and spin-wave dispersion, and
temperature dependence of the sublattice magnetiza
Magnetic neutron-diffraction experiments showed that
antiferromagnetic spin ordering consists of ferromagne
sheets of the magnetic metal atoms parallel to the~111!
planes, which are then stacked antiferromagnetically.1–3,9

Experimental and theoretical studies of the exchange c
pling in these oxides lead to our current understanding
nearest-neighbor interactions are ferromagnetic, of the o
lap type, while next-nearest-neighbor couplings are anti
romagnetic, of the superexchange type;10,11 the latter is esti-
mated to be about ten times the strength of the former.12

Paramagnetic~P! NiO has the NaCl structure~Fm3m,
Oh

5!, whereas below the Ne´el temperature,TN
b 5523 K, the

crystal becomes slightly distorted from the cubic structure
a rhombohedral one.13 This deformation is presumably du
to the magnetostriction which accompanies the magnetic
der: the amount of the distortion is found to increase w
PRB 600163-1829/99/60~8!/6053~15!/$15.00
-

n
e
n.
e
c

u-
at
r-

r-

o

r-

decreasing temperature, and consists of a contraction o
original cubic unit cell along any one of the four^111& axes.

The direction of the sublattice magnetization of the fer
magnetic~111! sheets in NiO lies in the~111! planes. The
spins were first assumed by Roth to line up with the^110&
direction;3,4 however, subsequent studies by Yamada show

that the spins line up along the^112̄& direction.6 Because of
the octahedral site symmetry of the Ni ions, the only con
bution to the site anisotropy comes from dipolar interactio
among the spins. Early theoretical studies of the AF˜P
transition based on analysis of the temperature depend
of the ^111& magnetic neutron-diffraction peak intensit
measured by Roth, led to the classification of the phase t
sition as first order.4 However, more recent neutron
diffraction measurements of thê111&, ^222&, ^333&, and
^444& Bragg peaks using a time-of-flight spectrome
showed that the transition is second order, with a sublat
magnetization exponentb50.33.14 Although the authors
prefer to classify this critical behavior as Ising-like, it seem
that within the ambiguity of experimental errors, the val
b50.345 for the Heisenberg system is not out of the qu
tion. Moreover, inelastic neutron-scattering measurement
the spin-wave dispersion curves for NiO were reported
Hutchings and Samuelsen.12 They find that the energy dis
persion has a steep initial slope of;250 meV Å and a maxi-
6053 ©1999 The American Physical Society
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6054 PRB 60MARYNOWSKI, FRANZEN, EL-BATANOUNY, AND STAEMMLER
mum energy of;117 meV. They also observe zone-cen
modes of 4.5 meV associated with out-of-the-~111!-plane an-
isotropy energy and a 1.5 meV mode associated with in-
~111!-plane anisotropy energy. Empirical fits to the me
sured dispersion curves produced the following estima
second-neighbor superexchangeJ2

b;19.0 meV, first-
neighbor ferromagnetic exchangeJ1

b;21.37 meV, out-of-
plane site-anisotropy energyD1

b;0.1 meV, in-plane site-
anisotropy energyD2

b;0.006 meV, and an effective spi
^S&z;0.9242. Moreover, these magnetic parameters w
used to determine the Nee´l temperature: molecular-field
based calculations gaveTN

b ;886 K, while those based o
random-phase-approximation Green’s-function relatio
gave TN

b ;601 K;15,16 both of these values are consisten
higher than the measured value of about 523 K.

Theoretical studies of surface critical behavior of ma
netic systems, such as is manifested in the 3d oxides, have
had a late start.17–35This can be attributed, to a large degre
to the lack of experimental measurements. Instead, atten
has been devoted to bulk magnetic behavior, and sur
effects on bulk critical behavior have been ignored. The
gument has been advanced that surface effects will be ap
ciable only within a bulk correlation length, which for a
practical reasons is always much smaller than the phys
size of the systems studied since experimentally attain
correlation lengths are of the order of a few thousand a
stroms. The factors that influence surface critical behav
can be split into two main categories: The first category c
sists of ‘‘geometric’’ effects involving the breaking of tran
lational symmetry, the reduction of rotational symmetri
and missing neighbors. The second category consists of ‘
namical’’ effects manifested by the fact that magnetic int
actions at the surface may be quite different from those in
bulk. This raises the possibility that the surface may or
before the bulk if the effective surface interactions are str
ger than those in the bulk. The thermodynamic average
local observable at the surface will, in general, be differ
from its value deep in the bulk; e.g., the local magnetizat
m1 at the surface will differ from the bulk magnetizatio
mb . Correlation functions involving spins at the surface a
also expected to be strongly modified. These changes ma
necessary to introduce new exponents to describe the cr
behavior at the surface, e.g., the exponentb1 for the surface
magnetization. As a consequence of such changes, it
been argued that surface magnetic properties may exhi
rich phase diagram.

The introduction of probes which are sensitive to loc
surface observables~as, for example, the mean magnetiz
tion in the surface region!, such as low-energy electron di
fraction ~LEED! and spin-polarized LEED~SPLEED!, spin-
polarized secondary-electron spectroscopy~SPSES!, and
spin-polarized photoemission spectroscopy~SPPES!, and
more recently metastable helium atom scattering~MHAS!,
opened up the possibility of investigating surface magn
critical behavior experimentally. This, in turn, has spurr
theoretical studies of such effects. Until recently, our und
standing of these effects was largely based on mean-
theory~MFT! and on the phenomenological theory of scali
~PTS!, despite their known shortcomings in predicting t
values of the critical exponents.17–25 Although important in-
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formation has also come from exact solutions,24 series
analysis,20,21 Monte Carlo calculations,27–29 and more re-
cently field-theoretic methods,30–35 the prime role of these
latter techniques was to confirm or refine the physical id
that had been put forward by MFT and PTS.

MFT predicts three possible regimes for the surface cr
cal behavior. When the effective surface exchange inte
tion (Js) is weaker than a critical value (Js

c), the surface is
forced to order at the bulk transition temperature (Tc

b), and
the ensuing transition is labeledordinary.19 However, when
Js5Js

c , the surface orders atTc
b , independent of the bulk

and we have a multicritical behavior, and the transition
labeled special.23 When Js.Js

c , we have the onset of a
purely two-dimensional transition at a temperatureTc

s.Tc
b ,

followed by a crossover behavior atTc
b . The latter has been

coined anextraordinary transition.19 But MFT is known to
be incorrect for bulk properties nearTc

b if the space dimen-
sion is below its upper critical value,d* 54, for short-range
interactions. As a matter of fact, MFT wrongly predicts th
bulk critical exponents are independent of the dimensiona
of the order parameter. A similar breakdown of mean-fie
theory should occur for local critical properties. For e
ample, although MFT provides a correct qualitative descr
tion of the surface critical behavior of a three-dimension
~3D! semi-infinite Ising model, it gives the wrong predictio
for the surface critical behavior of the 2D Ising syste
Moreover, recent field-theoretic analyses have shown tha
surface exponents cannot in general be expressed compl
in terms of bulk exponents,35 contrary to arguments and pre
dictions based on scaling theory.23,26

Early studies of the surface spin ordering on the NiO~100!
surface were carried out by Palmberget al. in 1968–1971
using LEED.36–38 These studies reported a (231) surface
magnetic structure, consistent with a bulk termination. Th
also reported a surface magnetization exponentb151, the
mean-field value; however, the Debye-Waller~DW! factor in
the temperature dependence of the~1/2,0! magnetic diffrac-
tion peak intensity was not taken into account. Subsequen
Namikawa39,40reported more detailed studies of the tempe
ture dependence of the~1/2,0! peak intensity, including a
correction for the DW factor. These studies gaveb1;0.89,
higher than the prediction for the Ising model~0.78–0.8! and
the Heisenberg model~0.81!, and below the mean-field valu
of 1. Consequently, no clear classification could be discer
from these measurements, raising the question of the sur
sensitivity of LEED with respect to the temperature depe
dence of surface spin ordering.

We have recently demonstrated the high sensitivity of
new technique of metastable 23S helium-atom (He* ) dif-
fraction to surface antiferromagnetic ordering.41–45 The de
Broglie wavelength of these atoms at thermal kinetic en
gies is compatible with surface diffraction, and the classi
scattering turning points occur at 3–4 Å in front of the cry
tal surface. Consequently, this technique is exclusively s
face sensitive. Moreover, in contrast to LEED, it does n
suffer from limitations imposed by surface charging effec
Our recent measurements on several crystalline rods f
NiO ingots, obtained from Commercial Crystal Laboratorie
Inc., have consistently shown a (231) surface electron-spin
structure and a surface Nee´l temperature of 529 K, which is
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PRB 60 6055OBSERVATION OF AN EXTRAORDINARY . . .
higher than the bulk value of 523.6 K. Figures 1~a! and 1~b!
show He* diffraction spectra measured at room temperat
along thê 10& and^11& surface symmetry directions, respe
tively. The presence of12-order peaks along thê10& direc-
tion, and their absence along the^11& direction, establishes
the fact that the periodicity of the surface electron-spin
dering is 231. Furthermore, analysis of the temperature
pendence of the measured sublattice magnetization reve
crossover behavior consistent with the class of the an
tropic extraordinary transition of the semi-infinite Heise
berg model,46 whose critical behavior is very similar to tha
of the semi-infinite Ising model.27

Previous studies of the surface magnetic critical beha
of the 3d transition-metal surfaces Ni~001! and Ni~110!
~Refs. 47 and 48! reported a behavior consistent with a
ordinary transition. Several experimental studies of the s
face of the 4f ferromagnet Gd have reported an enhanc
surface magnetic transition temperature.49–51 Evidence of a
15 K enhancement on polycrystalline Gd was first repor
by Rau and Eichner using the technique of electron-cap
spectroscopy~ECS!.49 Weller et al., using SPLEED and
magneto-optic Kerr effect techniques, subsequently repo
a Tc

s enhancement of about 22 K for crystalline films grow
on W~100!,50 but the reported critical behavior was comp
cated by an anomalous peak in the surface magnetiza
aboveTc

b , which they attributed to a possible antiferroma

FIG. 1. He* diffraction spectra along~a! the ^10& direction,~b!
the ^11& direction.
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netic coupling to the bulk. Recently, further studies of th
system,51 employing SPSES and SPPES, reportedTc

s en-
hancement of up to 60 K, and revealed the presence
component in the surface magnetization normal to the s
face; the anomalous peak appears only in the compo
parallel to the surface, which was found to be oriented f
romagnetically with respect to the bulk magnetization. The
complicating effects, however, prevented a clear investi
tion of the nature of the critical behavior. Another 4f system
whose magnetic critical behavior was studied is Tb~0001!.52

It was found that the surfaces of thick films of Tb underwe
a Curie transition at temperatures higher than the Nee´l and
Curie temperatures of its bulk; moreover, the critical beh
ior of this transition consisted of that of the semi-infini
anisotropic Heisenberg system.

In Sec. II we discuss the principles of elastic scattering
He* atoms from magnetic surfaces, and explain how it lea
to diffractive scattering from an ordered surface spin latti
In Sec. III we present the details of the experimental facil
and procedures. Section IV is devoted to establishing
relation between the intensities of the magnetic diffract
peaks and the corresponding sublattice magnetization;
details of the derivation, using the eikonal approximatio
are given in Appendix A. In Sec. V, for the sake of com
pleteness, we review the subject of magnetic critical beh
ior at surfaces and present in more detail the three classe
transitions that may occur, namely the ordinary, special,
extraordinary transitions, as well as the crossover function
Binder and Landau. The results of a configuration-interact
cluster calculation of the surface electronic structure
NiO~001! are presented in Sec. VI and used to evaluate
single-site magnetic anisotropy at the surface Ni12 sites. We
show that the results of the cluster calculations do not r
out either the possibility of enhancement of the magne
superexchange coupling in the surface layer, as advoc
recently by Sawatzky and co-workers,53 or its suppression as
proposed by de Graafet al.54 In Sec. VII we present the
experimental data and discuss the ramifications of the re
results of a Schwinger-boson mean-field~SBMF! calculation
by Murthy and Sharma.55 These results, together with ou
experimental results, favor a scenario advocating a supp
sion of Js .

II. ELASTIC SCATTERING OF He * BEAMS
FROM MAGNETIC SURFACES

The lowest-lying excited state of atomic He is a me
stable triplet 23S, with an excitation energy of 19.8 eV. I
has the longest known lifetime of any atomic metasta
state,;104 sec,56–58 since spontaneous decay to the grou
state must involve a two-photon transition and a spin-fl
The second lowest excited state of He is a metastable sin
2 1S with an excitation energy of 20.6 eV and a lifetime
231022 sec.56–58 However, the techniques employed in th
present work are based solely on the properties of the tri
metastable state; hereafter, we shall refer to it as the m
stable state, denoted as He* . Moreover, since He* atoms at
thermal energies travel with a velocity of about 1.7 km/s
the transit time from source to sample over a typical dista
of .1 m is less than a millisecond, much shorter than
lifetime.
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6056 PRB 60MARYNOWSKI, FRANZEN, EL-BATANOUNY, AND STAEMMLER
Although the 23S state of helium is very long-lived in
vacuum, it readily decays to the ground state upon imp
with atoms, molecules, and most surfaces. Conradet al.
measured survival probabilities 1023– 1026 for thermal en-
ergy He* atoms incident on clean metal surfaces, and 1024

on insulator surfaces.59

A. Decay channels

There exist two predominant interaction channels that
low a He* atom to decay to its ground state as it approac
a surface: resonance ionization/Auger neutralization
Penning deexcitation.59–62

1. Resonance ionization/Auger neutralization process (RIAN)

This process, shown in Fig. 2~a!, takes place when the
excited He 2s orbital is degenerate with an unoccupied loc
density of surface electronic states. In that case, as the*
atom approaches the surface, it is first ionized by tunne
of the 2s electron into an available degenerate empty surf
state. The resulting He1 ion continues to travel towards th
surface, where it is neutralized through an Auger proces
which an electron from the surface with appropriate s
orientation fills the 1s hole of the He atom. The energy re
leased in this process is imparted to a second surface ele
which may be ejected from the surface if it has sufficie
momentum along the surface normal.

2. Penning ionization (or Auger deexcitation) process

This process, shown in Fig. 2~b!, prevails when the ex-
cited He 2s electron state is not degenerate with unoccup
surface states, but is degenerate with occupied states o
in an electronic energy gap. Under such conditions, tun
ing is inhibited. The decay then occurs via an Auger proc
involving a surface electron, with the appropriate spin orie
tation, and the 2s He* electron. In this process the surfac
electron fills the 1s He hole and the energy released is tak
up by the 2s electron.

The escape probability of the ejected electron is higher
Penning deexcitation, because electrons emitted in RIAN
be reflected by the surface potential barrier. The most pr
able distances at which these processes occur have
measured.63 Resonance ionization takes place 5–10 Å fro
the surface, and Auger neutralization takes place 2–3 Å fr
the surface. Penning deexcitation also takes place 5–1
from the surface. Note that deexcitation processes involv
internal spin-flips of the 2s electron~i.e., converting the trip-
let into a singlet configuration! are energetically unfavorabl

FIG. 2. ~a! Resonance ionization/Auger,~b! Penning ionization
neutralization process.
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and require high-order processes because the excitation
ergy of the singlet is almost 1 eV greater than that of
triplet.

B. Selection rules and magnetic diffraction

When the 2s He* electron state lies within the energy ga
of a magnetic insulator, only Penning deexcitation can ta
place. If we take the polarization of the He* atom to be
‘‘up,’’ then the Pauli exclusion principle requires the sp
polarization of the surface electron involved in the Aug
deexcitation process to be ‘‘down.’’ Therefore, only surfa
electrons with ‘‘down’’ spin polarization can contribute t
this decay process. The corresponding matrix element ca
expressed as

MAug5^f1s↓k↑8uW~r 12r 2!uk↓f2s↑&[M1s↓k8↑
k↓2s↑ , ~1!

where W(r 12r 2) is the screened Coulomb interaction b
tween the surface electron, in statek↓ , and the He* 2s elec-
tron in statef2s↑ : f1s↓ andk↑8 are the final states.

Thus, the survival probability will depend on therelative
orientationsof the spins of the He* 2s electron and the loca
surface electron: a He* atom will be more likely to survive
scattering if its spin orientation is parallel to the local surfa
electron spins, but will be more likely to decay to the grou
state if the spins are antiparallel. Accordingly, if the orien
tions of the local moments on the surface are arranged p
odically, the beam attenuation should exhibit a perio
modulation, which will be reflected in the diffraction patte
of the elastically scattered He* atoms. Thus, diffractive He*
scattering reflects the surface spin ordering as well as
geometric surface structure.

As an example, we consider what will happen to a be
of metastables incident upon the ideal antiferromagnetic
face shown in Fig. 3. Byideal we mean that all of the va
lence electrons on the sites in sublatticeA have the same spin
orientation, while all of the valence electrons on the sites
sublatticeB have antiparallel spin orientation. Let us als
assume that the incident metastable beam is polarized p
lel to the spin orientation of theA sublattice. Then all of the
metastables that strikeB sites will decay to the ground state
whereas metastables that strikeA sites will survive the scat-

FIG. 3. Spin-dependent enhancement of the local survival pr
ability of a He* beam.
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PRB 60 6057OBSERVATION OF AN EXTRAORDINARY . . .
tering event and yield a diffraction pattern reflecting the p
riodicity of the surface spin-ordering. This process is ana
gous to light scattering from a reflective grating: light whi
strikes the slits in the grating is lost, while the reflected lig
is diffracted. If the incident metastable beam is unpolariz
some metastables will be elastically scattered from both s
lattices, and the resulting diffraction pattern will reflect t
periodicity of the surface spin-ordering. However, such
experiment will not yield information about the absolute sp
direction of the lattice.

Of course, on a real antiferromagnetic surface, majo
and minority spins will be present at all sites, and thus
metastable beam will experience attenuation at all si
However, if the surface sites have a net spin, the attenua
of the He* beam will be periodically modulated, and th
resulting diffraction pattern will again reflect the periodici
of the surface spin-ordering.

III. EXPERIMENTAL SETUP AND PROCEDURES

Our experimental facility is comprised of two main com
ponents: a monochromatic He* beam generator and a
ultrahigh-vacuum~UHV! scattering chamber. The first stag
of the beam generator is a monochromater, based o
nozzle/skimmer assembly, which produces a monoenerg
beam of ground-state helium atoms with energy resolu
better than 1%. The second stage is the He* exciter,64 which
is based on a coaxial excitation geometry. It is comprised
a high current electron gun of the Pierce type, equipped w
a specially designed hemispherical matrix cathode, an
three-stage electrostatic quadrupole for electron-beam a
confinement. The details of the design and operation h
been presented in Ref. 64. Beam intensities of about 105 He*
atoms/s at the sample surface were achieved in the pre
measurements.

The UHV chamber houses a detector consisting of a ch
neltron electron multiplier and an angle-resolving apertu
The detector is exclusively sensitive to He* atoms, since it
registers electron emission events associated with He* deex-
citation. It was mounted on a single-axis goniometer attac
to a 33.5 cm D flange, which also supports a sample man
lator equipped withXYZmotions, polar and azimuthal rota
tions, and a sample heater. The rotation axis of the goni
eter coincides with the polar rotation axis of the manipulat
The chamber is also equipped with traditional diagnos
monitoring, and sample preparation capabilities such
LEED/Auger spectrometers, residual gas analyzer, and a
cially designed retractable UHV crystal cleaver.

All of the data were obtained from NiO~100! surfaces
freshly cleaved in vacuum, with a background pressure
than 10210Torr with the He beam turned off. The NiO
samples used in these experiments were oriented and cu
rods approximately 83334 mm, with the long axis paralle
to the ^100& direction, and with transverse cleavage groov
spaced 2 mm apart. Each rod yielded two cleaves, on a
age. Silver conducting epoxy was used to attach an ir
constantan thermocouple to the sides of the rods at the l
tion of the last cleavage groove. Scans were taken at
increments near the bulk Ne´el temperature, and at larger in
crements closer to room temperature. The temperature
not allowed to vary more than61 K during any scan. The
-
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thermocouple controller~Omega model 199! is factory-
calibrated to an ice-water standard for iron-constantan th
mocouples. Its calibration was checked independently, us
ice-water and boiling water baths, and was found to be
curate to within 1 K. Measurements of the diffraction inte
sities consistently yielded a surface Nee´l temperature of 529
K for all the successively cleaved surfaces, irrespective
their distance from the affixed thermocouple. After the fi
cleave the sample surface was at about 2.0–2.5 mm a
from the thermocouple, and after the second and final cle
the thermocouple was located precisely at the cleaved
face. The bulk Nee´l temperature was determined by meas
ing the specific heat of several bulk samples, taken from
crystal rods, as a function of temperature with a Perk
Elmer model DSC7 differential scanning calorimeter. Figu
4 shows that the anomaly in the specific heat associated
the bulk Nee´l transition occurs atTN

b 5523.660.2 K.
Initially, we performed several experiments to rule out t

possibility that our detector was recording photons. Wh
the electron-beam energy was reduced below the thres
for excitation to the triplet He* state~i.e., below 19.8 eV!,
while the heating current of the matrix cathode was ma
tained at its normal operating value, the channelron dete
output dropped to the dark current level~,0.2 counts/sec!,
ruling out photon contributions from the matrix cathode fil
ment leads. We avoided the need for a singlet quench
lamp and excluded contributions from radiative excitati
processes, by holding the electron-beam energy at 20.3
corresponding to the2P peak in the triplet excitation cros
section, but below the threshold for singlet excitation, 20
eV. It should also be noted that when the cleaved NiO cry
surface was allowed to remain in the vacuum long enou
for surface contamination to become important, the diffra
tion peaks were greatly attenuated, further evidence that
recorded signals were indeed caused by diffraction of H*
atoms, and not by photons. Furthermore, we observed
reversal of the relative directions of the helium and elect
beams in the exciter~i.e., from parallel to antiparallel!, thus
changing the energy and therefore the de Broglie wavelen
of the He* atoms, alters the diffraction beam spacings. N
also that no He1 ions can be produced below the threshold
24 eV for ionization by electron impact. Recent time-o
flight measurements of the velocity distribution in the me

FIG. 4. Temperature dependence of the bulk specific heat sh
ing the anomaly associated with the Nee´l transition at 523.6 K.
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stable He beam generated with 20.3 eV excitation ene
confirmed the absence of photons.

IV. RELATIONSHIP BETWEEN MAGNETIC PEAK
INTENSITIES AND SUBLATTICE

MAGNETIZATION

A. The dissipative potential and the differential reflection
coefficient in the eikonal approximation

The dissipative nature of the scattering of He* beams
from the AF surfaces of NiO is taken into account by intr
ducing a complex scattering potential whose imaginary p
corresponds to the beam attenuation during scattering. T
in turn, can be separated into two components:~i! a spin-
independent part which can be regarded as a constant b
ground,

V05C0MAugD0 , ~2!

whereMAug is the Auger matrix element defined in Eq.~1!,
pertinent to the PI decay channel,D0 is an average back
ground local density of surface electronic states available
the PI decay, and the constantC0 encompasses all the re
maining constants;~ii ! a spin-dependent second part,DVS,
which has the periodicity of the magnetic lattice. Taking a
vantage of the fact that in this case the survival or decay
He* atom depends on the relative orientation of the spinS of
its 2s electron with respect to the local electron spinS~R! of
a surface magnetic ion atR, we can write the spin-depende
component of the imaginary potential in terms of the av
aged scalar product of the spins^Ŝ•Ŝ(R)& as

DVS~r !5C0MAugD@S~R!;z#^Ŝ•Ŝ~R!&, ~3!

whereD@S(R);z# is the spin-dependent surface local dens
of states. We use the conventionr[(R,z), where R is a
vector parallel to the surface plane. Since in this picture b
spins enter as noninteracting parameters and not as dyn
cal variables, we havêŜ•Ŝ(R)&5^Ŝ&•^Ŝ(R)&, and obtain

DVS~r !5C0MAugD@S~R!;z#$^Ŝz&^Ŝz~R!&

1 1
2 @^Ŝ1&^Ŝ2~R!&1^Ŝ2&^Ŝ1~R!&#%

5C0MAugD@S~R!;z#^Ŝz&^Ŝz~R!&. ~4!

We can now writê Ŝz&5 1
3 and write the total imaginary par

of the potential as

VI~r !5H 2 iV0$11~ 1
3 !j~R!^Ŝz~R!&% if z0.z.0,

0 otherwise,
~5!

wherej(R)5$D@S(R);z#/D0%, andz0 is an effective range
above the surface. Obtaining an expression for the imagin
part of the potential in terms of the averaged sublattice s

^Ŝz(R)& allows us to introduce its temperature dependen
which may be expressed in terms of a surface critical ex
nentb1 as

^Ŝz~R!&5s0S TN
s 2T

TN
s D b1

, ~6!
y

rt
is,

ck-

r

-
a

-

th
mi-

ry
in
e,
-

wheres0 is the effective sublattice spin at 0 K, which is le
than the values51 due to the zero energy fluctuations,TN

s is
the surface Nee´l temperature,T is the surface temperature
and b1 is a surface critical exponent. Then we can expr
DVS(r ) as

DVS~r !5 1
3 C0MAugD@S~R!;z#s0S TN

s 2T

TN
s D b1

. ~7!

As shown in Appendix A 1, by considering the simple ca
of a hard corrugated wall with dissipation we obtain the f
lowing expression for the scattering wave function for t
He* beam:

C~r !5A expH i @K•R1kzz~R!#2
1

\vz
E

z0

z

VI~R,z8!dz8J ,

wherez~R! is the corrugation shape function andVI(R,z8) is
the dissipative imaginary potential of Eq.~5!. Next, by ex-
pressing the differential reflection coefficient in terms of t
transition operatorT̂,65–67

d2R

]E ]V
5

L4M2

8p3\5

v
v iz

E
2`

`

expS 2 i
Et

\ D
3^T̂p—pi

† ~0!T̂p—pi
~ t !&dt,

and using Eq.~A5! for the scattering wave function in th
eikonal approximation, we arrive, after a lengthy derivati
given in Appendix A 2, at an expression for the diffractio

amplitude,ÃG , in terms of the periodic dissipative potenti
associated with the sublattice magnetization, namely,

ÃG5
1

V E
u.c.

dR expH i @G•R1qzz~R!#2W

2
a

q̃z
@12~ 1

3 !j~R!^Ŝz~R!&#J ,

whereV is the area of the surface primitive mesh andW is
the Debye-Waller factor.a and q̃z are defined in Appendix
A 2.

B. A simple model for He* diffraction intensities
from the NiO„100… surface

As we have presented in Sec. I, He* diffraction spectra
demonstrate that NiO~001! exhibits a 231 spin periodicity.
Moreover, previous He0 diffraction experiments have consis
tently reported a first-order diffraction peak intensity equal
about a tenth of the specular peak intensity, leading to
effective surface corrugation,0.14 Å.68–71 Therefore, for
the sake of simplicity, we shall neglect the correspond
hard-wall corrugation in our analysis, and setz0(R)50. We
now introduce the 231 magnetic periodicity by setting

a

3q̃z
j~R!^Ŝz~R!&5

a

3q̃z
s0S 12

T

TN
D b1

cos~pX/a!

5B cos~pX/a! ~8!
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along one of the two equivalent10 directions. From Eq.~A19!
we obtain the amplitude of the half-order magnetic diffra
tion peak as

A~p/a,0!5
1

2a
expF2W2

a

q̃z
G E

2a

a

dX expH i
pX

a

1B cos~pX/a!J
5

1

p
expF2W2

a

q̃z
G E

0

p

dYcos~Y!exp$B cos~Y!%

5expF2W2
a

q̃z
G I 1~B!, ~9!

where W is the Debye-Waller factor,a/q̃z is the effective
attenuation constant due to decay, andI 1(x) is the modified
Bessel function of order 1 given by

I 1~x!5
1

p E
0

p

dx cos~x!exp@x cos~x!#5
x

2 (
k50

`
~x/2!2k

k! ~k11!!
.

Note that the first term in the expansion corresponds to
expression obtained using the Born approximation:

A~p/a,0!
Born 5

as0

6q̃z
expF2W2

a

q̃z
G S 12

T

TN
D b1

. ~98!

Thus, in keeping all the higher terms, we expect the eiko
approximation to yield a more accurate description of
scattering process.

Similarly, the specular peak intensity is given by

A~0,0!5
1

2a
expF2W2

a

q̃z
G E

2a

a

dX exp$B cos~pX/a!%

5
1

p
expF2W2

a

q̃z
G E

0

p

dYexp$B cos~Y!%

5expF2W2
a

q̃z
G I 0~B!, ~10!

whereI 0(x) is the modified Bessel function of order 0, and
given by

I 0~x!5 (
k50

`
~x/2!2k

~k! !2 .

V. MAGNETIC CRITICAL BEHAVIOR AT SURFACES

There have been extensive theoretical and computati
studies of the magnetic critical behavior at surfaces over
past 25 years.24,25 These studies demonstrated that the u
versality classes associated with surface magnetic transi
are strongly dependent on the relative strengths of sur
magnetic coupling and bulk, the surface magne
anisotropy,69 and surface symmetry. For the case of antif
romagnetic phases, the universality class will also depend
the surface orientation.72 In order to illustrate these concept
we shall consider the case of an Ising-like system, which
a lower critical dimensiond* 51. Figure 5 shows the phas
-

e

al
e

al
e

i-
ns
ce
c
-
on

s

diagram of a semi-infinite ferromagnetic Ising model in t
mean-field limit, in the absence of external fields. The ph
diagram is depicted in terms of reduced exchange coupl
Kb5Jb /kT, andKs5Js /kT, whereT is the temperature and
Jb ,Js are the effective bulk and surface exchange couplin
respectively. Consequently, in Fig. 5 the origin correspon
to infinite temperature. Paths 1, 2, and 3 represent the
pected behavior when the effective surface exchange c
pling Js is less than, greater than, or equal to a critical va
(Js

c), respectively. WhenJs,Js
c ~path 1!, the effective field

at the surface is less than that in the bulk, suggesting~na-
ively! that the surface might order at alower temperature
than the bulk. However, in this case, the bulk field is stro
enough to force the surface to order passively at the b
critical temperature,Tc

b . This critical behavior, coined an
ordinary transition, is characterized by a critical expone
for the surface sublattice magnetizationb150.78– 0.8.27–29

In the language of renormalization-group theory, ‘‘the~run-
ning! surface coupling is driven to the stable fixed pointJs
50 corresponding to the universality class of the ordina
transition.’’73 When Js5Js

c ~path 3!, the surface and bulk
effective fields are comparable, and the two systems o
independently atTc

b . This surface transition, which indepen
dently coincides with the bulk critical temperature, is call
the special transition, and is characterized by the critica
exponentb15b1

m50.175. In renormalization-group theory
the special transition is an unstable fixed point.73

Finally, in the caseJs.Js
c ~path 2!, the surface effective

field is stronger than that of the bulk, and the surface ord
at Tc

s.Tc
b , undergoing a pure ‘‘surface transition.’’ This is

purely 2D transition since the bulk is still in a paramagne
state with a zero field, and it should therefore be charac
ized by the critical exponentb150.125 corresponding to a
2D Ising system. As the temperature of the system is lowe
to the bulk critical temperature, we again have two indep
dent critical fields, and as such this behavior is described
the critical exponent relevant to the multicritical point,b1
50.175. In renormalization-group theory, one says that
surface ‘‘is driven toJS5`, again a stable fixed point, cor

FIG. 5. Phase diagram for a semi-infinite ferromagnetic Is
system on a simple cubic lattice.
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responding to the universality class of the extraordin
transition.’’73

Binder and Landau performed extensive Monte Ca
simulations of a semi-infinite Ising system on a simple cu
lattice, in order to study the critical behavior of its surface
a function ofJs /Jb .27 These studies revealed several imp
tant aspects of the surface critical behavior. First, for val
of Js /Jb,1 they consistently obtained a critical exponent
the magnetizationb150.78, corresponding to the ordinar
transition; more accurate values,b1.0.8, were obtained
recently.28,29 Second, for values of 1,Js /Jb<1.7 they ob-
tained what seemed to be a continuous decrease ofb1 to
values belowb150.125 of the two-dimensional Ising mode
Recognizing that this behavior is due to a crossover ass
ated with the multicritical point at the critical valueJs

c , and
introducing a 2D Ising transition at a temperatureTc

s.Tc
b ,

with b150.125, they obtained a critical valueJs
c.1.52Jb .

Moreover, they derived acrossover scaling function m˜ 1
SF(x),

in the neighborhood of the multicritical point, which de
scribes the crossover from the surface transition to the
traordinary transition, for temperatures less than the b
critical temperature (T,Tc

b):

m15m̃1
SF~x!S Tc

b

T
21D b1

m

, ~11!

where the parameterx describes the dependence onJS /Js
c

and (Tc /T21):

x5
uJs /Js

c21u
~Tc

b/T21!f ~12!

with the crossover exponentf50.56. Binder and Landau
then demonstrated that all their simulation data forJs /Jb

:Js
c collapse on two branches by plotting the reduced s

face magnetizationB/(TN
b /T21)0.175 against the crossove

scaling variable, uJs /Jsc21u/(523/T21)f.27 The upper
branch corresponds toJs /Jb.Js

c ~path 2 in Fig. 5!, while the
lower branch corresponds toJs /Jb,Js

c ~path 1 in Fig. 5!.
They also indicate that data corresponding to the multic
cal point~path 3 in Fig. 5! would fall on a horizontal line in
this diagram. These results are universal in the sense
they hold for all anisotropic three-dimensional magnetic s
tems nearTc

b .
According to the well-known Hohenberg-Mermin

Wagner theorem,74,75 the lower critical dimension for the ap
pearance of spontaneous order isd* 52 for systems with
continuous symmetries, rather thand* 51 for the Ising sys-
tems (n51). Consequently, the extraordinary, surface, a
special transitions should not take place for systems w
continuousO(n), n.1 symmetries, such as the Heisenbe
system. However, the continuous symmetry of the 3D b
may be broken at the surface due to the presence of su
anisotropies which are inhibited in the bulk due to its inh
ently higher symmetry. These surface anisotropies may a
especially if the interactions are short-range, in which c
an easy-magnetization axis may be favored at the surf
Under these conditions, a surface transition akin to the Is
type may take place. Accordingly, there should be a mu
critical point and, hence, anisotropic analogs of the spe
y
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and extraordinary transitions. Yet, one expects that th
transitions would belong to a different universality cla
from those associated with the Ising system. The multicr
cal transition associated with such anisotropies was inve
gated, in the generalized case ofd dimensions andO(n)
symmetry, by Diehl and Eisenriegler,46 using
renormalization-group methods; they labeled it the ‘‘anis
tropic special’’ transition. It is interesting to note that for th
3D case they obtain a crossover exponent of.0.57, surpris-
ingly close to that of the Ising system quoted above.

The NiO system has isotropic first- and second-neigh
exchange couplings. Moreover, because of the octahe
symmetry in the bulk, the spin-orbit-coupling site energ
are isotropic and hence there is no site anisotropy excep
very weak dipolar interactions, as well as the slight dist
tions from the cubic structure that accompany the AF pha
Although these anisotropies determine the magnetization
rection, their magnitude is so small,D1.0.1 meV andD2
.0.006 meV, that they are not expected to play a decis
role in determining the bulk Nee´l transition, TN

b 5523.6 K.
The NiO spin system in the bulk may, therefore, be classifi
as a Heisenberg system. However, as we shall show be
the reduction in symmetry at the surface gives rise to
appreciable uniaxial single-site anisotropy that places
critical behavior of the surface in the anisotropic 3D,n53
universality class.

VI. SOME RELEVANT PROPERTIES OF NiO „001…

Several experimental studies of the structure of
NiO~001! surface, employing He0 scattering, have been re
ported in the literature.68–71 All these studies showed tha
this surface does not undergo any reconstruction. The m
recent work was reported by the Go¨ttingen group, and in-
cluded measurement of the surface-phonon dispersions69,71

The reported results confirmed the absence of any sign
reconstruction over a wide temperature range and no disc
able effect on the surface-phonon dispersions as the sur
temperature went from well below to well above the Ne´l
transition. Moreover, diffraction measurements showed t
the effective surface corrugations are less than 0.14 Å.68

A. Electronic structure and He* scattering

The ground state of a free Ni21 ion, with 3d3 electrons,
has a3F configuration. In bulk NiO, the3F ground state is
split into a nondegenerate3A2g ground state and two
threefold-degenerate excited states3T2g and 3T1g by the oc-
tahedral symmetry of the ligand, or crystal, field. The3A2g

ground state has the electron configuration (t2g
6 eg

2), while the
3T2g has the configuration (t2g

5 eg
3) and 3T1g has the configu-

ration (t2g
4 eg

4) mixed with some (t2g
5 eg

3). In order to deter-
mine the energy splittings in the bulk and on the surface,
performed extensive electronic-structure calculations us
Hartree-Fock states with configuration interaction for a cl
ter model. Similar calculations have been performed in
past, yielding exchange energies for NiO in good agreem
with experimental values.76,77 The results of these calcula
tions are shown in Fig. 6. The energy splittings between
bulk 3A2g ground state and the3T2g and 3T1g excited states
are about 1.1 and 1.8 eV, respectively.
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The lowering of symmetry toC4v at the NiO~001! surface
leads to a3B1 ground state, with similar filling to the3A2g .
The degeneracies of the two lowest excited states are
tially removed with

3T2g˜ H 3E twofold ~0.60 eV!
3B2 ~1.10 eV!,

3T1g˜ H 3A2 ~1.30 eV!
3E twofold ~1.44 eV!,

where the numbers in parentheses are excitation ene
from the ground states. The3B2 excited state corresponds
the excitation 3dxy˜3dx22y2 and is not affected by the
missing O22 ion at the surface, whereas the3E, which cor-
responds to 3dxz˜3dz2 and 3dyz˜3dz2 excitations, is low-
ered in energy. The configurations of the state splitting fr
3T1g are more complicated.

Photoemission and inverse-photoemission measurem
of the density of states for NiO~100! ~Ref. 78! place the
conduction-band edge, withd9 configuration, at 4.3 eV
above the top of the valence band. A schematic diagram
these results is presented in Figure 7. Since the valence-
edge is placed at about 5.5 eV below the vacuum level
has thed8 configuration of the ground state, the excitedd9

configuration would then be placed at about 1.2 eV bel
the vacuum level,79 as indicated in Fig. 7. Furthermore, the
experiments show that the bottom of the unoccupied b
4sp band lies about 9.5 eV above the top of the valen
band, or about 4 eV above the vacuum level. This is con
tent with estimates of the bandwidth (Ws) by band-structure
calculations of about 6 eV,80 with 3/4Ws below the (3d)74s
energy level. Since the tunneling of the He* 2s electron at
the Ni21 site would lead to ad9 configuration, energy con
servation would rule out the RIAN process, because thes
level of the He* atom lies at 4.7 eV below the vacuum leve
Even the shift and broadening of the He* 2s level due to
admixing with the surface states would not lead to suc
large energy shift, especially since NiO is an insulator w
no image potential present.

FIG. 6. Schematic of the electronic structure of Ni21 in the free
ion, NiO~001! surface, and NiO bulk.
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B. Magnetic coupling and anisotropies at the NiO„001… surface

The bulk magnetic exchange interactions and anisotro
in NiO have been extensively studied both experimenta
and theoretically over the past 30 years. By contrast, th
surface counterparts have only recently become the focu
a few theoretical investigations. Recently two contradicti
theoretical studies on the surface superexchange intera
Jsup[J2 have been reported. On the one hand, Pothui
et al.53 argued thatJsup in the late transition-metal oxides i
strongly enhanced relative to its bulk value. They reas
using a model Hamiltonian, that the decrease in the cry
field at the surface leads to lower charge-transfer energyD,
which in turn gives rise to an increase ofJsup by roughly a
factor of 1.5 for all the transition-metal oxides considere
On the other hand, de Graafet al.,54 using a Ni2Ox cluster
embedded in a Madelung potential of the rest of the crys
argue that a decrease in the Ni coordination number lead
a decrease inJsup that offsets the increase due to the redu
tion in the crystal field at the surface. They obtain an effe
tive decrease inJsup of about 20% with respect to the bul
value.

Moreover, although the single-site spin-orbit energy
isotropic in the bulk because of the octahedral symmetry
will give rise to an appreciable single-site anisotropy at
surface, due to the reduction in symmetry toC4v , a fact that
has been consistently overlooked in the past. The Ham
tonian of the single-site anisotropy,Hssa, is expressed to
second order in the spin-orbit~SO! coupling as

Hssa5l2(
i j

L i j SiSj , ~13!

wherel is the SO coupling parameter,Si , i 51,2,3, are the
Cartesian components of the spin, and the matrixL is given
by

L i j 5( 8
n

^0uLi un&^nuL j u0&
En2E0

. ~14!

E0 is the ground-state energy,Li are the components of th
orbital angular momentum, andn runs over the manifold of

FIG. 7. Schematic of excited states of NiO, measured by p
toemission and inverse photoemission~Ref. 66!.
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FIG. 8. He* diffraction spectra along the~10! direction at~a! room temperature,~b! 473 K, and~c! 512 K.
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excited states originating from the 3d orbitals. For the
present caseHssacan be written in the form

Hssa5l2$ 1
3 @Lxx1Lyy1Lzz#S~S11!

1 1
3 @Lzz2

1
2 ~Lxx1Lyy!#@3Sz

22S~S11!#

1 1
2 @Lxx2Lyy#@Sx

22Sy
2#%. ~15!

Because of the octahedral symmetry in the bulk,Lzz5Lxx
5Lyy and the anisotropy energy vanishes to second or
with the first nonvanishing contribution coming in the four
order. By contrast, theC4v symmetry at the surface leads
Lzz[L'ÞLxx5Lyy[L i . Thus, apart from constant term
we haveL' and L i such that the single-site anisotrop
Hamiltonian at the surfaceHssa

S is given by

Hssa
S 5l2@L'2L i#Sz

25DSz
2, ~16!

where thez axis is taken perpendicular to the surface. T
matrix elementsL i j calculated using the data for the surfa
electronic structure discussed in Sec. VI A and Eq.~14! give
L i2L'521.36. For Ni21, l52325 cm21'40 meV,81

which gives an estimate ofD'22.5 meV, so thatD/J2
b

'0.13.

VII. NiO „100…: RESULTS AND DISCUSSION

In light of all the preceding considerations, we now tu
to examining the measured data. We start with a commen
the apparent absence of the first-order diffraction peak
Fig. 1. We attribute this to two factors. First, the scatte
He* beam suffers an attenuation}exp@22a/q̃z#; this attenu-
ation is greater for the first-order beams than for the1

2-order
beams sinceq̃z is smaller for the former. Second, the inte
sities of the first-order peaks, measured by He0 diffraction,
are less than a tenth of the specular intensity, pointing
very small surface corrugation for the NiO~001!. Both of
r,

e

on
in
d

a

these factors could very well lead to extremely low inten
ties of the first-order peaks that are not discernible in the H*
diffraction spectra. To determine the temperature dep
dence of the sublattice magnetization, we measured the
tensity of the specular~0,0! and half-order~1/2,0! peaks
along thê 10& direction in the temperature range 300–536
i.e., from room temperature to above the bulk Ne´el tempera-
ture, 523 K. Figure 8 shows three typical scans along
^10& direction, at room temperature, 473 K, and 512 K. T
intensity of the half-order peak is seen to decrease faster
temperature than that of the specular peak. Figure 9 sh
the intensity of the surface~1/2,0!-order magnetic diffraction
peak as a function of the surface temperature. The width
the points reflects the experimental uncertainty in the m
sured intensity. The solid curve is a least-square fit to

FIG. 9. Temperature dependence of the NiO~001! ~1/2,0! mag-
netic peak intensity, showing a surface Ne´el temperature of 529
61 K; TN

b 5523 K is indicated by an arrow. Solid circles are th
experimental data, while the solid line}I 1

2(B) fitted to the first and
last experimental points.
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data using a function of the form

I~1/2,0!5IincA~p/a,0!
* A~p/a,0!5Iinc expF22W2

2a

q̃z
G@ I 1~B!#2,

where Iinc is the intensity of the incident beam. The da
clearly indicate a surface critical Nee´l temperatureTN

s 5529
61 K, different from the bulk Ne´el temperatureTN

b

5523.6. Figure 10 shows the temperature dependence o
specular peak intensity,I(0,0) , which exhibits the sameTN

s

5529 K, yet, by contrast, it approaches a nonzero magnit
aboveTN

s . This agrees with the prediction of Eq.~10!, and
the fact that a nonmagnetic contribution to the specular p
is expected to be present. The solid curve is}@ I 0(B)#2,
fitted to the first and last experimental points.

SinceB includes the dependence of the sublattice mag
tization on the reduced temperature (T/TN), namely

B5
as0

3q̃z
S 12

T

TN
D b1

, ~17!

we can obtainB(T/TN) from the ratio

R~T!5S I~1/2,0!~T!

I~0,0!~T! D 1/2

5
I 1„B~T/TN!…

I 0„B~T/TN!…
~18!

together with Fig. 11, which displays the ratio of the mo
fied Bessel functionsI 1(B)/I 0(B) as a function ofB. Note
that in taking the ratio of the measured intensitie
I(1/2,0)/I(0,0) , the factorse2W ande2a/q̃z are eliminated. To
determine the uncertainty inB, we first obtain the uncertainty
sR in the ratioR(T) in terms of the uncertainties in th
intensities of the specular and half-order peaks, namely

sR5
R
2 S 1

I ~0,0!
1

1

I ~1/2,0!
D 1/2

~19!

and then make use of Fig. 11 to extract the uncertaintie
the B values.

In Fig. 12~a! we show a plot of

FIG. 10. Temperature dependence of the NiO~001! specular
peak intensity, showing the same surface Ne´el temperature of 529
K. Solid circles are the experimental data, while the solid l
}I 0

2(B) fitted to the first and last experimental points.
he

e

k

e-

,

in

ln B5 lnS as0

3q̃z
D1b1F12S T

TN
D G ~20!

against the natural log of the reduced temperature,
2(T/TN

b ), TN
b 5523.6 K. The apparent critical exponent fo

FIG. 11. I 1(B)/I 0(B) vs the argumentB.

FIG. 12. ~a! He* diffraction data fit to bulk critical temperature.
~b! He* diffraction data fit to observed surface critical temperatur
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the surface sublattice magnetization obtained from this
~i.e., the slope of the best-fit line to the data! is 0.107
60.014. Since this is smaller than the value that would c
respond to a 2D Ising system,b150.125, it becomes clea
that this is an unphysical representation of the data. In
12~b!, we plot lnB against ln@12(T/TN

s )#, using the observed
critical temperature, 529 K. The two dotted lines indicate
expected asymptotic behavior above and belowTN

b

5523.6 K for a system undergoing surface and extraordin
transitions. That is, belowTN

b the system should exhibit mul
ticritical behavior asymptotically, characterized by the cr
cal exponent 0.175. AboveTN

b , the system should asymptot
cally exhibit behavior corresponding to the surfa
transition, with a critical exponent of 0.125. While it is cle
that more data are needed in the latter regime, the data b
TN

b 5523.6 fit a slope of 0.175.
Figure 13 shows a plot of the reduced surface magnet

tion B/(TN
b /T21)0.175against the crossover scaling variab

uJs /Jsc21u/(523.6/T21)f, with f50.57, the crossover ex
ponent derived by Diehl and Eisenriegler,46 and a value of
uJs /Jsc21u50.08 obtained from the scaling relation

Js

Jsc
21}S TN

s

TN
b 21D f

~21!

of Binder and Landau as shown in Figs. 2~a! and 16 of Refs.
27 and 28, respectively, using our experimental value
TN

s 5529. The dashed line is the linear asymptote with slo
0.31. The data clearly indicate a monotonically increas
crossover scaling function, quite similar to the upper bran
of the surface crossover function obtained by Binder-Lan
for the 3D Ising model, corresponding to the extraordina
transition. This is not surprising since the crossover sca
exponent derived by Binder and Landau for the 3D Is
model is f50.56. We therefore conclude that the 3
Heisenberg model with surface anisotropy exhibits an an
tropic extraordinary transition with a critical behavior ve

FIG. 13. Crossover scaling function obtained by plotting t
reduced surface sublattice magnetization as a function of the c
over scaling variableuJs /Jsc21u(523/T21)20.57, Js

eff/Jsc51.08.
The dashed line is the expected asymptotic behavior with a slop
0.31.
t

r-

g.

e

ry

ow

a-
,

f
e
g
h
u
y
g

o-

similar to that of the 3D Ising model. Moreover, we ascerta
that the manifestation of this behavior in our experimen
data for the NiO~001! surface strongly supports and co
forms with the enhanced surface Nee´l temperature that we
obtain. We infer from these findings that the sublattice m
netization of NiO~001! undergoes a surface transition at 5
K and an extraordinary transition at the bulk Ne´el tempera-
ture 523.6 K. To our knowledge, this is the first observati
of an extraordinary transition.

Recent results of Murthy and Sharma,55 concerning the
Neél temperatures of the~001! surface and bulk of the
type-II rocksalt antiferromagnet, also support the scenario
TN

s .TN
b . Their calculations were based on a version of t

SBMFT method82–85 that proved quite successful in studie
of frustrated quantum spin systems,85 and was also applied
recently to study the temperature dependence of the su
tice magnetization in the lamellar HTc copper oxides de-
scribed by a quantum Heisenberg Hamiltonian withXY ex-
change and interlayer coupling.86 The advantage of the
SBMFT method is thata priori it assumes no particular or
der and, therefore, can describe both the ordered and d
dered phases in a unified manner. Murthy and Sharma us
model with nearest-neighbor ferromagneticJ1 and next-
nearest-neighbor antiferromagneticJ2 Heisenberg exchange
In order to account for the influence of the underlying su
strate on the surface critical behavior, their most recent s
face studies involved a four-layer system with surface sing
site anisotropyD. A nice feature of this SBMFT calculation
is that the mean-field ground state is disordered at any t
perature if the site anisotropy isD50, thus preserving an
important aspect of the physics. This is in contrast to cla
cal mean-field theories, which would predict a transition a
finite temperature in two dimensions even in the absence
site anisotropy.

The results of the SBMF calculations forD/J2
s50.1 and

J1
s/J2

s50.1, which are the values consistent with both t
known bulk values ofJ1 andJ2 and our estimate ofD, give
TN

s 53.85J2
s andTN

b 52.85J2
b , a trend in agreement with ou

measurements. There are two values ofJ2
s on the surface

currently proposed in the literature, 1.5J2
b ~Ref. 53! and

0.8J2
b .54 The first of these givesTN

s 55.8J2
b , which is ex-

tremely high, while the second predictsTN
s 53.1J2

b , which is
plausible experimentally. Thus, if we take the predictions
the SBMFT seriously, it suggests that the surface couplin
lower than that of the bulk. In order to obtain the experime
tally observed ratioTN

s /TN
b 51.012, the surface couplingJ2

s

should be 0.75J2
b , i.e.,J2

s.15 meV, compared to a bulk cou
pling of 19 meV.

When considering both the experimental results presen
in this paper, and the theoretical results of Murthy a
Sharma, we arrive at the following conclusions. The pr
ence of single-site anisotropy, at the NiO~001! surface, leads
to an Ising-like critical behavior, although in the strict sen
this behavior belongs to the universality classes of the an
tropic special and extraordinary transitions. If we take t
similarity at face value, we infer from the experimental r
sults that the effective surface magnetic exchange couplin
aboutJ2

sueff'1.08Js
c51.6̃ 1.7J2

b , if we use the critical ex-
change coupling value of Binder and Landau. The mo
inferred from our SBMFT calculations is that such enhan

ss-

of
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ments in the effective Ising-type surface exchange coup
are readily achieved by the presence of the site anisotrop
the surface, even when the actualJ2

s is lower thanJ2
b .
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APPENDIX A: MAGNETIC PEAK AMPLITUDE IN THE
EIKONAL APPROXIMATION

1. The eikonal approximation for a hard wall with dissipation

When the scattering wave function of the He* beam,C,
is expressed in terms of the actionS,

C~r !5A exp@ iS~r !/\#, ~A1!

the eikonal approximation corresponds to writing the act
as87

S0~r !5pzz2
1

vz
E

z0

z

V~R,z8!dz8 ~A2!

and the wave functionC becomes

C~r !;A expH i Fk•r2
1

\vz
E

z0

z

V~R,z8!dz8G J . ~A3!

Considering the simple case of a hard corrugated w
where the boundary conditions for the wave function requ

C„R,z~R!…50, ~A4!

wherez~R! is the corrugation shape function, and adding
dissipative imaginary potential of Eq.~5!, we arrive at

c~r !5A expH i@K•R1kzz~R!#2
1

\vz
E

z0

z

VI~R,z8!dz8J .

~A5!

2. The differential reflection coefficient and the correlation
function

The differential reflection coefficient is written in terms
the transition operatorT̂ as65–67

d2R

]E ]V
5

L4M2

8p3\5

v
v iz

E
2`

`

expS 2 i
Et

\ D
3^T̂p—pi

† ~0!T̂p—pi
~ t !&dt. ~A6!

The transition operatorT̂ is obtained using the scatterin
wave function expressed in the eikonal approximation. T
approximation is justifiable in the present case because
velocity of the He* atoms is large compared to the veloci
of the surface atoms, and in view of the small mass of
g
at

h
t
k
C
a-

n

ll,
e

e

is
he

e

He* atom, its influence on the motion of the surface can
neglected. In this approximation, the transition matrix e
ment becomes

T̂p—pi
52

i\2kiz

ML3 E dR expH i @Q•R1qzz~R!#

2
a

q̃z
@12~1/3!j~R!^Ŝz~R!&#J , ~A7!

where a5MV0z0 /\2, Q5K2K i , qz5kz2kiz , and q̃z
5kzkiz /(kz1kiz). Substituting into the differential reflection
coefficient expression gives66,67

d2R

]E ]V
5

kizk

8p3L2\ E
2`

`

dtE dR dR8

3expH 2 i FEt

\
1Q•~R82R!G J C~R,R8;t !,

~A8!

whereC(R,R8;t) is the correlation function

C~R,R8;t !5 K expF2 iqzz~R8;0!2
a

q̃z
$1- 1

3 j~R8!^Ŝz~R8!&%G
3expF iqzz~R;t !2

a

q̃z
$12 1

3 j~R!^Ŝz~R!&%G L .

~A9!

In order to introduce the Debye-Waller factor, we follow th
recipe of Leviet al.66,67and split the corrugation shape fun
tion z(R,t) into a static partz0(R) and a time-dependen
part v(R,t):

z~R,t !5z0~R!1v~R,t !, ~A10!

wherev(R,t) is given by

v~R,t !5uz~R,t !1U~R,t !•“z0~R!, ~A11!

whereu5(U,uz) is the thermal displacement. The correl
tion function then becomes

C~R,R8;t !5expH 2 iqz@z0~R8!2z0~R!#

1
a

3q̂z
@j~R8!^Ŝz~R8!&1j~R!^Ŝz~R!&#J

3expF2
2a

q̂z
G

3^exp@2 iqzv~R8,0!#exp@ iqzv~R,t !u&.

~A12!

The term^ & is calculated in the traditional way by quantizin
the normal modes of the surface motionv(R,t) to obtain



x-

red
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C~R,R8;t !5expH 2 iqz@z0~R8!2z0~R!#

1
a

3q̃z
@j~R8!^Ŝz~R8!&1j~R!^Ŝz~R!&#J

3expF2
2a

q̃z
Gexp$2 1

2 qz
2@^v2~R!&

1^v2~R8!&#%exp@2qz^v~R8,0!v~R,t !&#

5A* ~R8!A~R!exp@2qz^v~R8,0!v~R,t !&#,

~A13!

where the terms exp$21
2qz

2@^v2(R)&1^v2(R8)&#% is just the
Debye-Waller term exp@22W#. The elastic contribution is
then obtained by settingE50 in the differential reflection
coefficient expression, or, alternatively, by takingt˜` in
the correlation function

C~R,R8;`!5A* ~R8!A~R!, ~A14!

with

A~R!5expH iqzz0~R!2W2
a

q̃z
@12~1/3!j~R!^Ŝz~R!&#J .

~A15!
n

in
.

rg
Substituting back in the differential reflection coefficient e
pression, we get

S d2R

]E ]V D
elastic

.
kizk

4p2L2 d~E!U E dR exp~Q•R!A~R!U2

.

~A16!

Making use of the surface periodicity, the modulus squa
can be written as

4p2
L2

V
d2~Q2G!U E

u.c.
dR exp~Q•R!A~R!U2

, ~A17!

where u.c. stands for unit cell andV is its area. We thus
obtain the differential reflection coefficient

S d2R

]E ]V D
elastic

.kizk(
G

d2~Q2G!d~E!uÃGu2, ~A18!

where

ÃG5
1

V E
u.c.

dR expH i @G•R1qzz~R!#

2W2
a

q̃z
@12~1/3!j~R!^Ŝz~R!&#J . ~A19!
ys.

ol-

rg,
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