PHYSICAL REVIEW B VOLUME 60, NUMBER 8 15 AUGUST 1999-lI
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We report on the temperature dependence of magnetic diffraction peaks obtained by scattering of coherent
metastable 2S helium atomic beams from thel00) 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 anisotropyd=3, n=3, m,=1): A 2D surface spin-ordering transition takes place at
529 K, followed by a crossover to a multicritical regime at the bquINemperaturél’ﬁz 523.6 K. We obtain
the crossover function by plotting the sublattice magnetizatign against the crossover scaling variable
[(3/39) —1|/[(T/T®)—1]¢, whereJs is an effective surface exchange couplid;s its critical value T2 is
the bulk critical temperature, and using the crossover expaper.57, derived by Diehl and Eisenriegler for
the 3D anisotropic HMAHM). This function is very similar to that reported by Binder and Landau for the 3D
Ising model with¢p= 0.56, and we may ascertain that the critical behavior of the 3D extraordinary transition for
both models is quite similar. The critical behavior of the KI01) 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 enef@y 6f2.5 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 surfaesnpemture is
supported by recent mean-field theoretical studies based on the Schwinger-boson formalism, which indicate
that for D/J>0.1 the surface Nédemperature is consistently higher than that of the bulk even when the
surface superexchange energy is suppressed to 75% of the bulk \Z01€3-182(09)04532-4

[. INTRODUCTION decreasing temperature, and consists of a contraction of the
original cubic unit cell along any one of the fo(r11) axes.

The bulk magnetic properties of the family of antiferro-  The direction of the sublattice magnetization of the ferro-
magnetic(AF) 3d monoxide crystals, MnO, FeO, CoO, and magnetic(111) sheets in NiO lies in th€11l) planes. The
NiO, with the rock-salt structure have been thoroughly studspins were first assumed by Roth to line up with {h&0
ied over the past four decadks® These studies, mainly in- direction®* however, subsequent studies by Yamada showed

volving thermal neutron scattering, included long-range spirthat the spins line up along tH@12) direction® Because of
ordering, spin dynamics, and spin-wave dispersion, and thghe octahedral site symmetry of the Ni ions, the only contri-
temperature dependence of the sublattice magnetizatioBytion to the site anisotropy comes from dipolar interactions
Magnetic neutron-diffraction experiments showed that thQamong the spins. Early theoretical studies of the—AF
antiferromagnetic spin ordering consists of ferromagnetigransition based on analysis of the temperature dependence
sheets of the magnetic metal atoms parallel to thel)  of the (111) magnetic neutron-diffraction peak intensity,
planes, which are then stacked antiferromagneticafly. measured by Roth, led to the classification of the phase tran-
Experimental and theoretical studies of the exchange cousition as first ordef. However, more recent neutron-
pling in these oxides lead to our current understanding th&diffraction measurements of thel11), (222, (333, and
nearest-neighbor interactions are ferromagnetic, of the ovet444 Bragg peaks using a time-of-flight spectrometer
lap type, while next-nearest-neighbor couplings are antifershowed that the transition is second order, with a sublattice
romagnetic, of the superexchange tyfié; the latter is esti- magnetization exponeng=0.331 Although the authors
mated to be about ten times the strength of the forther.  prefer to classify this critical behavior as Ising-like, it seems
Paramagneti¢P) NiO has the NaCl structuréem3m,  that within the ambiguity of experimental errors, the value
Op), whereas below the N temperatureTR=523K, the  5=0.345 for the Heisenberg system is not out of the ques-
crystal becomes slightly distorted from the cubic structure tdion. Moreover, inelastic neutron-scattering measurements of
a rhombohedral on€ This deformation is presumably due the spin-wave dispersion curves for NiO were reported by
to the magnetostriction which accompanies the magnetic om-utchings and SamuelséhThey find that the energy dis-
der: the amount of the distortion is found to increase withpersion has a steep initial slope 250 meV A and a maxi-
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mum energy of~117 meV. They also observe zone-centerformation has also come from exact solutihsseries
modes of 4.5 meV associated with out-of-fid-1)-plane an-  analysis?®?! Monte Carlo calculation$’~2° and more re-
isotropy energy and a 1.5 meV mode associated with in-theeently field-theoretic method8;>° the prime role of these
(111)-plane anisotropy energy. Empirical fits to the mea-latter techniques was to confirm or refine the physical ideas
sured dispersion curves produced the following estimateghat had been put forward by MFT and PTS.
second-neighbor superexchangng~19.0 meV, first- MFT predicts three possible regimes for the surface criti-
neighbor ferromagnetic exchangé~ —1.37 meV, out-of- cal behavior. When the effective surface exchange interac-
p|ane Site-anisotropy energygf\zo_l meV, in-p|ane site- tion (JS) is weaker than a critical value]i), the surface is
anisotropy energyDg~0.006 meV, and an effective spin forced to order at the bulk transition temperatumg)( and
(S),~0.9242. Moreover, these magnetic parameters werte ensuing transition is labelenidinary.** However, when
used to determine the Kle¢emperature: molecular-field- Js=J¢, the surface orders at, independent of the bulk,
based calculations gavﬁﬁl~886 K, while those based on and we have a multicritical behavior, and the transition is
random-phase-approximation ~ Green’s-function  relationdabeled special®® When J;>J¢, we have the onset of a
gave T2~601 K;1518 poth of these values are consistently purely two-dimensional transition at a temperatlife> Tt
higher than the measured value of about 523 K. followed by a crossover behavior & . The latter has been
Theoretical studies of surface critical behavior of mag-coined anextraordinarytransition:® But MFT is known to
netic systems, such as is manifested in tidedXides, have be incorrect for bulk properties neaﬁ if the space dimen-
had a late start’>*This can be attributed, to a large degree, sion is below its upper critical valuel* =4, for short-range
to the lack of experimental measurements. Instead, attenticnteractions. As a matter of fact, MFT wrongly predicts that
has been devoted to bulk magnetic behavior, and surfadaulk critical exponents are independent of the dimensionality
effects on bulk critical behavior have been ignored. The arof the order parameter. A similar breakdown of mean-field
gument has been advanced that surface effects will be appreheory should occur for local critical properties. For ex-
ciable only within a bulk correlation length, which for all ample, although MFT provides a correct qualitative descrip-
practical reasons is always much smaller than the physicdion of the surface critical behavior of a three-dimensional
size of the systems studied since experimentally attainablé8D) semi-infinite Ising model, it gives the wrong prediction
correlation lengths are of the order of a few thousand angfor the surface critical behavior of the 2D Ising system.
stroms. The factors that influence surface critical behavioMoreover, recent field-theoretic analyses have shown that the
can be split into two main categories: The first category consurface exponents cannot in general be expressed completely
sists of “geometric” effects involving the breaking of trans- in terms of bulk exponent®,contrary to arguments and pre-
lational symmetry, the reduction of rotational symmetries,dictions based on scaling thedr{®
and missing neighbors. The second category consists of “dy- Early studies of the surface spin ordering on the (L@)
namical” effects manifested by the fact that magnetic inter-surface were carried out by Palmbesgal. in 1968-1971
actions at the surface may be quite different from those in theising LEED3¢~38 These studies reported a X2) surface
bulk. This raises the possibility that the surface may ordemagnetic structure, consistent with a bulk termination. They
before the bulk if the effective surface interactions are stronalso reported a surface magnetization expon@nt 1, the
ger than those in the bulk. The thermodynamic average of enean-field value; however, the Debye-WallB\WV) factor in
local observable at the surface will, in general, be differenthe temperature dependence of {hé2,0 magnetic diffrac-
from its value deep in the bulk; e.g., the local magnetizatiortion peak intensity was not taken into account. Subsequently,
m; at the surface will differ from the bulk magnetization Namikawa®“°reported more detailed studies of the tempera-
my, . Correlation functions involving spins at the surface areture dependence of thel/2,0 peak intensity, including a
also expected to be strongly modified. These changes makedbrrection for the DW factor. These studies ga8e~0.89,
necessary to introduce new exponents to describe the critichigher than the prediction for the Ising modéI78-0.8 and
behavior at the surface, e.g., the exponépfor the surface the Heisenberg modéd.81), and below the mean-field value
magnetization. As a consequence of such changes, it hag 1. Consequently, no clear classification could be discerned
been argued that surface magnetic properties may exhibit fBom these measurements, raising the question of the surface
rich phase diagram. sensitivity of LEED with respect to the temperature depen-
The introduction of probes which are sensitive to localdence of surface spin ordering.
surface observable@s, for example, the mean magnetiza- We have recently demonstrated the high sensitivity of the
tion in the surface regionsuch as low-energy electron dif- new technique of metastable®s helium-atom (H&) dif-
fraction (LEED) and spin-polarized LEERSPLEED, spin-  fraction to surface antiferromagnetic orderftg’® The de
polarized secondary-electron spectroscof8PSE$ and  Broglie wavelength of these atoms at thermal kinetic ener-
spin-polarized photoemission spectroscof§PPE$, and  gies is compatible with surface diffraction, and the classical
more recently metastable helium atom scatter(iRGHAS), scattering turning points occur at 3—4 A in front of the crys-
opened up the possibility of investigating surface magnetital surface. Consequently, this technique is exclusively sur-
critical behavior experimentally. This, in turn, has spurredface sensitive. Moreover, in contrast to LEED, it does not
theoretical studies of such effects. Until recently, our undersuffer from limitations imposed by surface charging effects.
standing of these effects was largely based on mean-fiel®ur recent measurements on several crystalline rods from
theory(MFT) and on the phenomenological theory of scalingNiO ingots, obtained from Commercial Crystal Laboratories,
(PTS, despite their known shortcomings in predicting thelnc., have consistently shown aX2L) surface electron-spin
values of the critical exponent§-2° Although important in-  structure and a surface Neaemperature of 529 K, which is
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—— ——— netic coupling to the bulk. Recently, further studies of this

2200 - <10>-direction systent' employing SPSES and SPPES, reporfden-
2000 - Room temperature hancement of up to 60 K, and revealed the presence of a

45 deg incidence

component in the surface magnetization normal to the sur-
face; the anomalous peak appears only in the component
parallel to the surface, which was found to be oriented fer-
romagnetically with respect to the bulk magnetization. These
complicating effects, however, prevented a clear investiga-
tion of the nature of the critical behavior. Anothefr dystem
whose magnetic critical behavior was studied i0091).°?
It was found that the surfaces of thick films of Th underwent
a Curie transition at temperatures higher than thél ided
‘ ‘ Curie temperatures of its bulk; moreover, the critical behav-
-1.0 05 0.0 05 10 15 ior of this transition consisted of that of the semi-infinite
(@) AK(A™) anisotropic Heisenberg system.
In Sec. Il we discuss the principles of elastic scattering of
“ti¥diecton’ ' ' ' ' He* atoms from magnetic surfaces, and explain how it leads
45 deg incidence : to diffractive scattering from an ordered surface spin lattice.
Room temperature . . e
In Sec. lll we present the details of the experimental facility
and procedures. Section IV is devoted to establishing the
relation between the intensities of the magnetic diffraction
4 peaks and the corresponding sublattice magnetization; the
details of the derivation, using the eikonal approximation,
are given in Appendix A. In Sec. V, for the sake of com-
T pleteness, we review the subject of magnetic critical behav-
ior at surfaces and present in more detail the three classes of
transitions that may occur, namely the ordinary, special, and
extraordinary transitions, as well as the crossover function of
——T—— 77— Binder and Landau. The results of a configuration-interaction
a2 a0 ! 2 * cluster calculation of the surface electronic structure of
(o) 8K (A7) NiO(001) are presented in Sec. VI and used to evaluate the
single-site magnetic anisotropy at the surfacé?\iites. We
show that the results of the cluster calculations do not rule
out either the possibility of enhancement of the magnetic
superexchange coupling in the surface layer, as advocated
higher than the bulk value of 523.6 K. Figure@)land ib) recently by Sawatzky and co-workersor its suppression as
show Hé diffraction spectra measured at room temperatureproposed by de Graadt al> In Sec. VIl we present the
along the(10) and(11) surface symmetry directions, respec- experimental data and discuss the ramifications of the recent
tively. The presence of-order peaks along th€l0) direc-  results of a Schwinger-boson mean-fiéBBMF) calculation
tion, and their absence along tkil) direction, establishes by Murthy and Sharm& These results, together with our
the fact that the periodicity of the surface electron-spin or-experimental results, favor a scenario advocating a suppres-
dering is 2< 1. Furthermore, analysis of the temperature de-sion of Js.
pendence of the measured sublattice magnetization reveals a
crossover behavior consistent with the class of the aniso-
tropic extraordinary transition of the semi-infinite Heisen-
berg modef'® whose critical behavior is very similar to that
of the semi-infinite Ising modé. The lowest-lying excited state of atomic He is a meta-
Previous studies of the surface magnetic critical behavioktable triplet 23S, with an excitation energy of 19.8 eV. It
of the 3d transition-metal surfaces f01) and Ni110  has the longest known lifetime of any atomic metastable
(Refs. 47 and 4Breported a behavior consistent with an state,~ 10" sec?6_58 since spontaneous decay to the ground
ordinary transition. Several experimental studies of the surstate must involve a two-photon transition and a spin-flip.
face of the 4 ferromagnet Gd have reported an enhancedrhe second lowest excited state of He is a metastable singlet
surface magnetic transition temperatfite>' Evidence of a 2 1S with an excitation energy of 20.6 eV and a lifetime of
15 K enhancement on polycrystalline Gd was first reported x 10~2 sec>®°8 However, the techniques employed in the
by Rau and Eichner using the technique of electron-capturgresent work are based solely on the properties of the triplet
spectroscopy(ECS.*® Weller et al, using SPLEED and metastable state; hereafter, we shall refer to it as the meta-
magneto-optic Kerr effect techniques, subsequently reportegtable state, denoted as*HeMoreover, since He atoms at
a T enhancement of about 22 K for crystalline films grown thermal energies travel with a velocity of about 1.7 km/sec,
on W(100),*° but the reported critical behavior was compli- the transit time from source to sample over a typical distance
cated by an anomalous peak in the surface magnetizatiosf =1 m is less than a millisecond, much shorter than its
aboveTE, which they attributed to a possible antiferromag- lifetime.
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FIG. 1. He diffraction spectra alonga) the (10) direction, (b)
the (11) direction.

Il. ELASTIC SCATTERING OF He * BEAMS
FROM MAGNETIC SURFACES
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FIG. 2. (a) Resonance ionization/Augei)) Penning ionization Ste A Site B

neutralization process.

Although the 23S state of helium is very long-lived in
vacuum, it readily decays to the ground state upon impact
with atoms, molecules, and most surfaces. Coneadl.
measured survival probabilities 18-10"° for thermal en-
ergy He' atoms incident on clean metal surfaces, and*10
on insulator surface®.

FIG. 3. Spin-dependent enhancement of the local survival prob-
ability of a H&* beam.

and require high-order processes because the excitation en-
A. Decay channels ergy of the singlet is almost 1 eV greater than that of the

There exist two predominant interaction channels that al;nplet.

low a HE" atom to decay to its ground state as it approaches _ o _
a surface: resonance ionization/Auger neutralization and B. Selection rules and magnetic diffraction
Penning deexcitatiorr, ®? When the 3 He* electron state lies within the energy gap
of a magnetic insulator, only Penning deexcitation can take
1. Resonance ionization/Auger neutralization process (RIAN) place. If we take the polarization of the Heatom to be

This process, shown in Fig.(@, takes place when the “Up.,” then the Pauli exclusion principle requires the spin
excited He 2 orbital is degenerate with an unoccupied localPolarization of the surface electron involved in the Auger
density of surface electronic states. In that case, as thie Hedeexcitation process to be “down.” Therefore, only surface
atom approaches the surface, it is first ionized by tunneling_"?wons with “down” spin polarization can contribute to
of the 25 electron into an available degenerate empty surfac&is decay process. The corresponding matrix element can be
state. The resulting Heion continues to travel towards the €xPressed as
surface, where it is neutralized through an Auger process in , o kl2s
which an electron from the surface with appropriate spin MAU9:<¢’1SlkT|W(r1_r2)|kl¢’25T>=Mlsik’T’ (@)
orientation fills the % hole of the He atom. The energy re- where W(r,—r,) is the screened Coulomb interaction be-

leased in this process is imparted to a second surface electr@fjaen the surface electron. in stite, and the H& 2s elec-
which may be ejected from the surface if it has sufficienttron in stated,s; : b1, and,k’ are the final states
s] - S T :

momentum along the surface normal. Thus, the survival probability will depend on thelative
orientationsof the spins of the He 2s electron and the local
surface electron: a Heatom will be more likely to survive

This process, shown in Fig.(ld, prevails when the ex- scattering if its spin orientation is parallel to the local surface
cited He X electron state is not degenerate with unoccupiecklectron spins, but will be more likely to decay to the ground
surface states, but is degenerate with occupied states or lisgate if the spins are antiparallel. Accordingly, if the orienta-
in an electronic energy gap. Under such conditions, tunneltions of the local moments on the surface are arranged peri-
ing is inhibited. The decay then occurs via an Auger processdically, the beam attenuation should exhibit a periodic
involving a surface electron, with the appropriate spin orien-modulation, which will be reflected in the diffraction pattern
tation, and the & He* electron. In this process the surface of the elastically scattered Meatoms. Thus, diffractive He
electron fills the  He hole and the energy released is takenscattering reflects the surface spin ordering as well as the
up by the & electron. geometric surface structure.

The escape probability of the ejected electron is higher for As an example, we consider what will happen to a beam
Penning deexcitation, because electrons emitted in RIAN caof metastables incident upon the ideal antiferromagnetic sur-
be reflected by the surface potential barrier. The most probface shown in Fig. 3. Bydeal we mean that all of the va-
able distances at which these processes occur have bekemce electrons on the sites in sublati#®chave the same spin
measured® Resonance ionization takes place 5-10 A fromorientation, while all of the valence electrons on the sites in
the surface, and Auger neutralization takes place 2—3 A fronsublattice B have antiparallel spin orientation. Let us also
the surface. Penning deexcitation also takes place 5-10 Assume that the incident metastable beam is polarized paral-
from the surface. Note that deexcitation processes involvindgl to the spin orientation of tha sublattice. Then all of the
internal spin-flips of the & electron(i.e., converting the trip- metastables that strik® sites will decay to the ground state,
let into a singlet configuratiorare energetically unfavorable whereas metastables that strikesites will survive the scat-

2. Penning ionization (or Auger deexcitation) process
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tering event and yield a diffraction pattern reflecting the pe- 210 e A P e e —
riodicity of the surface spin-ordering. This process is analo- | ‘ :

gous to light scattering from a reflective grating: light which 208 fr b ST

strikes the slits in the grating is lost, while the reflected light - ‘ 1 T, =2056 °C:

is diffracted. If the incident metastable beam is unpolarized,
some metastables will be elastically scattered from both sub-
lattices, and the resulting diffraction pattern will reflect the
periodicity of the surface spin-ordering. However, such an
experiment will not yield information about the absolute spin
direction of the lattice.

Of course, on a real antiferromagnetic surface, majority
and minority spins will be present at all sites, and thus the . ‘
metastable beam will experience attenuation at all sites. OO N T L L i
However, if the surface sites have a net spin, the attenuation 220 230 240 250 260 270
of the H& beam will be periodically modulated, and the Temperature("C)
resulting diffraction pattern will again reflect the periodicity
of the surface spin-ordering.

20.8 | ............. ,,,,,,, ,,,,,,,,,,, l ...... SR

Specific Heat(arbitary units)

20.5 |- ........................................... ,,,,,,,,,, AAAAAA

FIG. 4. Temperature dependence of the bulk specific heat show-
ing the anomaly associated with the Waansition at 523.6 K.

ll. EXPERIMENTAL SETUP AND PROCEDURES thermocouple controllefOmega model 199is factory-
calibrated to an ice-water standard for iron-constantan ther-

Our experimental facility is comprised of two main com- mocouples. Its calibration was checked independently, using
ponents: a monochromatic Febeam generator and an ice-water and boiling water baths, and was found to be ac-
ultrahigh-vacuum{UHV) scattering chamber. The first stage curate to within 1 K. Measurements of the diffraction inten-
of the beam generator is a monochromater, based on sities consistently yielded a surface Wemmperature of 529
nozzle/skimmer assembly, which produces a monoenergeti€ for all the successively cleaved surfaces, irrespective of
beam of ground-state helium atoms with energy resolutiortheir distance from the affixed thermocouple. After the first
better than 1%. The second stage is thé ldrciter® which  cleave the sample surface was at about 2.0-2.5 mm away
is based on a coaxial excitation geometry. It is comprised ofrom the thermocouple, and after the second and final cleave,
a high current electron gun of the Pierce type, equipped witlthe thermocouple was located precisely at the cleaved sur-
a specially designed hemispherical matrix cathode, and tace. The bulk Negemperature was determined by measur-
three-stage electrostatic quadrupole for electron-beam axiétig the specific heat of several bulk samples, taken from the
confinement. The details of the design and operation haverystal rods, as a function of temperature with a Perkin-
been presented in Ref. 64. Beam intensities of abotHED Elmer model DSC?7 differential scanning calorimeter. Figure
atoms/s at the sample surface were achieved in the presehsshows that the anomaly in the specific heat associated with
measurements. the bulk Néétransition occurs al=523.6+0.2 K.

The UHV chamber houses a detector consisting of a chan- Initially, we performed several experiments to rule out the
neltron electron multiplier and an angle-resolving aperturepossibility that our detector was recording photons. When
The detector is exclusively sensitive to *Hatoms, since it the electron-beam energy was reduced below the threshold
registers electron emission events associated withdéex-  for excitation to the triplet He state(i.e., below 19.8 eV,
citation. It was mounted on a single-axis goniometer attachedhile the heating current of the matrix cathode was main-
to a 33.5 cm D flange, which also supports a sample manipuained at its normal operating value, the channelron detector
lator equipped withXYZ motions, polar and azimuthal rota- output dropped to the dark current leef0.2 counts/seg
tions, and a sample heater. The rotation axis of the gonionmruling out photon contributions from the matrix cathode fila-
eter coincides with the polar rotation axis of the manipulatorment leads. We avoided the need for a singlet quenching
The chamber is also equipped with traditional diagnosticlamp and excluded contributions from radiative excitation
monitoring, and sample preparation capabilities such aprocesses, by holding the electron-beam energy at 20.3 eV,
LEED/Auger spectrometers, residual gas analyzer, and a speerresponding to théP peak in the triplet excitation cross
cially designed retractable UHV crystal cleaver. section, but below the threshold for singlet excitation, 20.6

All of the data were obtained from NiQ@0OO surfaces eV. It should also be noted that when the cleaved NiO crystal
freshly cleaved in vacuum, with a background pressure lessurface was allowed to remain in the vacuum long enough
than 10 1°Torr with the He beam turned off. The NiO for surface contamination to become important, the diffrac-
samples used in these experiments were oriented and cut intion peaks were greatly attenuated, further evidence that our
rods approximately & 3xX4 mm, with the long axis parallel recorded signals were indeed caused by diffraction of He
to the (100 direction, and with transverse cleavage groovesatoms, and not by photons. Furthermore, we observed that
spaced 2 mm apart. Each rod yielded two cleaves, on avereversal of the relative directions of the helium and electron
age. Silver conducting epoxy was used to attach an ironbeams in the excitefi.e., from parallel to antiparallglthus
constantan thermocouple to the sides of the rods at the locahanging the energy and therefore the de Broglie wavelength
tion of the last cleavage groove. Scans were taken at 2 If the H&" atoms, alters the diffraction beam spacings. Note
increments near the bulk etemperature, and at larger in- also that no Hé ions can be produced below the threshold of
crements closer to room temperature. The temperature wagl eV for ionization by electron impact. Recent time-of-
not allowed to vary more thart1l K during any scan. The flight measurements of the velocity distribution in the meta-
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stable He beam generated with 20.3 eV excitation energwheres is the effective sublattice spin at 0 K, which is less

confirmed the absence of photons. than the valus=1 due to the zero energy fluctuatiofs, is
the surface NdetemperatureT is the surface temperature,
IV. RELATIONSHIP BETWEEN MAGNETIC PEAK and B, is a surface critical exponent. Then we can express
INTENSITIES AND SUBLATTICE AVS(r) as
MAGNETIZATION p
A. The dissipz.it?ve pptential_ and the differentigl reflection AVS(r)= %COMAugD[S(R);Z]So( TN_:) 1_ (7)
coefficient in the eikonal approximation L

The dissipative nature of the scattering of*Heeams  As shown in Appendix A1, by considering the simple case
from the AF surfaces of NiO is taken into account by intro- of a hard corrugated wall with dissipation we obtain the fol-

ducing a complex scattering potential whose imaginary parfowing expression for the scattering wave function for the

corresponds to the beam attenuation during scattering. Thi§je* peam:

in turn, can be separated into two componefifsa spin-

independent part which can be regarded as a constant back- 1 [z

ground, Y(r)=A exp{l[K R+k,((R)]— f V,(R,z’)dz’},
20

Vo=CoMauglo, @ where{(R) is the corrugation shape function a¥g(R,z’) is

where M,,q is the Auger matrix element defined in Ed),  the dissipative imaginary potential of E¢b). Next, by ex-
pertinent to the PI decay channél, is an average back- pressing the differential reflection coefficient in terms of the
ground local density of surface electronic states available fofransition operatoif,*>~¢”

the PI decay, and the consta@if encompasses all the re-

maining constants(ii) a spin-dependent second pakty, d?R |_4|\/|2

which has the periodicity of the magnetic lattice. Taking ad- JEJQ 8735 V. J GXD( =i —)
vantage of the fact that in this case the survival or decay of a .

He* atom depends on the relative orientation of the Spif X(Tp(_p (0):'\-p<—p (1))dt,

its 2s electron with respect to the local electron sgiiR) of
a surface magnetic ion &, we can write the spin-dependent _ using Eq(A5) for the scattering wave function in the

component of the imaginary potential in terms of the aver-gjional approximation, we arrive, after a lengthy derivation
aged scalar product of the spit%-§(R)) as given in Appendix A2, at an expression for the diffraction

S PPN amplitude,;lG, in terms of the periodic dissipative potential
AV(r) =CoMauPLS(R);Z(2- S(R)), ) associated with the sublattice magnetization, namely,
whereD[ S(R);z] is the spin-dependent surface local density

of states. We use the conventioe= (R,z), whereR is a ~ 1 _

vector parallel to the surface plane. Since in this picture both AG_E u.c.dR exp i[G-R+az{(R)] =

spins enter as noninteracting parameters and not as dynami-

cal variables, we hav&,- S(R))=(3)-(S(R)), and obtain —%[1—(%)§(R)<§Z(R)>]l-

AVS(r)=C DIS(R);Z1{(S,)(5,(R
(1= CoMaugPLS(R);ZH(Z2)(SLR)) where () is the area of the surface primitive mesh ands
+%[(i*)(AS*(R))+<i’)<§*(R)>]} the Debye-Waller factora and, are defined in Appendix
A2.

= CoMaygDIS(R);:ZI(E)(SA(R)). (4)
B. A simple model for He* diffraction intensities

We can now Write{iz> =1 and write the total imaginary part from the NiO (100 surface

of the potential as . . .
P As we have presented in Sec. |, Hdiffraction spectra

demonstrate that Ni@01) exhibits a 2<1 spin periodicity.
(5)  Moreover, previous Hediffraction experiments have consis-
tently reported a first-order diffraction peak intensity equal to

where£(R)={D[S(R):z]/Dy}, andz, is an effective range about' a tenth of the spec_ular pealz\grgt_%?sity, leading to an

above the surface. Obtaining an expression for the imaginaﬁjfecuve surface corrugatior:0.14 A" Therefore, for

part of the potential in terms of the averaged sublattice spifi"® Sake of simplicity, we shall neglect the corresponding

<SZ(R)> allows us to introduce its temperature dependence hard-wall corrugation in our analysis, and g(R)=0. We
fow introduce the X1 magnetic periodicity by setting

which may be expressed in terms of a surface critical expo-

nentB; as

—iVo{1+(HERNSAR)} if 29>2>0,
0 otherwise,

Vi(r)=

B1

1-—] cogwX/a)

Tn

(6)

. A 51, {R(BR)= g5
o

™
R
(S,(R))= 30( =B cog wX/a) ®
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along one of the two equivaléfidirections. From Eq(A19)
we obtain the amplitude of the half-order magnetic diffrac- ,
tion peak as :,, A4 Extraordinary transition
1 al (a X 'TZ K
A(w/a,O):EeX _W_i f_ adX exp i = §° Surface transition, ﬁxfﬁl"’=0~175
= B,=0.125 N
2 Kk s P Special transition
+Bcos{7-rxla)] § s
1 al (= ) +3 _.--""] Ordinary transition
=— exr{ -W-— .,—} J dYcogY)expBcogY)} 3 1 $,=0.78
™ Aaz1Jo %
~ .
o — b
= eXF{ —W-— ’q_} | 1( B), (9) Kg=Tp/ksT,
V4

where W is the Debye-Waller factore/d, is the effective Reduced bulk coupling, K=J/k;T

attenuation constant due to decay, angk) is the modified

Bessel function of order 1 given by FIG. 5. Phase diagram for a semi-infinite ferromagnetic Ising
system on a simple cubic lattice.

| 1 fvd X % (x/2)%

1(x)—; . xcoix)ex;{xcos{x)]—i m

k=0 diagram of a semi-infinite ferromagnetic Ising model in the
mean-field limit, in the absence of external fields. The phase
(aiagram is depicted in terms of reduced exchange couplings
Kp=Jp/kT, andK =Js/KT, whereT is the temperature and
som @S0 a T\A1 , Jp+Js are the effective bulk a_nd ;urface exchqnge couplings,
A(,T/a,o)—GT%eXF{—W—i (1— T—N) 9) res_pe_cyvely. Consequently, in Fig. 5 the origin corresponds
to infinite temperature. Paths 1, 2, and 3 represent the ex-
Thus, in keeping all the higher terms, we expect the eikonapected behavior when the effective surface exchange cou-

approximation to yield a more accurate description of thepling J, is less than, greater than, or equal to a critical value

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

scattering process. . o (39), respectively. Whed,<JS (path 1), the effective field
Similarly, the specular peak intensity is given by at the surface is less than that in the bulk, suggesiitag
1 ol fa ively) that the surface might order atlawer temperature
A(o,ofz—exf{ —W-— ~_}f dX exp{B cog mX/a)} than the bulk. However, in this case, the bulk field is strong
a z]J-a enough to force the surface to order passively at the bulk
1 al (= critical temperatureT2. This critical behavior, coined an
= —ex;{ -W- N—U dYexpBcoqY)} ordinary transition is characterized by a critical exponent
7 Gzl Jo for the surface sublattice magnetizatigg=0.78—0.8""2°

a In the language of renormalization-group theory, “ttien-
=exr{—w—~— 1o(B), (10)  ning) surface coupling is driven to the stable fixed paigt
dz =0 corresponding to the universality class of the ordinary
wherel o(x) is the modified Bessel function of order 0, and is transition.” > When J;=J¢ (path 3, the surface and bulk
given by effective fields are comparable, and the two systems order
independently aTB. This surface transition, which indepen-
= (x12)% dently coincides with the bulk critical temperature, is called
IO(X):k:() (k2 the special transition and is characterized by the critical

exponentB; = B7'=0.175. In renormalization-group theory,
the special transition is an unstable fixed pdht.
Finally, in the casels>J: (path 2, the surface effective

There have been extensive theoretical and computation#ield is stronger than that of the bulk, and the surface orders
studies of the magnetic critical behavior at surfaces over that Tg> T'C’, undergoing a pure “surface transition.” This is a
past 25 yeard*?® These studies demonstrated that the uni-purely 2D transition since the bulk is still in a paramagnetic
versality classes associated with surface magnetic transitiorssate with a zero field, and it should therefore be character-
are strongly dependent on the relative strengths of surfadeed by the critical exponeng,;=0.125 corresponding to a
magnetic coupling and bulk, the surface magnetic2D Ising system. As the temperature of the system is lowered
anisotropy?® and surface symmetry. For the case of antifer-to the bulk critical temperature, we again have two indepen-
romagnetic phases, the universality class will also depend odent critical fields, and as such this behavior is described by
the surface orientatioff.In order to illustrate these concepts, the critical exponent relevant to the multicritical point,
we shall consider the case of an Ising-like system, which has-0.175. In renormalization-group theory, one says that the
a lower critical dimensiod* = 1. Figure 5 shows the phase surface “is driven taJg=0, again a stable fixed point, cor-

V. MAGNETIC CRITICAL BEHAVIOR AT SURFACES
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responding to the universality class of the extraordinaryand extraordinary transitions. Yet, one expects that these
transition.” 3 transitions would belong to a different universality class
Binder and Landau performed extensive Monte Carlofrom those associated with the Ising system. The multicriti-
simulations of a semi-infinite Ising system on a simple cubiccal transition associated with such anisotropies was investi-
lattice, in order to study the critical behavior of its surface asgated, in the generalized case @fdimensions andD(n)
a function ofJ/J,, 2" These studies revealed several impor-symmetry, by Diehl and Eisenrieglét, using
tant aspects of the surface critical behavior. First, for valuesenormalization-group methods; they labeled it the “aniso-
of J;/J,<1 they consistently obtained a critical exponent oftropic special” transition. It is interesting to note that for the
the magnetizatiorn3,;=0.78, corresponding to the ordinary 3D case they obtain a crossover exponert=0f57, surpris-
transition; more accurate valueg;=0.8, were obtained ingly close to that of the Ising system quoted above.
recently?®?° Second, for values of €J./J,<1.7 they ob- The NiO system has isotropic first- and second-neighbor
tained what seemed to be a continuous decreasg,db  exchange couplings. Moreover, because of the octahedral
values belows; =0.125 of the two-dimensional Ising model. symmetry in the bulk, the spin-orbit-coupling site energies
Recognizing that this behavior is due to a crossover assoc#re isotropic and hence there is no site anisotropy except for
ated with the multicritical point at the critical valuié, and ~ very weak dipolar interactions, as well as the slight distor-
introducing a 2D lIsing transition at a temperatt]’r?>T2, tions from the cubl_c structure that accompany the AF phasg.
with 8;=0.125, they obtained a critical valu§~1.52], . Alth_ough th_ese anisotropies determine the magnetization di-
Moreover, they derived arossover scaling functiofi Ji(x), ~ '€ction. their magnitude is so smalb;~0.1meV andD,
in the neighborhood of the multicritical point, which de- —0-006 meV, that they are not expected tobplay a decisive
scribes the crossover from the surface transition to the ex©l€ in determining the bulk Nedransition, Ty="523.6K.

traordinary transition, for temperatures less than the bulk he NiO spin system in the bulk may, therefore, be classified
critical temperature'(<Tb)' as a Heisenberg system. However, as we shall show below,
)

the reduction in symmetry at the surface gives rise to an
appreciable uniaxial single-site anisotropy that places the

11

where the parameter describes the dependence dg/J;
and (T./T—1):

|96/35—1]

T 12

with the crossover exponenrt=0.56. Binder and Landau

then demonstrated that all their simulation data JgrJ,

critical behavior of the surface in the anisotropic 3Ds3
universality class.

VI. SOME RELEVANT PROPERTIES OF NiO (001)

Several experimental studies of the structure of the
NiO(001) surface, employing Hescattering, have been re-
ported in the literatur€-"1 All these studies showed that
this surface does not undergo any reconstruction. The most
recent work was reported by the tiingen group, and in-
cluded measurement of the surface-phonon disper&idis.

=Jg collapsg on two brbanchesotglsplott?ng the reduced surThe reported results confirmed the absence of any sign of
face magnetizatioB/(Ty/T—1)""" against the crossover reconstruction over a wide temperature range and no discern-

scaling variable, |J/Js—1|/(523M—1)?.2" The upper
branch corresponds th/J,>Jg (path 2 in Fig. 3, while the
lower branch corresponds th/J,<J (path 1 in Fig. 5.

able effect on the surface-phonon dispersions as the surface
temperature went from well below to well above the Nee
transition. Moreover, diffraction measurements showed that

They also indicate that data corresponding to the multicritithe effective surface corrugations are less than 0.£8 A.

cal point(path 3 in Fig. 3 would fall on a horizontal line in
this diagram. These results are universal in the sense that

A. Electronic structure and He* scattering

they hold for all anisotropic three-dimensional magnetic sys-

tems neafT?.

The ground state of a free i ion, with 3d® electrons,

According to the well-known Hohenberg-Mermin- has a°F configuration. In bulk NiO, théF ground state is
Wagner theorerf">the lower critical dimension for the ap- SPlit into a nondegeneratéA,, ground state and two

pearance of spontaneous orderdis=2 for systems with
continuous symmetries, rather thdp=1 for the Ising sys-

threefold-degenerate excited stafdg, and T, by the oc-
tahedral symmetry of the ligand, or crystal, field. TMZQ

tems 1=1). Consequently, the extraordinary, surface, anddround state has the electron configuratitiye’), while the
special transitions should not take place for systems with' T4 has the configurationtf,e]) and 3T has the configu-
continuousO(n), n>1 symmetries, such as the Heisenbergration (t‘z‘geg) mixed with some (ggeg). In order to deter-
system. However, the continuous symmetry of the 3D bulkmine the energy splittings in the bulk and on the surface, we
may be broken at the surface due to the presence of surfaperformed extensive electronic-structure calculations using
anisotropies which are inhibited in the bulk due to its inher-Hartree-Fock states with configuration interaction for a clus-
ently higher symmetry. These surface anisotropies may ariséer model. Similar calculations have been performed in the
especially if the interactions are short-range, in which cas@ast, yielding exchange energies for NiO in good agreement
an easy-magnetization axis may be favored at the surfacaith experimental value®:’” The results of these calcula-
Under these conditions, a surface transition akin to the Isingtions are shown in Fig. 6. The energy splittings between the
type may take place. Accordingly, there should be a multibulk ®A,, ground state and th&T,, and 3T, excited states
critical point and, hence, anisotropic analogs of the speciahre about 1.1 and 1.8 eV, respectively.
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FIG. 7. Schematic of excited states of NiO, measured by pho-

FIG. 6. Schematic of the electronic structure ofNin the free  to€Mission and inverse photoemissiétef. 66.

ion, NiO(0021) surface, and NiO bulk. i . . . .
B. Magnetic coupling and anisotropies at the Ni@001) surface

The lowering of symmetry t@,, at the NiQ001) surface The bulk magnetic exchange interactions and anisotropies
leads to a®B; ground state, with similar filling to théAzg. in NiO have been extensively studied both experimentally
The degeneracies of the two lowest excited states are paand theoretically over the past 30 years. By contrast, their
tially removed with surface counterparts have only recently become the focus of

a few theoretical investigations. Recently two contradicting
3 °E  twofold (0.60 eV) theoretical studies on the surface superexchange interaction
2977 5B, (1.10 eV}, Jsu=J, have been reported. On the one hand, Pothuizen
et al>3 argued thatlg, in the late transition-metal oxides is
3 SA, (1.30 eV strongly enhanced relative to its bulk value. They reason,
Tlg—’[ 3E  twofold (1.44 eV), using a model Hamiltonian, that the decrease in the crystal

field at the surface leads to lower charge-transfer endrgy

where the numbers in parentheses are excitation energig¢ich in turn gives rise to an increase &f,, by roughly a
from the ground states. THtB, excited state corresponds to factor of 1.5 for all the transition-metal oxides considered.
the excitation 8l,,—3d,2_y2 and is not affected by the On the other hand, de Graat al,>* using a NjO, cluster
missing G~ ion at the surface, whereas tRE, which cor-  embedded in a Madelung potential of the rest of the crystal,
responds to 8,,—3d,2 and 3, ,— 3d,2 excitations, is low- argue that a decrease in the Ni coordination number leads to
ered in energy. The configurations of the state splitting froma decrease id,, that offsets the increase due to the reduc-
3Tlg are more complicated. tion in the crystal field at the surface. They obtain an effec-

Photoemission and inverse-photoemission measurementse decrease idg,, of about 20% with respect to the bulk
of the density of states for NiQ00O (Ref. 78 place the value.
conduction-band edge, witkl® configuration, at 4.3 eV Moreover, although the single-site spin-orbit energy is
above the top of the valence band. A schematic diagram dfotropic in the bulk because of the octahedral symmetry, it
these results is presented in Figure 7. Since the valence-bamdll give rise to an appreciable single-site anisotropy at the
edge is placed at about 5.5 eV below the vacuum level andurface, due to the reduction in symmetryQg, , a fact that
has thed® configuration of the ground state, the exci@tl  has been consistently overlooked in the past. The Hamil-
configuration would then be placed at about 1.2 eV belowtonian of the single-site anisotrop§{ss, iS expressed to
the vacuum levef? as indicated in Fig. 7. Furthermore, these second order in the spin-orti0) coupling as
experiments show that the bottom of the unoccupied bulk
4sp band lies about 9.5 eV above the top of the valence )
band, or about 4 eV above the vacuum level. This is consis- Hssa= M ; AijSS;, (13
tent with estimates of the bandwidth\() by band-structure
calculations of about 6 e with 3/4W, below the (31)74s  where\ is the SO coupling parametes,, i=1,2,3, are the
energy level. Since the tunneling of theH2s electron at  Cartesian components of the spin, and the matris given
the N#* site would lead to a® configuration, energy con- by
servation would rule out the RIAN process, because the 2
level of the H& atom lies at 4.7 eV below the vacuum level. , (O[Li|n)(n|L;]|0)
Even the shift and broadening of the H&s level due to Aii:Z T E,—E,
admixing with the surface states would not lead to such a
large energy shift, especially since NiO is an insulator withE, is the ground-state energly; are the components of the
no image potential present. orbital angular momentum, andruns over the manifold of

(14)
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FIG. 8. He" diffraction spectra along th€l0) direction at(a) room temperaturglp) 473 K, and(c) 512 K.

excited states originating from thed3orbitals. For the
present caseé{s,can be written in the form

Hssa= Az{%[Axx'l' Ayy+Az£|S(S+ 1)
+3[ A= 3 ( At Ay 1[3S2—S(S+1)]
+ 5[ Axx— Ay [ SE— 11

Because of the octahedral symmetry in the bulk,= A,

(19

=Ayy and the anisotropy energy vanishes to second orde

with the first nonvanishing contribution coming in the fourth
order. By contrast, thé,, symmetry at the surface leads to
A=A #Aw=Ay,=A,. Thus, apart from constant terms,
we haveA, and A; such that the single-site anisotropy
Hamiltonian at the surfacg(z,,is given by

He=N[A, —A]S2=DS, (16)

where thez axis is taken perpendicular to the surface. The

matrix elements\;; calculated using the data for the surface
electronic structure discussed in Sec. VI A and 84) give
Aj—A,=-1.36. For Nf", A=-325cm'~40meVE!
which gives an estimate ob~—2.5meV, so thatD/J5
~0.13.

VII. NiO (100: RESULTS AND DISCUSSION

In light of all the preceding considerations, we now turn

to examining the measured data. We start with a comment ol
the apparent absence of the first-order diffraction peaks ir
Fig. 1. We attribute this to two factors. First, the scattered

He* beam suffers an attenuatiorexqd —2a/G,]; this attenu-
ation is greater for the first-order beams than for Yf@der
beams sinc@, is smaller for the former. Second, the inten-
sities of the first-order peaks, measured by’ ld#fraction,

these factors could very well lead to extremely low intensi-
ties of the first-order peaks that are not discernible in the He
diffraction spectra. To determine the temperature depen-
dence of the sublattice magnetization, we measured the in-
tensity of the speculaf0,00 and half-order(1/2,00 peaks
along the(10) direction in the temperature range 300-536 K,
i.e., from room temperature to above the bulkeNeempera-
ture, 523 K. Figure 8 shows three typical scans along the
(10) direction, at room temperature, 473 K, and 512 K. The
jntensity of the half-order peak is seen to decrease faster with
temperature than that of the specular peak. Figure 9 shows
the intensity of the surfacgl/2,0-order magnetic diffraction
peak as a function of the surface temperature. The width of
the points reflects the experimental uncertainty in the mea-
sured intensity. The solid curve is a least-square fit to the

400 -

n
(=]
o

Intensity of 1/2-order peak

Bulk T\=523K

0 L ) I ) ) R 1 . I A
300 350 450 500 ‘

FIG. 9. Temperature dependence of the {0i@) (1/2,0 mag-
netic peak intensity, showing a surface eléemperature of 529
+1K; TR=523K is indicated by an arrow. Solid circles are the

550

529K

are less than a tenth of the specular intensity, pointing to @xperimental data, while the solid linel 2(B) fitted to the first and

very small surface corrugation for the Ni@31). Both of

last experimental points.
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peak intensity, showing the same surfaceeNemperature of 529

K. Solid circles are the experimental data, while the solid line nB=I @Sg 181 l 20
«13(B) fitted to the first and last experimental points. ne=mn 34, B TN (20
data using a function of the form against the natural log of the reduced temperature, 1

—(T/T',i,), Tﬁ=523.6 K. The apparent critical exponent for
[1.(B)7?,

2c

Z12,0= TincAl w120 A (7120 = Tinc EXF{ —2W— T, O
where 7. is the intensity of the incident beam. The data
clearly indicate a surface critical NeemperatureTy, =529
+1K, different from the bulk Nel temperatureTf
=523.6. Figure 10 shows the temperature dependence of tt o
specular peak intensity, o), Which exhibits the sam&y, 27 T . g i
=529 K, yet, by contrast, it approaches a nonzero magnitud @ ?I .
aboveTy,. This agrees with the prediction of E(L0), and & | 4
the fact that a nonmagnetic contribution to the specular pea
is expected to be present. The solid curvexidy(B)]?,
fitted to the first and last experimental points. 1.0 .

SinceB includes the dependence of the sublattice magne slope=0.107 +/- 0.014
tization on the reduced temperature/y), namely

. elle

s T\ 7 6 5 4 3 2 a4 0 1
0( , 17 (@ In(1-T/523)

B:T I —
34, Tn

20+————F—1T—F7—

we can obtairB(T/Ty) from the ratio

1(1/2’0)(1_) ) 1/2: | 1(B(T/TN)) (18) | slope=0.175 /;//
Zi00(T) lo(B(T/Ty))

together with Fig. 11, which displays the ratio of the modi- 45 E§ e J
fied Bessel function$,(B)/I1,(B) as a function ofB. Note
that in taking the ratio of the measured intensities,
Tar,0)/ 0,0, the factorse” W ande™ /% are eliminated. To
determine the uncertainty B, we first obtain the uncertainty _
o in the ratioR(T) in terms of the uncertainties in the sI0pe=0'125‘__,,..,/

intensities of the specular and half-order peaks, namely 101 STE ] 7

-

R 1 1 1/2
oRr=%5|—"+ (19 —
211 (0,0 | (1/2,0) R g R : B )

R(T)=(

In(B)

I ra .

. b In(1-T/529)
and then make use of Fig. 11 to extract the uncertainties in

the B values. FIG. 12. (a) He* diffraction data fit to bulk critical temperature.
In Fig. 12a) we show a plot of (b) He* diffraction data fit to observed surface critical temperature.
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1 ' similar to that of the 3D Ising model. Moreover, we ascertain
that the manifestation of this behavior in our experimental
- data for the Ni@001) surface strongly supports and con-
forms with the enhanced surface Ne¢emperature that we
obtain. We infer from these findings that the sublattice mag-
= | netization of NiQ001) undergoes a surface tr,ansition at 529
K and an extraordinary transition at the bulkéléeempera-

s s ture 523.6 K. To our knowledge, this is the first observation
of an extraordinary transition.

Recent results of Murthy and Sharftagoncerning the
Ned temperatures of thg001) surface and bulk of the
type-1l rocksalt antiferromagnet, also support the scenario of

%>TP. Their calculations were based on a version of the
1 . -— , SBMFT metho82-% that proved quite successful in studies
0.1 1 of frustrated quantum spin systefitsand was also applied
lggo-11/(523T-1)5 recently to study the temperature dependence of the sublat-
tice magnetization in the lamellar HTcopper oxides de-

FIG. 13. Crossover scaling function obtained by plotting thescribed by a quantum Heisenberg Hamiltonian with ex-
reduced surface sublattice magnetization as a function of the cros¢hange and interlayer couplifi§. The advantage of the
over scaling variable|Jg/Jg—1|(523M—1)" %%, 33, =1.08. SBMFT method is tha& priori it assumes no particular or-
The dashed line is the expected asymptotic behavior with a slope afer and, therefore, can describe both the ordered and disor-
0.31. dered phases in a unified manner. Murthy and Sharma used a

model with nearest-neighbor ferromagnetle and next-
the surface sublattice magnetization obtained from this plohearest-neighbor antiferromagnelic Heisenberg exchange.
(i.e., the slope of the best-fit line to the data 0.107 In order to account for the influence of the underlying sub-
+0.014. Since this is smaller than the value that would corstrate on the surface critical behavior, their most recent sur-
respond to a 2D Ising systens; =0.125, it becomes clear face studies involved a four-layer system with surface single-
that this is an unphysical representation of the data. In Figsite anisotropyD. A nice feature of this SBMFT calculation
12(b), we plot InB against Ifi1—(T/Ty)], using the observed is that the mean-field ground state is disordered at any tem-
critical temperature, 529 K. The two dotted lines indicate theperature if the site anisotropy 8=0, thus preserving an
expected asymptotic behavior above and bemﬁl important aspect of the physics. This is in contrast to classi-
=523.6 K for a system undergoing surface and extraordinargal mean-field theories, which would predict a transition at a
transitions. That is, beloWy, the system should exhibit mul- finite temperature in two dimensions even in the absence of a
ticritical behavior asymptotically, characterized by the criti- SIt€ anisotropy. . .
cal exponent 0.175. AbovE), the system should asymptoti- _ The results of the SBMF calculations fox/J;=0.1 and
Ca”y exhibit behavior Corresponding to the Surface\]i/\]zzo.l, which are the values consistent with both the
transition, with a critical exponent of 0.125. While it is clear known bulk values ofl; andJ; and our estimate dD, give
that more data are needed in the latter regime, the data beloW = 3.85J5 andTﬁ=2.85]2, a trend in agreement with our
TP =523.6 fit a slope of 0.175. measurements. There are two valuesJdfon the surface

Figure 13 shows a plot of the reduced surface magnetizecurrently proposed in the literature, .‘1125 (Ref. 53 and
tion B/(TR/T—1)%1"®against the crossover scaling variable, 0.815.%* The first of these gived§=5.815, which is ex-
|35/ 35— 1|/(523.6—1)%, with ¢=0.57, the crossover ex- tremely high, while the second predid§=3.1J5, which is
ponent derived by Diehl and Eisenriegférand a value of  plausible experimentally. Thus, if we take the predictions of

B/(523/T -1)7®
o
ol

|[Js/Jsc— 1| =0.08 obtained from the scaling relation the SBMFT seriously, it suggests that the surface coupling is
lower than that of the bulk. In order to obtain the experimen-
Js ™ ¢ tally observed ratioly/Th=1.012, the surface coupling
Jee e ™ : @D should be 0.78, i.e.,J5=15meV, compared to a bulk cou-

pling of 19 meV.

of Binder and Landau as shown in FiggaRand 16 of Refs. When considering both the experimental results presented
27 and 28, respectively, using our experimental value ofn this paper, and the theoretical results of Murthy and
Ty=529. The dashed line is the linear asymptote with slopeSharma, we arrive at the following conclusions. The pres-
0.31. The data clearly indicate a monotonically increasingence of single-site anisotropy, at the N0D1) surface, leads
crossover scaling function, quite similar to the upper branctio an Ising-like critical behavior, although in the strict sense
of the surface crossover function obtained by Binder-Landathis behavior belongs to the universality classes of the aniso-
for the 3D Ising model, corresponding to the extraordinarytropic special and extraordinary transitions. If we take this
transition. This is not surprising since the crossover scalingimilarity at face value, we infer from the experimental re-
exponent derived by Binder and Landau for the 3D Isingsults that the effective surface magnetic exchange coupling is
model is $=0.56. We therefore conclude that the 3D aboutJ|.;~1.081¢=1.6—1.7J3, if we use the critical ex-
Heisenberg model with surface anisotropy exhibits an anisoehange coupling value of Binder and Landau. The moral
tropic extraordinary transition with a critical behavior very inferred from our SBMFT calculations is that such enhance-
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ments in the effective Ising-type surface exchange coupling4e* atom, its influence on the motion of the surface can be
are readily achieved by the presence of the site amsotropy dleglected. In this approximation, the transition matrix ele-
the surface, even when the actudlis lower thanJ. ment becomes

ACKNOWLEDGMENTS 72k,
TP‘-Di ML3 deeXp[l[Q R+QZ§(R)]

The authors would like to acknowledge discussions with
G. Murthy. This work was supported by the U.S. Department

o N
of Energy under Grant No. DE-FG02-85ER45222. The bulk - —[1-(113)& R)<SZ(R)>]] , (A7)
specific-heat measurements were performed at the MRSEC 4z
Shared Facilities supported by the National Science Founda- ) _
tion under Grant No. DMR-9400334. where a=MV,z,/°, Q=K-K;, q,=k,~ki;, andd,

=k,ki, /(k,+k;,). Substituting into the differential reflection

e : - 8667
APPENDIX A: MAGNETIC PEAK AMPLITUDE IN THE coefficient expression gives

EIKONAL APPROXIMATION

a2 kik (=
1. The eikonal approximation for a hard wall with dissipation = !
PP P JEoQ  87L% f_wdtJ dRdR

When the scattering wave function of the’Hbeam, V¥,

is expressed in terms of the actich | Et
Xexp —i 7+Q-(R’—R) C(R,R";1),
Y(r)=AexdiS(r)/#], (A1) A8)
the eikonal approximation corresponds to writing the action
ad’ whereC(R,R’;t) is the correlation function
1 z ’ ’ @ Q
So(r)=pzz—v—zfz V(R,z')dz (A2) C(R,R';t)=<ex;{—ing(R’;O)—.q—{l—%g(R’KSZ(R’))}}
0 z

and the wave functio becomes

lIf(r)~Aexp{i

Considering the simple case of a hard corrugated wa II
where the boundary conditions for the wave function requm:T

xex;{ing(R;t)— (%{1— %§(R><ASZ(R)>}}> :
z ] (A3) (A9)

1 z
k-r——f V(R,z")d
fivy )z, ( )

In order to introduce the Debye-Waller factor, we follow the

tecipe of Leviet al®®®’and split the corrugation shape func-

ion {(R,t) into a static parto(R) and a time-dependent
artv(R,t):

V(R.¢(R)=0, (agy PAVRD

where{(R) is the corrugation shape function, and adding the L(R1)={o(R)+V(R1), (A10)

dissipative imaginary potential of E¢5), we arrive at

wherev(R,t) is given by

1 1 z ! !
w(r)erXp{'[K'mkzg(R)]_h_vzfzov'(R’z )dz ] VIR =U,(RD+UR)-V(R), (ALl

(AS) whereu=(U,u,) is the thermal displacement. The correla-

2. The differential reflection coefficient and the correlation tion function then becomes

function

The differential reflection coefficient is written interms of (R R":t)= exp{ —iq,[Lo(R)) = &(R)]
the transition operatof a$®®”
o A ~
AR L*M? v f T35, ERDSRNTERI(SAR)]
JEJQ 875 vy, ex ' ’

2a
- R « -z
><<T;hpi<0>Tphpi<t>>dt. (A6) ex‘{ a
The transition operatoil is obtained using the scattering x(exd —ig,v(R",0)Jexgiq,v(R.t)[).
wave function expressed in the eikonal approximation. This (A12)

approximation is justifiable in the present case because the
velocity of the H& atoms is large compared to the velocity The term() is calculated in the traditional way by quantizing
of the surface atoms, and in view of the small mass of theéhe normal modes of the surface motio(R,t) to obtain
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C(R,R’:t)=exp[ —i9{o(R") = 4o(R)]

+%qz[fm'xéz(re')w5<R><S<R>>]]
X exr{ - %—a exp{ — 302[(V4(R))

+(vA(R"))1texd —aAv(R",0)v(R,1))]
=A*(R")AR)exd —aLVv(R",0v(R,1))],
(A13)

where the terms eXp-362[(VA(R))+(v3(R"))]} is just the
Debye-Waller term eXp-2W)]. The elastic contribution is
then obtained by setting=0 in the differential reflection
coefficient expression, or, alternatively, by takibgoo in
the correlation function
C(R,R";»2)=A*(R")A(R), (A14)

with

A(R)zexpr ingo(R)_W_»qi[l_(1/3)§(R)<ASz(R)>]] :
(A15)
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Substituting back in the differential reflection coefficient ex-
pression, we get

d’R
JE Q)

2

) . I(izk
elastic— m S(E) f dR exp Q- R)A(R)
(A16)

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

2

47T2L—d2(Q—G)U dRexp(Q-R)A(R)
Q u.c.

2
, (A17)

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

d’R
JE Q)

zkizkg 5%(Q—G)5(E)|Ag|?, (AL8)

elastic

where

-1
Ae=ﬁf _dRexp[i[G-RJrng(R)]

u.c

W= £ [1-(UBERIGR]|. (A1)
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